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INTEGRAL REPRESENTATION OF QVASIRELATIVISTIC WAVE EQUATION
AND DIRAC EQUATION FOR AN ELECTRON

IN PERIODIC FIELD

Integral representation of quasirelativistic wave equation and Dirac equations for an
electron in periodic electromagnetic field is proposed. It allows finding wave functions by
iterative way in some cases and obtaining information about distribution of power.

INTRODUCTION

The most complete information about means
of integral equation construction correspond-
ing to Schroedinger and Dirac equations are
contained in monograph [1]. To date there are
quite enough amount of works dedicated to
this course. For example, in works [2—3] for
case ol homogeneous electric and magnetic
field, which are not parallel, as well as for
case of plane wave Green true functions of
Klein—Gordon—Foc—and Dirac equations are
received by means of Maslov canonical operator.
Green function is received for combination of
external electric and magnetic field with plane
wave in work [4]. In this work integral equa-
tions of Fredholm type are builded correspond-
ing quasirelativistic wave equation and Dirac
equation for an electron in periodic field by
means of summarizing of results of work [5].

PROBLEM STATEMENT
Quasirelativistic wave equation is as follows:
(Hy — eq(r)(r) = E(r), (1)

Ie ﬁ0= o —h2A + u2c?, laying out periodical
scalar potential in fourier series:

e(r) = v, + viexp{ikr}, (2)

draw an equation (1) as follows:

(Hy — x)w(r) = exp{ikrivap(r),  (3)

ne x=E + v,
For Dirac equation we choose the follow
arrays:

__[ae, 0}, oy, 0 . _[o3 0},
Y= O g, v Vo= O _02’ Vs = O 0.37
- O _i02
Ve is, 0 )

4

where

01=

0 1). oo — 0 —i). 6. — 1 0]
1 0f i o) 50 —1
Pauli array, then:

{cva (—iﬁ dfj —f&) + Pauc?— etp} v=Ey, (4)

o

ne a=1,2, 3.
Laying out components of vector potential
in fourier series:

i1405(]‘) = Qo k eXp{ikr}v
ch '

and introducing designations as follows:

d . E+wv uc
; 9= Som=7,

ox, ch h

0, =Sl —ny,; 0= V.a, + 1V,

ls = _i’Voc

where | — unit matrix, u(r) = o, exp{ikr}, writ
down the equation (4) as follows:

(P — o) = u(r)y. (5)

Translation vector for potential would be desig-
nated using A ={A,, Ay, A5}

INTEGRAL REPRESENTATION
OF QUASIRELATIVISTIC WAVE
EQUATION

2nm, | 2mm, | 2mm,
AT A A,
m,; my; m;— whole numbers, satisfied condition:

En =1 (6)

Let vector m={ }, where

ae gm=c\/ﬁ2m2—{—u202, then free addend in

integral equation could be choosed as simple
plane wave: exp{imr}, since

{Hy — x}exp{imr} = 0. (7)

© K. V. Avdonin, 2011



Let examine the equation:

= exp{imr} + eXp{lgk Tk);}VkB"’ , (8)
+ m

where B,. — expansion coefficient in fourier se-
ries of wave Y(r).

Acting on both parts of the expression (8)
by operator {H,— 7y} we have:

{Hy— 13 = Vi By expli(k’ 4 k)r} = exp{ikr}v,p.

Let substiture in expession (8) instead of fourier
series ratios their presentation through origi-
nal function:

A
e
Vo= 7§<p<p> exp{—ikp}dp;

1 ’ b r 7 ’
Be—7 S i) exp{—ik'p'}dp’,

0

then, shifted start of series summation on vec-
tor k at k’, we have:

A
v — exp{imr}+ { Q(r, p)p(e)v(p)dp,  (9)
0

ne

Qfr. p) — 3(%) (10)

4 &c— &nm

If we consider function boundary case Q(r, p),
in other words if we pass on from summation
to integral, then integrating using residues theo-
ries, we have:

Q(r, p) = —X‘exp{zk|r—p|} (11)

2mc2h? Ir

Expression received (11), accurate to fixed
multiplier, coincide with known Green function
for Schroedinger equation. The function, deter-
mined with the expression (10) has singular ad-
dends for vectors, module of which is equal to
scalar of vector m. Let m®, m®, ..., mY,
m® — be the vectors full set equal in abso-
lute value to vector m, then using adjusted ra-
dius-vector: F=r—A,,, where A, — maxi-
mal translation vector, which is in radius-vector
r, we can eliminate singularity in the expres-
sion (10), changing it as follows:

iexmUr

Q(r, p) = — L explim (r — p)} +

e exp{ik(r —p)}
Ty ; &—8&n
k|~ [m|

(12)

[t is easy to be sure that the function (12) sat-
isfied the condition by the direct substitution:

{Hy — 0)Q(r, p) = 8(r — p), (13)

in other words is regular spectral decomposition
of Green function for equation (3). Discrete part

of energetic spectrum should be find, according

to integral equation theory, from homogeneous

equation, corresponding with (9), which we can

draw using the expression (12) as follows:
ixmOF

9ir) = —E explimLmi) +

+ 2 exp{zkr} L(k),
k gm

(14)

\k\*\m\

L(k) = < (o) p(p) exp(—ikp) dp.

Multiplying both parts of equation (14) with
function %(p(r) exp{—ik'r} and integrating on

r, we receive a system of linear, homogeneous
equations for values L(k):

(Q(m, k k) — 6, . )L(k), (15)
where
Q(m k, k') =
== 61( mmc(k,v m(l k : H {1 k m‘r)};

: g

C(k’, m ”)
== 2/‘1? Smmr(p r)exp{—i(k’ — m)r}dr.
m-c

Then it is obvious, that discrete part of spec-
trum can be found, putting to zero system de-
terminant (15).

INTEGRAL VIEW OF DIRAC
EQUATION

Free four-dimensional vector v, in integral
equation have to satisly the follow condition:

(P — ), = 0. (16)

[t can be presented as follows: ¢y, = exp{imr}A,
where A — constant four-dimensional vector.
From the condition (16), we have homogeneous
system of equations:

(P(m) — ay)A =0, (17)
ne P(m)=vy,m,.
System determinant (17) A, is equal to:
By = (82— m?— ) (18)

Putting to zero the determinant (18) we find
possible value of scalar of vector m:

m = =+,/9%2 —n? (19)
which are well fill in with module of a parti-
cle’s relativistic wave number. Components of

four-dimensional vector A, depend on two ar-
bitrary constants, marked as C;; C,, and on

5



two arbitrary component of wave vector m;
my, sum of squares of absolute value does
not exceed the meaning (19), in other words:
m? + m3 <9% — 1n?. Choice of component for A
is not the unique solution. For instance, they
can be presented as follows:

A =—nC; Ay =nCy;

Asz(m1‘|‘im2)cl+(s+\/82_112_’”12_””22)(:%
Ay=(m—imy)Cy+

+ (O — ¥ —n2—mt—m3)C,

(20)

Nuclear constitution of integral equation is
analogical to the nuclears of the equation (9).
It is as follows:

G — SXPUk(r —p)}(vek, 18 4 vin)
V(R*—92+7?) '

(21)

When boundary case fo array G is under ex-
amination, in other words if we pass on from
summarizing to integral, then integrating by
means of  pO3TJISIHYTH TPaHWUYHUH BHUMALOK MJIS
matpui G, ToOTO, TIEpeHUTH Bil CyMyBaHHS IO
iHTerpasy, TO, IHTErpPyIOUM 3a AOIMOMOTIOI resi-
due theory, we have:

exp{im|r — pl}
4afr—p|

G =lls+(m+ﬁ>va+nv4

(22)

Using different representation of four-dimen-
sional vectors A, we build square four-dimen-
sional array D as follows:

Dm) — (3% M),

g (23)

where M1=<m12 —q+)7 M2=<qt m”),
g —my My g—

My =my +imy, G, =9+ ms ¢g_=99— m;,
for which parity is equitable:
(P(m) — w,)D =0. (24)

Array (21), such as the function (10), has
singular addends for vectors, module of which
is equaled to module vector m. Divergence can

be removed by changing the expression (21)
as follows:
G — Pl —p)}(voh, +19 +v,n)
V(k?—9+n’) T
+ 4 D(mV)bFexplim(r —p)},  (25)

where summarizing in first addend is conduct-
ed by all vectors, which vectors are not equal

to the vector module m, b={b,} — array-vec-
tor, which components are three square four-
dimensional arrays, which can be found from
the following condition:

6

v.D(m)b, = 1. (26)

Array vector b has a lot of representations,
which satisfy the condition (26). The most sim-
ple is as follows:

0 F m, 0

=0, | F 0 0 my,
b, = 2Ami+my)| O my, —F 0 +
_m12 O 0 F*
—q_ 0 0 0
0 0 g. 0 0
. : 27
41’]ﬂ13 0 0 O q+ ) ( )
0 —q_ 0
o S im, O
b — =%, 1S 0 0 —im, n
2 omi4md| 0 imy, —S 0
imy, O 0 S
5 —ig_ 0 0 O
|0 igy 00
onmy | 0 0 0 ig,| (28)
0 0 ig. O
1—6
g _01 0
5 —2nm  ng_ 0 —2nm
mn | —Mg, 2mq, 2mgq, 0
+ 2mn?® | 2mq, 0 ng, 2mq, | (29)
0 —2nm —2nm ng_

where F = m,m, + iSm,; S = mym,+ iSm,.
We can be sure that the array (25) meet
the conditions, by direct substitution:
(P— )G =18(r—p), (28)
in other words, the expression (25) is regular
matrix notation of Green function for the equa-
tion (5). Using the expression (25) we can draw
an integral equation of Fredholm type, corre-
sponding to the equation (5):

P(r) = exp{imriA + SG(F, p.m) u(p) Y(p)dp. (29)

Homogeneous equation corresponding to the
equation (29), can be represented as follows:

exp{ikr}(v,&, +18 +v.m) N(k) +
(B2 —9%+n?)

+ D(m)bf exp{im'r}N(m®),

P =
(30)

A
where  N(k) = %Su(p)lp(p) exp{—ikp}dp, and

0
summarizing in first addends is conducted at



all k, module of which is not equal to vector RESULTS
m. Multiplying both parts of the equation (30)
1 Using method, developed in the work [5] in-
from the left with array: —u(r)exp{—ik'r}and tegral equations of Fredholm (9), correspond-
v ing with quasirelativistic equation (1), and in-
integrating at r, we can receive a system of lin- tegral equation (29), corresponding with Dirac

ear, homogeneous equation for values N(k): equation (5) were received. The proportions
, 15) and (31) are proposed for finding of ener-
(R(m, k, k') — 16, ;) N(k), (31) ggetic spec‘ftrum. PP ¢
where
LITERATURE

R(m’ k7 k’) kmmT(k,’ m )
1. H. H. boeoarbos, [. B. lllupkos. Benenue B TeopHio
4+ Vi k(Yaka+lS+Y4n 11_\/[ {1—o v KBaHTOBaHHBIX mojed. — M., 1999. — 442 c.
— 242 k, mt) 2. B. B. Besos. Tounast ¢pyHkuus [prHa ypaBHeHHH KBaH-
=l TOBOH MeXaHWKH B 3JeKTpomarnutHoM noje // M3B. By3oB,
¢usuxa, 1999, Ne 11, C. 45—56.
T(k', mV) = 3. B. B. beaos, O. 0. l'opuunckas. Tounas ¢yHKLMS
D(mi) ¢ 7 ’ I'puna pEHHTHBHCTCKHX//y]%?/II%IIZII?/II{%Iﬁ/I E%%%To%%ﬁ Mexaﬁdxn
— ik — m) B TOJIe TJIOCKOH BOJIHBI , —76, nem., c.
vV S(br)u(r) exp{ L(k m )l‘} dr. 4. C.II. T'aspunos, H.M.Tumman, L. M. [llsapyman.
0 ®ynkunn ['pruHa BO BHeEIIHEM 3JEKTPHYECKOM II0Je H KOM-
OUHALMKM C MarHUTHBIM I10J€M U TOJIeM IJIOCKOH BOJIHBI
4o ; ; sId, 1999, 1. 29, Ne 5, C. 1392—1405.
Then, it is obviously t.hat fixed spectrum 5. K. B. Asdonin. HO6yIlOBa XBUJIBOBUX (DYHKLIH 4acTHH-
part can be. found, by putting to zero the sys- Y MOJEJIbHOMY HeploﬂHqHOMy noxi // ®orosnexTponuka,
tem determinant (31). 2009, 1. 18, C. 140—147.

UDC 539.125.5

K. V. Avdonin

INTEGRAL REPRESENTATION OF QVASIRELATIVISTIC WAVE EQUATION
AND DIRAC EQUATION FOR AN ELECTRON IN PERIODIC FIELD

Abstract

Integral representation of quasirelativistic wave equation and Dirac equation for an electron in periodic electromag-
netic field is proposed. This representation permeates one in same cases to find wave function by the iterative proce-
dure and to obtain information about energy spectrum.

Key words: integral, equation, Dirac, electron, field, period.
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UHTETPAJIbHbIM BUJI PEJIITUBUCTCKOIO BOJIHOBOIO YPABHEHUS 11J1S1 JEKTPOHA
B MEPHOJHUYECKOM IOJIE

Pesiome

B paGote mnpeioxKeHbl HHTErPAJbHbIE MPEACTABICHUS] KBA3UPEJISITUBUCTCKOrO BOJHOBOIO YpaBHEHUsl U ypaBHeHusi J{upaka
IUIST 3JEKTPOHA, KOTOpble MO3BOJISIIOT, WTEPALUOHHBIM MyTeM, HaXOAWTb BOJHOBblE (DYHKLHH H MOJyYaTb HH(POPMALMI 00
9HEPreTHUECKOM CIEKTPE PesSITHBHCTCKOH YaCTHLbl B MEPHOIHUECKOM IOJIE.

KaroueBble cioBa: uHTerpas, ypaBHeHue, Jlupak, moJje, MepuoA.
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iHTErPAJIbHUIM BUIJISIJL, PEJSITUBICTCbKOIO XBHJIbOBOIO PiBHSIHHS 1J151 EJIEKTPOHY
Y NMEPIOJUYHOMY TOJI

Pesiome

Y po6oTi 3amporoHoBaHi iHTerpa/bHi NMpeacTaBJeHHS KBa3ipesasiTUBICTCbKOIO XBHUJIbOBOI'O PiBHSIHHA Ta piBHsAHHS [lipaka
N1l eNeKTPOHY B MNepioJMYHOMY €JeKTPOMarHiTHOMY MOJi, §Ki 103BOJISAIOTh, B OKPEMMX BHUMAJKaxX, iTepaulilHUM LIJISXOM
3HAXOMAUTH HOTO XBUJBOBI (DYHKLIl Ta OTPUMYBATH iH(OpPMALiI0 MPO €HepreTHUYHUH CIEeKTP.

KatouoBi ciaoBa: interpan, piBusuus, Iipak, mose, mnepio.
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OPTICAL AND STRUCTURAL PROPERTIES OF TiO, NANOFIBERS
PREPARED BY THE ELECTROSPINNING METHOD

The presented paper is devoted to investigation of structural and optical properties of
titania nanofibers. The investigated samples were prepared by the electrospinning method
from polymeric solutions, containing TiO, precursor, followed by a calcination procedure to
obtain highly crystalline, pure inorganic nanofiber materials. The structural properties have
been investigated by Scanning electron microscopy (SEM, FEI Nova) and X-ray diffracto-
metry (XRD, Rigaku Ultima). The phase identification of the samples showed the anatase
phase of TiO,. Linear dimensions of nanofibers were calculated. Optical properties were
studied with use of UV—VIS spectrophotometer Shimadzu UV-1700 and photoluminescence
(PL) setup (excitation with A =355 nm) in the range 350—1100 nm and 370—900 nm,
correspondingly. The absorption edge of the samples was in the range of 395—410 nm.
The PL maximums appeared at the range of 420—510 nm and 550—710 nm. The mech-

anisms of luminescence were discussed.

INTRODUCTION

TiO, is well known material for optical, cat-
alytic and sensing applications. It has polymor-
phic nature and three different phases: rutile,
anatase and brukite. The development of var-
ious deposition techniques allows synthesis of
novel titanium dioxide structures with dimen-
sions on the nanometer scale. The decrease of
the dimensions below certain levels may lead to
the formation of quantum-size effects such as
the absorbance edge shift and the room temper-
ature photoluminescence peaks appearance [1].

In the recent decades the attention of sci-
entists was attracted to fabricate metal oxide
nanofibers with 2—300 nm cross-section and
0,001—1 mm in length. In these nanostruc-
tures the depletion layer width is bigger or in
the same range as nanofiber diameter. It re-
sults in the relevant influence of surface state
on optical and electrical properties of such nano-
structures [1]. There have been developed a
great number of technological routs to fabri-
cate TiO, nanostructures: hydrothermal method
[2], magnetron sputtering [3], thermal evapora-
tion method and so on. The mentioned tech-
nological routs allow to obtaining TiO, nano-
structures with different shapes: nanoparticles,
nanorods and nanotubes.

In the last decade, electrospinning deposi-
tion is to be prospective for nanofibers fabrica-
tion. It is based on interaction between charged
jet of polymeric solution with electrostatic field.
The jet is narrowed by electrostatic effects to
the cylindrical shape and hardened because of
solvent evaporation. The precipitated nanofibers
are 20—200 mkm in length and with diameter
of 50—500 nm [5—38].
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In the presented paper the structural and
optical properties of titania nanofibers, fabricat-
ed by electrospinning method, are reported. The
influence of Li doping on these properties was
investigated. The peculiarities of optical prop-
erties have been discussed.

EXPERIMENTAL

Electrospinning deposition setup is shown
in fig. 1. Ethanol solution of Titanium (IV)
isopropoxide (TTIP) with initial concentration
1 mol/l was mixed with polyvinyl alcohol in ra-
tio 1:20. Lithium doping was provided by addi-
tion of the corresponding alkaline dopant (Li-
NO,) in ethanol. The solutions were supplied
by capillary to the rotating template, preheated
to 150 °C. High voltage was applied between
capillary and template. The voltage value and
distance between capillary and template were
kept constant for all depositions 5 kV and 1 cm,
correspondently. After fabrication, as-deposited
nanofibers were collected and calcinated in air
atmosphere at 600 °C for 2 hours.

Structural properties of annealed samples
have been investigated by Scanning electron mi-
croscopy (SEM) and X-ray diffractometry (XRD).

XRD tests were measured by Rigaku Ulti-
ma XRD-setup (CuK,, A=0,154 nm) in the
range of 20 angle 20—80°. Scanning electron
microscopy FEI Nova has been used to obtain
surface images of the investigated nanofibers.

Optical properties were studied with use of
UV—VIS spectrophotometer Shimadzu UV-1700
in the range 350—1100 nm. Photoluminescence
(PL) spectra were measured by setup, present-
ed in fig. 2. The luminescence was stimulated
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Fig. 2. Photoluminescence setup
by UV laser LCS-DTL-374QT with excitation
wavelength A = 355 nm. The emission spectra

were amplified and recorded in the wavelength
range 370—900 nm.

RESULTS AND DISCUSSION

XRD spectrum of the obtained powder is
plotted in fig. 3. The one can see XRD

[9—11].

Surface morphology of TiO, nanopowder, ob-
tained by SEM is shown in fig. 4. The SEM
image reveals a geometry of the obtained nano-
structures. The one can claim that the fabricated
TiO, nanopowder was formed by nanofibers with
295+70 nm in diameter and 20 mkm in length.

Absorbance spectrum of TiO, nanopowder
a(hv) is presented in fig. 5. The absorption edge
lies in the region of photon energies 3,1—3,3 eV.
It is known that titanium dioxide is semicon-
ductor with indirect band gap. So, absorbance
spectrum of TiO, nanofibers was plotted in spe-
cific scale (ahv)”?vs hv (fig. 6). Band gap was
estimated from the linear plot at the absorp-

peaks
at following 20 values: 25,96°; 38,56°; 55,06°;
62,12°; 70,28° u 76,02°. The obtained peaks cor-
respond to TiO, anatase phase with (hkl) indi-
ces (101), (004), (211), (204), (220) and (215)

tion edge region as intersection with (hv) axis.
As one can see, the E, value is about 2,5 eV.
This value is much lower than for anatase sin-
gle crystal bad gap value (E,=2,8 eV) [11].
The effect of decreasing of particles size to
nano dimensions is expected to bring to blue
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Fig. 3. XRD spectrum of TiO, nanopowder

Fig. 4. SEM image of TiO, nanopowder
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Fig. 6. Graphical evaluation of band gap value

shift of band gap [11]. The physical properties
of the nanopowder drastically depend on the its
density, which is characterized by a parameter
called compaction [12]. It may happen that, be-
cause of the shapes of nanofibers the compac-
tion of nanopowder is low and it includes the
material and intergranular gaps, filled in with
air. In this case Eg value will differ from the
real number and represent only average value
of material 4+ void system [12].

The phenomenon can be explained by anoth-
er mechanism. The random compaction of nano-
fibers on the plane can cause the high scatter-
ing coefficient, what can support red shift of
band gap value [11].

PL spectrum of TiO, nanofibers is plotted in
fig. 7. It can be seen that PL curve had a kind
of complexity. By means of Origin Pro 7.0 soft-
ware, the PL spectrum was split onto separate
peaks. The PL peaks, located at 423, 481, 508,
555, 601, 632 and 702 nm have been found. The
full explanation of photoluminescence in TiO,
has not been done yet. The peaks at 423 and
481 nm are connected with excitons, located in
TiO4 octahedron. It is supposed that peaks at
508 and 555 nm are formed by oxygen vacancies
and peaks, appeared at 601, 632 and 702 nm
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Fig. 7. PL spectrum of TiO, nanofibers, measured at room
temperatures
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relate to structural defects on the surface of
nanofibers. In [11, 13, 14] it was discussed that
Ti*+ surface states are responsible for emis-
sion peaks at 600—632 nm and peaks at high-
er wavelengths correspond to structural defects.
The PL peaks at room temperature at UV
region verify quantum-size ellects appeared in
the studied titania nanofibers. However, red shift
of the peaks in comparison with lower dimen-
sional TiO, nanostructures suggests to tailor
the diameter of the nanotubes to lower values
[13,14]. The PL peaks at 500—700 demonstrates
the defect presence at the surface of nanofibers.
At this stage it is quite difficult to explain the
nature of these defects and additional measure-
ments will be performed in future works.

CONCLUSION

TiO, nanofibers were successfully fabricated
by electrospinning rout. The obtained samples
had pure anatase edge phase of titania and lin-
ear dimensions 29570 nm in diameter and 20
mkm in length. Absorption of the samples lies
in the region of photon energies 3,1—3,3 eV.
Scattering and compaction effects in nanofibers
make it difficult to estimate band gap value with
standard calculations. Room temperature photo-
luminescence of the samples was measured. PL
peaks at UV region correspond to excitons in
TiO, lattice and Vis-IR peaks are related with
structural defects.
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Abstract

The presented paper is devoted to investigation of structural and optical properties of titania nanofibers and the in-
fluence of Li doping on these properties. The investigated samples were prepared by the electrospinning method from
polymeric solutions, containing TiO, precursor, followed by a calcination procedure to obtain highly crystalline, pure inor-
ganic nanofiber materials. The structural properties have been investigated by Scanning electron microscopy (SEM, FEI
Nova) and X-ray diffractometry (XRD, Rigaku Ultima). The phase identification of the samples showed the anatase phase
of TiO,. Linear dimensions of nanofibers were calculated. Optical properties were studied with use of UV—VIS spec-
trophotometer Shimadzu UV-1700 and photoluminescence (PL) setup (excitation with A =355 nm) in the range 350—
1100 nm and 370—900 nm, correspondingly. The absorption edge of the samples was in the range of 395—410 nm.
The PL maximums appeared at the range of 420—510 nm and §50—710 nm for both samples. The mechanisms of lu-
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ONTUYECKUE U CTPYKTYPHBIE CBOMCTBA HAHOBOJIOKOH TiO, MOJIYYEHHbIX METOJI0M
JIEKTPOCITHUHUHTA

Pesiome

[TpencraBnenHasi pabora MOCBsilleHA MCCJAEJOBAHUIO CTPYKTYPHBIX M ONTHYECKHX CBOHCTB HaHOBOJOKOH TiO, u Bius-
HuIo JernpoBanusi Li Ha 3Tu cBoiicTBa. MccnenoBanHble 00pasiipl ObIIM TPUTOTOBJEHB METOJAOM 3JEKTPOCIHHUIA U3 MOJH-
MepHBIX pacTBOPOB, comep:kaiiux npekypcop TiO2, u nanee oTxkuraiauch Ajdsi (POPMUPOBAHHS KPUCTANIHUECKOH CTPYKTYPBIL.
CTpyKTypHBIEe CBOHCTBA OBLIM HCC/IENOBAHBI C TOMOLIBIO CKaHHPYIOIIEH 3/JeKTPOHHOH MHKPOCKOMMH W PEHTTeHOBCKOH NH(-
pakuud. PeHTreHOCTPYKTYPHBIH aHA/IH3 MoKasas, 4TO JaHHble HaHOBOJIOKHA MpHHaj/eXaT (ase aHaTasa. JIMHeiliHble pasme-
Pbl HAaHOBOJIOKOH OblLIM paccuuTanbl. OnTHUecKHe CBOHCTBA OBIM H3yYeHbI C UCNOJb30BaHHEM crekTpodoromerpa Shimadzu
UV-1700 u ycTaHOBKH AJ151 MCCle0BaHUsT (DOTOMOMHHECLIEHIIMH (I/IMHA BOJIHBI BO30YyKaeHHs: A = 355 HM) B nuanasoxe 350—
1100 am u 370—900 umM cooTBeTcTBeHHO. Kpail morsomieHus o0pasuoB NpuxomuTcss Ha auana3oH 395—410 wm. [Tuku ¢o-
TOJIIOMHHECLIEHIIM Bo3HHKaoT B auanasoHe 420—510 vm u 550—710 HM assi oGoux ob6pasuoB. MexaHH3M JIOMHHECLEH-
uuu obcyxKaaeTcsl B TaHHOH cTaTbe.

KatoueBble cioBa: ortuueckue CBOHCTBA, HAHOBOJIOKHA, JEKTPOCITHHUHT.
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ONTHUYHI TA CTPYKTYPHi BJACTUBOCTi HAHOBOJIOKOH T102, OTPUMAHUX METOJ0M
EJIEKTPOCITIHIHTY

Pesiome

[IpencraBnena po6oTa MpHUCBSYEHA AOCHIMKEHHIO CTPYKTYPHHX Ta ONTHYHUX BJacTHBOCTeH HaHOBOJOKOH TiO, Ta Bm/IH-
By JeryBaHHs Li Ha ui BnactuBocti. Jocnimxkeni 3pasku Oysnu MPUTOTOB/IEHI METOAOM €MeKTPOCHIHIHTY 3 MoJiMepHHX PO3uH-
HiB, wo MmicTaTb npekypcop TiO,, Ta BigmaneHux masi GopMyBaHHS KpUCTasliyHOi CTPYKTypu. CTPYKTYpHi BJIACTUBOCTI Oysu
JOCJiI>KeHi 3a JOMOMOrol0 CKaHyIo4oi eJeKTPOHHOI MiKpocKomii Ta peHTreHiBchbkoi audpaxuii. PeHTreHoCTpyKTypHHH aHali3
MoKa3aB, LI0 JaHi HAHOBOJIOKHA HaJjexaTb (asi aHatasa. JliHiliHi po3Mipu HaHOBOJOKOH Oy/au po3paxoBaHi. OnTHuHi BJac-
THBOCTI Oysu pocaimkeni 3 BHKopucTaHHsM crektpodoromerpa Shimadzu UV-1700 ta npunany miasi gocsimkeHHs (oTo-
JIIOMiHecleHUii (HoBXKUHA XBUJI 30ymKeHHs A = 355 um) y mianasoni 350—1100 um i 370—900 um BigmosinHo. Kpaii mo-
rJMHaHHS 3pas3kiB npunagae Ha mianason 395—410 um. Ilikn ¢oronominecuenuii BuHuKaloTh y aianazoni 420—510 um i
550—710 HM masi 000X 3paskiB. MexaHi3m mMoMiHecUeHLii 00roBOpOETbCS Y AaHI# CTATTI.

KatouoBi cjioBa: onTHuHI BJIaCTHBOCTI, HAHOBOJIOKHA, 3JIEKTPOCIHIHIHT.
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DETERMINATION OF THE HYPERFINE AND ELECTROWEAK
INTERACTIONS PARAMETERS AND PARITY NON-CONSERVATION
AMPLITUDES IN HEAVY ATOMS AND NUCLEI

WITHIN NUCLEAR-QED THEORY

It is presented new approach to determination of the electroweak and hyperfine in-
teractions parameters and parity non-conservation effect in heavy atomic and nuclear sys-
tems, based on the combined QED perturbation theory formalism and relativistic nucle-
ar mean-field theory. Results of estimating some fundamental hyperfine and electroweak

constants in the
charge for the Yb nucleus.

1. INTRODUCTION

Different topics of the modern physics of
electroweak interactions are now a subject of
intensive theoretical and experimental interest.
From the other side, the parity violation (non-
conservation) experiments in atomic physics
provide an important possibility to deduce in-
formation on the Standard Model independent-
ly of high-energy physics experiments [1—8].
The recent LEP experiments are fulfilled [I,
2], that yield extremely accurate values for Z-
boson properties. Although the spectacular ex-
perimental achievements of particle physics in
the last decade have strengthened the Standard
Model (SM) as an adequate description of na-
ture, they have also revealed that the SM mat-
ter represents a mere 5 % or so of the energy
density of the Universe, which clearly points to
some physics beyond the SM despite the des-
perate lack of direct experimental evidence. The
sector responsible for the spontaneous breaking
of the SM electroweak symmetry is likely to
be the first to provide experimental hints for
this new physics. The fundamental purposes of
the high-precision atomic PNC studies are to
search for new physics beyond the SM of the
electroweak interaction by precise evaluation of
the weak charge @, and to probe parity viola-
tion in the nucleus by evaluation of the nuclear
anapole moment. The detailed review of these
topics can be found in refs. [1—10], in partic-
ular, speech is about briefl introducing the SM
physics and the conventional Higgs mechanism
and a survey of recent ideas on how break-
ing electroweak symmetry dynamics can be
explained.

The most popular multiconfiguration Dirac—
Fock (MCDF) method for calculating parity
and time reversal symmetry violations in many-
electron atoms has some serious disadvantag-
es [3, 17, 26]. This fact has stimulated a devel-
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Cs, Tl and Yb isotopes are presented. Firstly it is predicted the weak

opment of different versions of the many-body
perturbation theory (PT), namely, the PT with
relativistic Hartree-Fock (RHF) and DF zeroth
approximations, QED-PT and nuclear-QED PT
[11—44].

In present paper the new theoretical ap-
proach, namely, nuclear-QED PT is used for
detection of the hyperfine structure and elec-
troweak interaction parameters, scalar-pseudo-
scalar interaction constant and parity non-con-
servation (PNC) effect in atomic system. In fact
the N-QED PT is based on the combining ab
initio QED PT formalism and nuclear relativis-
tic middle-field (RMF) model and allows to ful-
fil studying the spectra for atomic systems with
an account of the relativistic, correlation, nu-
clear, radiative effects [10,38-44]. The important
feature is the correct accounting for the inter
electron correlations, nuclear, Breit and QED
radiative corrections. All correlation corrections
of the second order and dominated classes of
the higher orders diagrams are taken into ac-
count [10]. The results of studying the differ-
ent atomic systems are presented.

2. NUCLEAR-QED PT APPROACH
TO ELECTROWEAK INTER-
ACTIONS IN HEAVY FINITE
FERMI-SYSTEMS AND
PARITY-NON-CONSERVATION
TRANSITION AMPLITUDE
DETERMINATION

The wave electron functions zeroth basis is
found from the Dirac equation solution with
potential, which includes the core ab initio po-
tential, electric, polarization potentials of nu-
cleus. All correlation corrections of the second
and high orders of PT (electrons screening,
particle-hole interaction etc.) are accounted for
[10]. The concrete nuclear model is based on

© O. Yu. Khetselius, 2011



the relativistic mean-field (RMF) model for the
ground-state calculation of the nucleus. Though
we have no guaranty that these wave-functions
yield a close approximation to nature, the suc-
cess of the RMF approach supports our choice
[35]. These wave functions do not suffer from
known deficiencies of other approaches, e. g.,
the wrong asymptotics of wave functions ob-
tained in a harmonic oscillator potential. The
RMF model has been designed as a renormal-
izable meson-field theory for nuclear matter and
finite nuclei. The realization of nonlinear self-in-
teractions of the scalar meson led to a quanti-
tative description of nuclear ground states. As
a self-consistent mean-field model (for a com-
prehensive review see ref. [35]), its ansatz is
a Lagrangian or Hamiltonian that incorporates
the effective, in-medium nucleon-nucleon inter-
action. Recently the self-consistent models have
undergone a reinterpretation, which explains
their quantitative success in view of the facts
that nucleons are composite objects and that
the mesons employed in RMF have only a loose
correspondence to the physical meson spectrum.
They are seen as covariant Kohn-Sham schemes
and as approximations to the true functional
of the nuclear ground state. As a Kohn-Sham
scheme, the RMF model can incorporate certain
ground-state correlations and yields a ground-
state description beyond the literal mean-field
picture. RMF models are effective field theo-
ries for nuclei below an energy scale of 1GeV,
separating the long- and intermediate-range nu-
clear physics from short-distance physics, in-
volving, i.e., short-range correlations, nucleon
form factors, vacuum polarization etc, which is
absorbed into the various terms and coupling
constants.

In our approach we have used so called
NL3-NLC and generalized Ivanov et al approach
(see details in refs. [37, 39, 4]), which are
among the most successful parameterizations
available. Further one can write the Dirac—
Fock-like equations for a multi-electron sys-
tem {core-nlj}. Formally they fall into one-elec-
tron Dirac equations for the orbitals nlj with
the total potential V(r). Radial parts F and G
of two components of the Dirac function for
electron, which moves in the potential V(r, R)
are defined by solution of the Dirac equations
(PT zeroth order). The total potential includes
the electric potentials of a nucleus with using
the RNF charge distribution, exchange-correla-
tion and radiative potentials. The radiative QED
(the self-energy part of the Lamb shift and the
vacuum polarization contribution in the lower
order plus corrections of the high QED orders)
are accounted for within the QED formalism [4].
The continuum pressure effects and contribu-
tion of the autionization states are taken onto
account by means the Dirac-Sturm approach.
The full description of the corresponding mod-
els and other details of the general method are
presented in refs. [4, 10, 37—44].

Below we are limited by presenting the key
formulae for determination of the PNC transi-

tion amplitude. The dominative contribution to
the PNC amplitude is provided by the spin-in-
dependent part of the operator for a weak in-
teraction, which should be added to the atom-
ic Hamiltonian [5]:

H = Hy, +pY Hy()),
i

Hiy = 55 Quysplr), (1)

where G, — g?/4/2m3 is the Fermi constant
of the weak interaction, 7y; — is the Dirac ma-
trice, my, is the mass of the W boson, p(r) is
a density of the charge distribution in a nu-
cleus and @ is a weak charge of a nucleus,
linked with number of neutrons N and protons

Z and the Weinberg angle 0, in the Stan-
dard Model as follows:
Qy=Z(1 — 4sin?6,) — N. (2)

The latter can be rewritten with accounting
for the radiative corrections as [5, 18]:

Qu—=1{Z(1 —[4,012 = 0,010]sin20,) — N} x
% (0,9857 = 0,0004)(1 -+ 0,0078T),
{sin20,, = 0,2323 -+ 0,00365S — 0,002617T) (3)

The parameters S, T parameterize the looped
corrections in the terms of conservation (S) and
violation (T) of an isospin. The spin-dependent
contribution to the PNC amplitude has three
distinct sources: the nuclear anapole moment
((that is considered as an electromagnetic char-
acteristics of system, where the PNC takes a
place; generally speaking, speech is about the
arisen spin structure and the magnetic field dis-
tribution is similar to the solenoid field), the
Z-boson exchange interaction from nucleon ax-
ial-vector currents (4,V,), and the combined ac-
tion of the hyperfine interaction and spin-inde-
pendent Z-boson exchange from nucleon vector
(V,A,) currents [7, 9, 34]. The anapole moment
contribution strongly dominates.

The above-mentioned interactions can be rep-
resented by the Hamiltonian
G

73 k(e Delr), (4)

Hj, =
where k(i=a) is an anapole contribution,
k(i = 2) = k,y — axial-vector contribution,
k(i=kh) =k, is a contribution due to the
combined action of the hyperfine interaction
and spin-independent Z exchange . The esti-
mate of the corresponding matrix elements is
in fact reduced to the calculation of the inte-
grals as [10]:

<l|Hl§V |]> = i%@vﬂék,fkjémlmj X
X ?df[Fi(f)Gj(f)—Gi(f)Fj(f)]p(f)- (3)
0
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The reduced matrix element is as follows:

. . .G
<i|Hy | j>= zﬁQWX

XSdf[E(f)Gj(f) — G(NF(r)]e(r). (6)

0

Further the general expression for the corre-
sponding nuclear spin-independent PNC ampli-
tude for a-b transition is written as follows:

Av H(l)
<a|PNC|p> = — Y =bleadln>=nlfla> |

n €, —¢,
<b|HY|n><nlea,A|a>
| <bHIn><nlea,drla> @)
€ —8,
Here the following notations are used:

la>=|alF;M;>, |b>=|bIF,M,> I — spin of
a nucleus, F, —1is a total momentum of an
atom and M —its z component (/, F are the
initial and final states).

The corresponding spin-dependent PNC con-
tribution is as follows:

<a|PNC|b > =k, <a|PNC|b>® +
+ k,<a|PNC|b>® 4 k. < a|PNC|b>®0. (8)

[t should be noted the expressions for the
matrix elements <a|PNC|b>®@ and others in
Eq. (8) are similar to equation (12), however
have much more complicated form.

3. RESULTS AND FUTURE
PROSPECTS

In table 1 we listed the calculated and ex-
perimental values of the hyperfine structure
(his) energy and magnetic moments (in nu-
clear magnetons) in the 27TI8+ which are de-
termined within the nuclear—QED theory and
other different theoretical models [12—14]. The
key quantitative factor of agreement between
our N-QED theory and experimental data is

connected with the correct accounting for the
inter electron correlations, nuclear, Breit and
QED radiative corrections (including magnet-
ic moment distribution in a nucleus and nu-
clear corrections).

Table 1

The his energy and magnetic moment (in nuclear mag-
netons) in 207TI80+ [12—14]

Mag"i"';‘]"me"t HS NLC Tomaselli | N-QED

Theory 1.8769 1.8758 1.6472 1.8764
Exp. [14] 1.8765(5)

HFS [eV] HS NLC Tomaselli N-QED

AE' s 3,721 3,729 3,2592 3,5209
AEqe ~0,0201 —0,0178 | —0,0207
Total 3,701 | 3,708 3,2592 3,5002

In table 2 there are listed the PNC ampli-
tudes (in units of 10~ieay(— Qy)/N) for a num-
ber of radiative transitions in spectra of the Cs,
Tl, Yb isotopes, which are calculated by the dif-
ferent methods (without the Breit corrections):
DF, RHF, MCDF, many-body perturbation the-
ory (MBPT) and our nuclear-QED PT results
(other data from refs. [25—34]).

Let us underline that the values of the weak
charge are firstly predicted by us for 173¥b at-
oms. The analysis of results shows that in prin-
ciple a majority of theoretical approaches pro-
vides physically reasonable agreement with the
Standard model data, but the important ques-
tion is how much exact this agreement. In our
opinion, however, the précised estimates indi-
cate on the tiny deviation from the Standard
model. In any case analysis of the data allow
to conclude that the SM violation has a place,
however it can be hardly stated on significant
violation. Nevertheless, one could turn to at-
tention on the “sensibility” of the PNC experi-
ments to New Physics for energies, which are
hardly reached at the modern colliders. This fact
is clearly illustrated by the figure 1, where the

Table 2

The PNC amplitudes (in units of 10-"'ieaz(—Qy)/N) and estimated values of the weak charge Q, for different

heavy atoms, predicted in different approaches (see text)
Isotope, transition Epne Qu N-QED MCDF MBPT-DF MCDF-QED TDRHF-C RCC
133Cs  6s-7s Epne —0.8985 —0.935 —0.897 —0.8981 —0.898 —0.9054
—0.905 —0.904 —0.9055 —0.910 —0.899
—0.902
133Cs  6s-7s Quw —72.62 —69.78 —72.69 —72.65 —72.66 —72.06
QM = —73,19 —71.09 —72.18 —72.06 —71.70 —72.58
' ’ —72.42
13Yb  6s2'S,-5d6s°D, Epne —97.07 — — — — —
QM — —95,44 Qv —92.31 — — — —
25T 6p,/9-6ps/e Epxe 26.5114 —26.75 —26.5 — — —
25T1 6p,/9-6Pss Qv —116.15 — 1124 —116.2 — — —
QM= —116,81
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Figure 1. The limitations on the Z" boson mass and miss-
ing angle in the models beyond the Standard Model (see
comment in the text)

darkled region is eliminated from the measure-
ments in the PNC and colliders experiments.
Therefore, in this paper we presented new
more accurate data on some fundamental hy-
perfine and electroweak constants in the Cs, Tl
and Yb isotopes using a new approach to deter-
mination of the electroweak and hyperfine in-
teractions parameters and parity non-conserva-
tion effect in heavy atomic and nuclear systems,
based on the combined QED perturbation theo-
ry formalism and relativistic nuclear mean-field
theory. Some listed data on the indicated con-
stants directly stimulate carrying out new suf-
ficiently précised experiments in order to pro-
vide the low-energy test of the Standard Model.
The rare-earth elements have to be especially
interesting as they have very complicated spec-
tra of autoionization resonances (with very un-
usual from physical point of view their behavior
in a weak electric and laser fields; the known
effect of resonances giant broadening [4]). The
elementary comments show that the prospects
of the PNC experiments with Stark pumping
(or a polarization plane rotation) of the individ-
ual states (in the considered isotopes,
including the rare-earth elements; probably
more effective possibility is given by studying
multicharged ions of these elements) and simul-
taneously polarized laser field dressing (with a
cold-atom fountain or interferometer) could pro-
vide comfortable conditions for précised experi-
mental observation of the weak effects.
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DETERMINATION OF THE HYPERFINE AND ELECTROWEAK INTERACTIONS PARAMETERS
AND PARITY NON-CONSERVATION AMPLITUDES IN HEAVY FINITE FERMI-SYSTEMS

WITHIN NUCLEAR-QED THEORY
Abstract

It is presented new approach to determination of the electroweak and hyperfine interactions parameters and parity
non-conservation effect in heavy atomic and nuclear systems, based on the combined QED perturbation theory formal-
ism and relativistic nuclear mean-field theory. Results of estimating some fundamental hyperfine and electroweak con-
stants in the Cs, Tl and Yb isotopes are presented. Firstly it is predicted the weak charge for the Yb nucleus.

Key words: electroweak interaction, parity non-conservation, nuclear-QED theory.

YK 539.19

0. 10. Xeyeauyc

OMPEJEJIEHUE MAPAMETPOB CBEPXTOHKOIO W 3JIEKTPOCJIABOIO B3AMMOJEWCTBUS
U AMITJIMTY ] NEPEXOJ0OB C HECOXPAHEHUEM YETHOCTH B TSDKEJIbIX KOHEYHbIX

PEPMUT-CUCTEMAX B PAMKAX SIIEPHO-K3J, TEOPUH

Pesiome

Ha ocHoBe HOBOro momxoma K OINpeNeNeHHI0 NMapaMeTPOB CBEPXTOHKOTO, 3JEKTPOC/Iad0ro B3aUMOLEHCTBUH U aMILIUTYL

[ePeX0L0B C HECOXPAHEHHEM YETHOCTH B TSIXKEJBIX aTOMHBIX H SIIEPHBIX CHCTeMax, Gasupyrouierocst Ha simepHo-KI Teopun
BO3MyLLleHI/II:I )54 peJ'[HTI/IBHCTCKOIL/’I HILepHOIz MOAEJNH CPEeNHEro IoJisl, INMOJIyYeHbl YTOYHEHHbIE NaHHbIE I10 NapaMeTpaM CBEepPXTOH-
KOTO H 3JIeKTpociaboro BzaumoneicTuil msi psna usorornos Cs, TI, Yb. Brepsble mpenckasaHo yTOYHEHHOE 3HAYEHHE CJia-
6oro 3apsima aqst sigpa Yb.

KiloueBble cioBa: anektpociaboe B3aUMOAEHCTBHe, HeCOXpaHeHHe yeTHOCTH, sinepHO-KDJI Teopusi.

16



YK 539.19

0. 10. Xeuyeriyc

BU3HAYEHHS MAPAMETPIB MOHAJITOHKOI TA EJIEKTPOCJIABKOI B3AEMOJLIT i AMMJIITY]L NEPEXO/IB
3 HE3BEPE)KEHHSIM MAPHOCTI ¥ BA)XKUX CKIHYEHHUX ®EPMIi-CUCTEMAX
Y ME)XAX SIIEPHO-KEJL, TEOPii

Pesiome

Ha ocHoBi HOBoro minxomy no BH3HAUEHHS NapaMeTpiB MOHAATOHKOI, ejekTpocjadkoi B3aeMomil Ta aMIJiTynx TMepexomiB
3 He30epeKeHHSM MapHOCTi Yy BaXKKUX aTOMHMX Ta SIIEPHUX cUcTeMaX, KUl 0adyetbest Ha sinepHo-KE] Teopil 36ypenb Ta
PeJISITUBICTCBKIH MoJe/i CepefHbOro MoJjsl, OTPUMAaHi YTOYHEHi JaHi 1Mo nmapameTpax MOHAATOHKOI, eJeKTpocaabKoi B3aeMopji
s psny isoroniB Cs, Tl, Yb. Brnepure nepen6aueno yTouneHe 3HaueHHsi cjaabKoro sapsiay ans sapa Yb.

KulouoBi csioBa: enexrpociadka B3aemonisi, HesbepexxeHHs: mapHocTi, simepHo-KEIL Teopis.
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THERMOCHROMIC EFFECT IN CONDUCTING POLYAMINOARENES

Effect of temperature on absorption spectra of sulfate-doped polyaminoarenes — poly-
aminophenol, polyaniline, polyorthotoluidine, polyorthoanisidine films in temperature inter-
val of 293—523 K has been investigated. On the basis of optical spectroscopy and ther-
mal behavior investigations it shown that changes of electron transport energy and film’s
optical density may be caused by macro chain conformation and connected with tempera-
ture depending electronic properties of conjugated polymers.

INTRODUCTION

Conjugated polyaminoarenes such as poly-
aniline and its derivatives have a potential tech-
nological application in chemical power sourc-
es, electrochromic displays and recently attract
a great attention as sensor materials [1—4].
Polyaminoarenes are known chromogenic poly-
mers changing their visible optical properties
in response to the external stimulus [5—7].
In terms of the specific stimulus they are sub-
classificated as thermochromic (temperature),
photochromic (light), electrochromic (electric
field), piezochromic (pressure), ionochromic (ion
concentration) or biochromic (biochemical reac-
tion). The chromogenic phenomena enable the
integration of sensor and actuator functionality
or any kind of information respectively into a
material itself [5].

Thermochromism is the ability of substance
to change color (and optical spectrum) due to
a change in temperature and may be used for
many novel applications including sensor de-
vices, flat thermometers, battery testers, cloth-
ing, and the indicators [6, 8]. Due to very high
temperature sensitivity, liquid crystals are used
in precision applications; however, their color
range is limited by their principle of operation
[9]. In contrast, conjugated polymers allow wid-
er range of colors to be used, but their temper-
ature response has not clear understood.

From the physical point of view, the origin
of the thermochromic effect in conducting poly-
mers can be multifarious — from conformation
state of polymer chain to the freezing of the
movement of the dopant substituents and of the
movements of polymer-dopant anion association,
respectively [10]. Generally the color change
is based on alteration of the electron states of
molecules, especially the ;- or d-electron state.
Thermochromic effect can be correlated with the
temperature dependence of conductivity [8, 10]
and at low temperatures (T < 100 K) the sam-

18

ple is in the insulating state which is another
manifestation of the increasing localization of
charge carriers [10]. Most interesting is ther-
mochromic effect developing in the temperature
interval near human body and ambient temper-
ature (300—400 K) for applying in color indi-
cators that would respond to human touch, en-
vironment temperature, etc.

In this paper the influence of polymer link
structure on thermochromic effect in the films of
sulfate-doped polyaminoarenes — polyaminophe-
nol (PoAP), polyaniline (PAN), polyorthotolui-
dine (POTI), polyorthoanisidine (PoA) together
with their thermal behavior has been studied.

EXPERIMENTAL

Preparation of polyaminoarene films was car-
ried out in tree-compartment electrochemical
cell by electrolysis of 0,1M monomer solutions
(o-aminophenol, o-anisidine, o-toluidine and an-
iline) in 0,5M H,SO, at oxidative potential of
0,8—1,0 V. The glass coated by SnO, work-
ing electrodes, Pt-wire counter electrodes and
Ag/AgCl (in saturated KCI) as a reference was
employed. After electrolysis during 10—15 min-
utes the glass electrode with polymer film were
rising in distilled water and dried in vacuum
at T=295—300 K. Obtained polyaminoarenes
are self-doped by sulfate acid in the process of
electropolymerization [3]. The molecular struc-
ture of main polymer chain (without dopant)
supporting by IR-spectroscopy (“Specord M-80")
for samples pressed in KBr pellets are present-
ed in the Figure 1.

The UV-vis. absorption spectra in the range
of A=2320—1000 nm were obtained using the
spectrophotometer SF-46 after 10 minutes of
film heating at constant temperature in the in-
terval of 293..473 K. Studies of polyaminoarenes
thermal behaviour were carried out for powder
samples on the derivatograph Q-1500 D in the

© O.1. Konopelnyk, O. 1. Aksimentyeva, 2011



OO0

SHeReReW

b)
CH, CH, H
@w'@ﬁu ={3=N@_N'%
CH, 5 CH,

OCH; 4 OCH; H
I
AN O
OCHs OCHjs

Figure 1. Molecular structure of polyaniline (a),
aminophenol (&), poly-ortho-toluidine (c),
dine (d)

poly-
poly-ortho-anisi-

temperature interval of 273-1273 K in air with
Al,O, standard at heating rate of 10 K/min.

RESULTS AND DISCUSSION

It has been found that under temperature
change in the interval of T=293—473 K the
variations of the colour in conjugated polyamin-
oarene — PAN and PoTI films may proceed [7].
Recently such effect was manifested also in
other polyaminoarenes — PoA and PoAP [§],
but detail analysis ol the observed phenome-
non was not done.

According to electron spectroscopy, for all
investigated films in near-UV and visible spec-
tral range (Fig. 2) there are observed three
bands typical for polyaminoarenes absorption.
The maximum of absorption at 1,4—1,65 eV
is characteristic of the free charge carriers, de-
localized along conjugated polymer chain [11].
Absorption near 1,9 eV is probably caused
by transition in imino-quinoide [ragments of
polyaminoarene [12]. The band corresponding to
energy interval of 3,2—3,4 eV may be assigned
to electron transition between mt and m* levels,
which associated with energy of band-gap [13].
With temperature increasing the “blue shift” of
absorption maximums and changing of their in-
tensity are observed.

Character of the spectral changes in the
polyaminoarene films significantly depends on

0,50 -
0,45-
0,40
0,35+

2
< 0,301

0,254
0,20

0,15 4

0,10 4

E, eV

Figure 2. Absorption spectra of PAN (a), PoAP (b), PoTI
(¢), PoA (d) films heated at the following temperatures

the molecular structure of polymers, namely —
presence, position and mutual disposition of
substitutes. In particular, for unsubstituted po-
lyaminoarene — PAN (characterized by linear
structure presented in Fig. 1, a) — with tem-
perature increasing a shift of absorption max-
imums is accompanied by the total increasing
of the absorption intensity (Fig. 2, a). In the
optical spectra of substituted polyaminoarenes
character of thermochromic changes is some
distinguish.

In the case of PoAP characterized by ladder
heterocycle structure (presented in the Fig. 1, b)
with temperature rising a monotonic increas-
ing of absorption to temperature of 413—433
K and higher takes a place. At this observed a
clear shift of the bands corresponded to t — m*
transitions to the high energy field (Fig. 2, b).
At higher temperatures one wide band forms
in the interval of E=2,9—3,05 eV.

For PoTl macrochain with methyl substi-
tute in aminoarene ring (Fig. 1, c¢) belore the
temperature of 383—393 K an optical absorp-
tion decreases (films become lighter) while in
the case of PAN in the temperature interval
of 293—473 K the deepness of coloration take
a place (Fig. 2, a). It found that for electron
spectra of the PoTI films investigated a total
decreasing of the second band intensity of ab-
sorption is characteristic and almost full disap-
pearance of this band at T> 413 K.

An existence of methoxy substitute (-O-CH,)
in ortho-position to amino group in the mole-
cule of PoA (Fig. 1, d) causes a very interesting
thermochromic behavior of this polymer. There
are observed two temperature intervals (from
293 to 353 K and 383 to 413 K), in which a
decreasing of absorption intensity of PoA is pro-
ceeds at overall low wavelength shift of maxi-
mum positions (Fig. 2, ¢).

From the studies of polyaminoarenes ther-
mal behaviour it is established the four extreme
points for all samples (Table 1). A first endo-
thermic maximum at 7= 383—403 K associ-
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ates with a loss of chemosorbed moisture [14,
15]. Sequence of peaks on DTA and DTG curves
in the region T=413—600 K are evidences
to cross-linking of polymer chains (second ex-
treme at 463—513 K), following desorption of
doping admixtures (513—563 K). Attached to
temperatures of this maximum the sign change
of temperature coefficient of resistance can be
observed [3], that have been associated with a
loss of doping admixtures and starting the mac-
ro chains destruction processes at the temper-
ature T> 700 K.

Table 1

Characteristic temperatures of the conjugated polyamin-
oarenes thermal behavior

Peak temperature, K

"oarene Water des- | Crossink- | pegorption of | Thermal
orption | "€ {1 NS¢ | dopant | degpinne-

PAN 403—413 | 463—483 | 533—553 | =723

POTI 373—393 | 487—498 | 513—5H33 | =713

PoA 363—373 | 463—483 | 513—533 | =700

PoAP 383—398 | 473—513 | 543—563 | =790

To understand a nature of thermochromic el-
fect in conjugated polyaminoarenes we have an-
alyze a temperature dependence of the change
in peak position (AE) and absorption intensity
(AD) of the bands corresponded to m-m* tran-
sition.

0,14 -
0,12
0,10
0,08
0,06
0,04
0,02
0,00
-0,02
-0,04
-0,06-
-0,08 -
-0,10
o+
280 300 320 340 360 380 400 420 440 460 480
T,K

—a— PAN

AE, eV

Figure 3. (a) Temperature dependence of intensity and (b)

position of absorption band of ;m — m* transition in poly-

aniline (7), polyaminophenol (2), poly-ortho-toluidine (3),
polyorthoanisidine (4)

From the fig. 3, a one can see that for PAN
and PoA films the intensity changes are not
so significant as for PoAP and PoTI films and
characterized by some extremes at the temper-
atures of 320 K, 380 K and in the interval of
430—450 K. It may be suggested that at the
temperatures less than 360 K the variations
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in optical spectra may be caused by conforma-
tion rotation of the substituted phenyl rings
[16—18]. Consideration the thermal behavior
of polyaminoarenes make it possible to con-
nect the changes at T> 373 K with the pro-
cesses of evacuation of chemosorbed water and
cross-linking in polymer chaines [14]. Probably
at these temperatures in PoTI films structure
changes in direct to space network formation
take place. This decreases a kinetic mobility of
polymer segments and breaks an internal ro-
tation. That’s why a thermochromic change in
PoTI films become irreversible and darkness of
polymer film that causes an increasing of opti-
cal density is observed. For the PoTlI film is ob-
served a decreasing of AD to 390 K and in fur-
ther an increasing of absorption intensity. This
temperature associated with moister evacuation
(Table 1). In the case of PoAP is observed al-
most uniform increasing of band intensity at
E=1,6 eV when temperature is rising.

In the fig. 3, b presented the temperature
dependences of the changes in position of the
absorption band corresponded to m — @t* tran-
sition. These dependences for all investigat-
ed polymers are complex and characterized by
some folds. So, for PAN the folds observed at
320, 360 and 410 K, for PoTI — at 320 and 410
K, for PoA — —350 and 380 K, for PoAP — at
340 and 390 K. The first fold may be associated
with conformation transition in polymer change,
but last — with the changes in electron struc-
ture and conductivity in results of water des-
orption and decreasing the level of protonation
in polymers doped by sulfate acid.

It’s known, that phenyl group disposition
in polyaminoarenes lies under rotation angles,
and phenyl ring may revolve around -C-N-bond
[16]. In solid state (in the film) the polymer
chain mobility is considerably limited, in com-
parison with solution, since an absence of large
lateral substitutes made impossible the cre-
ation of sufficient for conformation change free
volume.

In the presence of methyl or methoxy sub-
stitute in PoTI and PoA macromolecules the
increasing of spatial repulsion between phenyl
rings and between neighboring chains [16, 17]
occurs in contrast to unsubstituted PAN. In-
creasing of macrochain repulsion leads to de-
creasing of conductivity in result of charge local-
ization [18]. From the other hand this repulsion
considerably relieves an internal rotation [16].
Therefore in the region of T=293—363 K a
thermochromic changes in mainly caused by
change of polymer chains conformations and
“enlightenment” of the films is observed. In the
case of sulfate doped PAN and PoAP when dop-
ing leads to structure ordering [3] the difficul-
ty of internal rotation take place. At this time
an increasing of charge carries mobility along
polymer chains occurs, that causes an increas-
ing of PAN and PoAP conductivity 3, 10, 11].
This leads to conclusion that variations in elec-
tron transition energy and film’s optical den-
sity is depended on the nature of substitutes



in benzene ring of conjugated polyaminoarene.
Thermochromic effect in the temperature inter-
val of 293—363 K are caused by changing in
macrochain conformation and connected with
depended on temperature electronic properties
of polymers, but do not causes by the thermal
induced transformation in polymer chain com-
position.

This work was supported by the budget cost of Ministry
of Education and Science of Ukraine given as Ukraine Pres-
ident Grant Ne GP-{27/0125 (Agreement F27/61-2010).
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THERMOCHROMIC EFFECT IN CONDUCTING POLYAMINOARENES

Abstract

Effect of temperature on absorption spectra of sulfate-doped polyaminoarenes — polyaminophenol, polyaniline, poly-
orthotoluidine, polyorthoanisidine films in temperature interval of 293—523 K has been investigated. On the basis of
optical spectroscopy and thermal behavior investigations it shown that changes of electron transport energy and film'’s
optical density may be caused by macro chain conformation and connected with temperature depending electronic prop-

erties of conjugated polymers.

Keywords: thermochromic effect, polyaminoarenes, optical spectroscopy, thermal behavior, conjugation.

YK 78.40, 78.66

Kononeaonux O. I., Axcimenmoesa O. 1.

TEPMOXPOMHUN EPEKT B EJIEKTPOIMPOBiAHUX MOJiAMIHOAPEHAX

Pesiome

JlocmimKeHo BIJIMB TeMMepaTypu Ha CHEKTPU NOIVIMHAHHS IIiBOK CY/Jb(PATHO AOMNOBAHHUX IOJiaMiHOApeHiB — MoJi-0pTo-
aMiHO(eHOMy, TOJiaHiNiHy, MOJi-0pPTO-TOJMYINHHY, MOJi-OpTO-aHi3uAMHY B iHTepBani Temmepatyp 293—523 K. Ha ochosi na-
HHUX ONTHYHOI CIEKTPOCKOMii Ta AOC/iIKeHHS TepMiuHOi MOBEeAiHKH MoJliaMiHOApeHiB MOKa3aHo, 110 3MiHM €eHeprii eneKTpo-
HHOTO MepPeHOCY i ONTHUYHOI TYCTHHH ILIBOK MOXYTb OYyTH CIIpUYMHEeHi KOH(pOpMAaLilHUMM I1epeTBOPEHHAMH MaKpOJIaHLIOra
i moB’a3aHi i3 3aJe’KHUMH Bifl TeMrnepaTypH eJeKTPOHHHMM BJIACTHBOCTSIMH CHPS’KEHHX MoJiMepiB.

KatouoBi cioBa: TepMoxpomuuil eeKT, moJiaMiHOapeHH, ONTHYHA CHEKTPOCKOIisl, TepMOrpaBiMeTpist, CHpsKEHHS.
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YK 78.40, 78.66

Kononeaonux O. H, Axcumenmoesa E. H.
TEPMOXPOMHbIA 3®PEKT B MPOBOASLLMX MOJUAMUHOAPEHAX

Pesiome

I/ICCJIe[[OBaHO BJIUSAHUE TeMHepaTypr Ha Cl'IEKprI TOrJIOLUIEHUS IIJIEHOK Cy.}'[bq)aTHO-.}'[eI‘HpOBaHHbIX l'lOJII/IaMI/IHoapeHOBf
MOJIK-0PTO-aMHHO(EHOIA, TTOJHAHUIMHA, TI0JH-OPTO-TOJYHIMHA, TI0JU-OPTO-aHU3UANHA B UHTepBase Temmepatyp 293—523 K.
Ha ocHoBaHWMH HaHHBIX ONTHYECKOH CIEKTPOCKOMHWH W TEPMHYECKOrO MOBeIeHHsI MOJHAMHHOAPEHOB MOKa3aHO, YTO H3MeHe-
HHSI SHEPTHH 3JIEKTPOHHOTO MEepeHoca MOJHAMUHOAPEHOB U ONTHYECKOH IJIOTHOCTH IJIEHOK MOTYT ObITb BbI3BaHbI KOH(OP-
MaLHMOHHBIME TIpeBpalleHUsIMH MaKpOLENd M CBs3aHbl C 3aBUCHMBIMH OT TEMIIEPATYpPbl JMEKTPOHHBIMH CBOHCTBAMH COIpSI-
JKEHHBIX TOJUMEPOB.

KatoueBbie ciaoBa: TepMOXPOMHBIH 3(PQeKT, MOJIHAMHHOAPEHBl, ONTHYECKAs CIEKTPOCKOMHS, TePMOIPaBUMETPHs, COINpS-
JKEHHeE.
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FEATURES OF THEPMO-OPTICAL TRANSITIONS
FROM THE RECOMBINATIONAL CENTERS EXCITED STATES

The model of thermo-optical transitions created is confirmed experimentally. The pro-
cess of hole release from ground state trough excited one to valence band includes first-
ly the transition at phonon absorption E, — E, with energy 0,2 eV and then excitation to
the Iree state E, — E, at the expense of photon energy Av=10,9 eV.

The research in effect of photocurrent infrared quenching to determine the priority of
optical-thermal transitions at hole release from R-centers was carried out.

The optical quenching of photocurrent [1] is
the direct consequence in recharge of slow re-
combination centers as the result of additional
impurity excitation. The ground of this phenom-
enon is that photocurrent excited by light from
self-absorption area can be decreased (quenched)
by light of definite spectral content. This pro-
cess can be carried out in the crystals that have
S- and R-centers. In the most cases the men-
tioned effect is accompanied by two maxima
in the plot for spectral distribution of quench-
ing ratio Q(A) (Fig. 1, a). And so R. Bube [2]
offered to observe the excited state of R-levels
which corresponding zone band presented by
Fig. 1, b.

Two-leveled model of R.Bube explains the
phenomenon of semiconductor sensitization at
presence of slow recombination centers. At the
same time the model created is semi-phenom-
enological. The points mentioned below can be
considered as its shortcomings:

[. If localized holes from R’-levels transit
thermally with activation energy 0,2 eV to the
free state (Fig. 1, b), the light quanta with en-

A Q%
100

50 —

I
800 1200

ergy from 0,2 up to 0.9 eV could release them
too. In this case the hot vacancies simply ap-
peared in valence band, but longwave sensitiv-
ity within the range 1400—1600 um did not
decrease (Fig. 1, a — “a”).

II. The minimum between two maxima in
Fig. 1, a — “b” could not be observed. The light
quanta within the range from A, = 1000 pm up
to Ay =1400 pm (from 1,1 up to 0,9 eV) can
release the carriers from R’-states.

[II. In maximum point at 1400 um
(Fig. 1, a,— “c”) the value Q should be low-
er than in shortwave range (1000 wm). It should
occur because R- and R’-centers have the equal
capture cross-sections for holes, but R'-level is
influenced by thermal withdrawal of carriers.
As the result the steady-state population of R’
should be lower than for the basic state R. At
the moment of illumination by energy 0,9 eV
the pattern becomes indistinct because the ad-
ditional non-equilibrium charge has appeared
as the result of vacancies transition from R- to
R’-centers. But resonance light excitation of
holes does not occur both to the right and to

E,
s
F,
1,1 eV R 0,9 eV
R
Y
kT
E,
Y
b

Figure 1. Spectral distribution of quenching ratio (a) and band model of R. Bube (b) observed experimentally

© A.S. Melnik, Y. N. Karakis, M. I. Kutalova,
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the left of point “c” in Fig. 1, a (A,,, + dA and
My — dA). IE the curve @Q(A) is smooth, and
only such curves were observed experimentally,
Q(A,) in this case would be lower than Q(A)).

So the interpretation of Bube model required
the additional research. In papers [3,4] the au-
thors showed that intensity of IR-light could not
be too much. The number of absorbed IR-pho-
tons should correspond approximately to con-
centration of R-centers in order to observe the
quenching effect. Since capture cross-sections
S,,=S,, IR-photons divide approximately in
two between R- and R’-centers. Two photons
are required for tran51t passage of holes firstly
from R to R’-level and then to valence band.
So the longwave maximum would be provided
by the smaller number of released holes than
the shortwave one. And investigation of such
processes requires the greater period of time.

[V. If the model in Fig. 1, b was realized,
the additional quenching maximum with energy
0.2 eV (A ~ 7500 nm) might exist in the remote
[R-region when thermal transitions are changed
by the optical ones. At the same time, if the
maximum is shadowed by phonon activity, its
intensity should be raised with increase of crys-
tal illumination by intrinsic light when popula-
tion of R’-levels increases. But such maximum
of quenching has not been already observed [5].
We observed that the height of quenching max-
ima in the nearest IR-region (1000 u 1400 pm)
decreases with increase of intrinsic excitation.

V. The symmetry of quenching maxima at
A, and A, was observed (Fig. 1, a). Two wide
bands were determined experimentally, both
were slightly smeared to the left of maxima
directed to the higher energies. This result ex-
plains that hole release from R and R’ levels is
carried out directly to the band. At photon en-
ergies exceeded activation energy of a trap the
vacancies have the possibility to transit to the
deeper levels in valence band. Meanwhile, the
longwave maximum at 0,9 eV (A= 1400 pm)
should be weaker than the shortwave one and
strongly symmetrical because the transitions
R — R’ bears the resonance view.

|
0 100 200

a

Figure 2. Photocurrent relaxation at additional

VI. Proceeding from the same suppositions,
the straight line should be observed aiter the
second maximum at Fig. 1, a. Photons with
energy being lower than 0,9 eV can not shift
holes from the basic state to the excited one.

VII. If the model from Fig. 1, b operates,
the distance between the basic and the exc1t
ed states of sensitization centers E, — Ej
= hv(Ay) = 0,9 eV. That means that at room
temperature when spectrum Q(A) was regis-
tered (Fig. 1, a) this distance is greater by 36
folds than phonon energy 2T = 0,025 eV. If one
takes into consideration that namely this tem-
perature causes the splitting of R’-centers excit-
ed state out of the basic one, such divergence
is seemed unlike.

VIII. In accordance with the model, at illu-
mination by light of wavelength A, the intra-
center transitions R — R’ take place (Fig. 1, )
and occupation of R’ levels should increase but
for the basic levels R — decreases. Experimen-
tally we observe the smooth dependencies on
intensity of longwave light. This shows that the
processes occur in the common way without
changes of mechanism along the whole range
and large illuminations pg > p,. Owing to large
concentration of holes at R’, they should be lo-
cated under Fermi quasi-level, i. e. value F) lies
within the range between E, and E,. But since
occupation p, at large mtensmes is low these
levels are over Fermi quasi-level, i. e. the value
F; is lower than E, These processes can not
oceur 51mu1tane0usly because Ep,>Ej.

IX. The excited state of hole interacts with
the basic one at any temperature [6]. In the
model the states R’ exchange holes with va-
lence band solely at 300 K. And owing to its
depth the basic level can only capture the car-
riers from there. The interaction between lev-
els is not supposed.

The basis to create the band model in
Fig. 1, b was taken the shape of spectral char-
acteristics Q(A) in Fig. 1, a. But the presence
of two quenching maxima with the same acti-
vation energies can be explained differently as
it was shown in Fig. 2, 6. The following ex-

kT R’

1,1 eV

0,9 eV

b

illumination from quenching maxima (a) and the alternative band

scheme (b)
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perimental data support the abovementioned
situation.

1. RELAXATION CURVES

The sample was excited by intrinsic light
and then additionally by infrared illumination
from quenching bands either A, or A, (Fig. 1,
a) to research photocurrent relaxation (Fig. 2,
a). The intensities of intrinsic and quenching
light were chosen as recommended in [3, 7, 8].
The curves of both plots began from one and
the same point corresponded to the value of
intrinsic current. The ordinary mechanism of
quenching was carried out with the additional
influence of IR-light.

A) The steady-state value [, is defined by
level population. The smaller change in photo-
current was observed that fully corresponded
to Fig. 1, a for lower value @ at illumination
light of A, wavelength.

B) The slope of plot at {=10 for the same
curve is smaller because it was defined by num-
ber of dislodged carriers proportional to concen-
tration of holes in R-levels.

C) Fig. 2, a shows that a period to adjust
steady-state photocurrent differs approximately
by three times that is caused by interaction of
levels at both quenching procedures. The light
of wavelength A, knock out holes from the ba-
sic state R and the excited state R’ plays as
damper — the part of its holes drops to R cen-
ters and delays relaxation. When levels R’ are
activated by light of A, wavelength, this role
transmitted to R centers. And relaxation finish-
es considerably quicker because the number of
holes there is lower. Hence, three particularities
of relaxation curves point out the lower occupa-
tion in basic state of R-centers (point III).

2. MIGRATION-RELAXATION
CHANGES.
LARGE INTERELECTRODE
DISTANCE

Filamentary CdS crystals with interelec-
trode distance 2—3 mm were chosen to re-
search coordinative redistribution of impurity.
The investigation in effect of photocurrent IR-
quenching confirmed the existence of R- and
S-centers which concentrations being approxi-
mately equal and.

Photosensitivity was not observed complete-
ly when samples exposed by intrinsic light
and located in darkness for a long time (2—3
months). Then photosensitivity restored dur-
ing several days besides crystals were exposed
by monochromatic light with wavelength 515
nm [9]. The process took place and was inde-
pendent on number and duration of exposures
and remained identical even at one illumina-
tion of 10 sec per day. The rate of photosen-
sitivity restoration was observed maximal at
the beginning and then its raise decreased. Af-

ter approximately 100 hours photocurrent be-
came stable and did not respond to 24-hour
exposures.

The intensity of photocurrent longtime re-
laxation was managed to activate at higher
temperatures (approximately up to 40—50 °C
to avoid photocurrent temperature quenching).
The restoration of sensitivity was considerably
broken by infrared light with A = 1400 nm,
0,9 eV.

The durations of the observed phenomena
excluded any electron processes. And ion-mi-
gration model were taken to explain the sit-
uation.

It was shown the presence of consider-
able cut-off barriers. After preliminary expo-
sure R-centers trapped the positive charge [10]
are drawn by near-contact field (~10° V/cm)
into space-charge region and accumulate there.
These traps with depth ~1 eV can keep holes
for a long time and thus migrate even in dark-
ness. As positive charge accumulates in barri-
er region the height of barrier decreases and
the situation becomes more stable. If R-centers
continue to locate in steady-state-conditions,
they slowly recombine and transit to the neu-
tral state but remain in space-charge region as
before.

At the following illumination by intrinsic
light and under external voltage applied the
charged R-centers at the expense of diffusion
and drift migrate to the central part of crystal
and sensitize it. The higher temperatures in-
crease their mobility without changes in charge
state because thermal transitions are intra-cen-
tre (Fig. 2, b). According to this model IR-light
(A,) knock out holes from the most occupied
R-levels. Then both diffusion and drift are de-
layed.

If the other model would exist (Fig. 1, b),
[R-light caused intra-center transitions and tem-
perature devastated the excited states. The
depth of R’ levels 0,2 eV can not provide
the longterm keeping of charge in darkness
and accumulation of traps in space-charge re-
gion.

3. MIGRATION-RELAXATION
CHANGES

Small interelectrode distance. Since near-
contact barriers play the significant role in
longtime relaxation of photocurrent it was in-
teresting to make this influence enhanced. The
contacts on the same samples shifted up 0,1—
0,2 mm. In this case the interelectrode distance
is comparable to width of space-charge region.
Thus, contact barriers and processes occurred
control current. In crystals with small inter-
contact distance after stay in equilibrium con-
ditions we observed the unusual form of pho-
tocurrent relaxation.

Photocurrent at low level of intrinsic illumi-
nation (1—3 Ix) reached the steady-state dur-
ing several seconds. For higher illuminations
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(10—15 Ix) photocurrent firstly raised during
3—4 min (1 stage), then during 15 min its
value decreased approximately 30 % (2 stage)
and then reverted to the same value and sta-
bilized during 45—50 minutes.

These processes can be explained as follows.
At the first stage the raise I; is defined by usu-
al relaxation increase of electron concentration.
R-levels collected in barrier area captured the
charge resulting in lowering of Schottky barrier
that could not keep them. Space-charge region
widens at the second stage as R-centers migrate
from here [11]. Its resistance raises and current
drops. At the third stage current increases be-
cause of two reasons: widening of contact leads
to reduction in central part of crystal. Simulta-
neously it is sensitizing by extracted R-centers.
This process is longterm because the time to
distribute impurity along the crystal is required.
As result, current stabilized at the same level
as before will formation because the number of
centers leaving space-charge region corresponds
to the number of centers causes the changes
in the central part of the crystal.

Obviously at weak illumination the men-
tioned processes are not observed — the num-
ber of Rt is considerably small and their dop-
ing is seemed to be negligible.

In order to research this model we decreased
concentration of charged impurity by IR-radia-
tion with energy 0,9 eV. And all the particu-
larities of relaxation disappeared. Photocurrent
curve without minimum point came to satura-
tion during longer periods that in several times
prevailed the period when maximum /. was
reached. The absolute value of photocurrent /,
is observed by an order ol magnitude lower.

This confirmed the structure of band diagram
2, b but do not agree with model in Fig. 1, b.

4. ILLUMINATION-CURRENT
DEPENDENCIES

A) The dependence of quenching ratio Q on
intensity of exciting and quenching light based
on model of Fig. 2, b was obtained in [3] and
the formula has been confirmed experimental-
ly. When the value for absorbed photons of in-
trinsic light raises @ drops, but with raise in
intensity of longwave light quenching increas-
es and this is not agree with model 1, 5. Two-
stage transition should minimize the influence
of this light on quenching ratio.

B) The analysis in rate for quenching maxi-
ma increase was carried out. With raise in num-
ber of infrared photons the value of minimum
between maxima decreases. This can be ex-
plained (see Fig. 2, b) as follows: photons with
energy between maxima from 0,9 up to 1,1 eV
can effectively absorbed by both levels.

C) The conditions when the first maximum
of Figure la was practically absent were cre-
ated in the narrow region of relationship be-
tween applied field, temperature and intensi-
ty of longwave light with A, ~ 1000 nm [8].
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This was explained by the repeated capturing
of traps. Directly after activation the hole lo-
cates in the vicinity of mother center and has
the energy benefits to come back. This is con-
firmed by the value of quantum yield for IR-
light within the range 0,03—0,07 determined
in [7] to be anomalously low.

These processes combine very well with the
alternative model 2, 5. And the probability to
capture holes to these levels being proportion-
al to the number of free places is consider-
ably lower.

D) In paper [12] it was shown that illumina-
tion-current characteristics /(L) observed linear
when crystal was influenced only by intrinsic
light. They became superlinear under additional
infrared illumination but at lower absolute val-
ues of current. This process was observed both
for wavelengths A, and A,.

This corresponds completely to band diagram
of Fig. 2, b. The transitions either from R- and
R’-levels are equivalent here.

5. REVERSAL PLOTS

The performance of Q(A) parameter at re-
versal mode of excitation was investigated in
[13] The plots measured with different rate of
wavelength change to increase and then to de-
crease were compared. The difference consisted
in the sequence of center excitation.

Model 1, b does not suppose the interaction
between levels (see item [X). So the shape of
maxima @(A) should not changes at any pro-
cedure of measurements independently on rate
of wavelength raise or decrease. Infrared light
simply indicates the stage of R and R’ level
occupation with holes.

I the levels thermally interacts as shown
by the alternative model the pattern changes.
In this case the influence on one level chang-
es the dependence on the on the other. If the
measurements are carried out beginning from
the longer waves to the shorter ones, R’ cen-
ters exited firstly. The holes increase their transi-
tions from the basic states to the released plac-
es. So maximum Q(A,) will be smaller when
wavelength decreases up to A, because of small-
er occupation of R-centers. The time is required
for thermal transitions R — R’. So the value of

decrease will be dde endent on rate for chang-
es in wavelength ——. The higher it will be the

smaller changes take place. So, in this case
maximum @Q(A,) is observed without changes,
but maximum @Q(A,) decreases depending on

. dA
applied . value.

If the spectrum is measured to the direction
of wavelength increase, the maximum Q(A,) ob-
served stable. But namely light influence at mea-
surements decreases thermal flow of holes to R’
centers. When light energy will drop up to Ejg,
the number of hole transitions from spectrum
to free state decreases. In this case the maxi-



mum @(A,) decreases the strongly the longer
time was needed for thermal transitions from
R-levels, i. e. the slower changes in wavelength
da
the slower rate i
The decrease of maxima Q(A) by turn in
spectral area being remote from the beginning
of wavelength change was observed in [13] that
was the additional argument in favour of the
model 2, b.

6. THE PROCESSES
ON SHORTWAVE BOUND OF
QUENCHING

The authors [14] show that the value I,
does not change at shortwave bound of quench-
ing area because the intensities of photoexcita-
tion and quenching processes are equal. Since
each of them depends differently on external ef-
fects — the values of light beams, temperature,
applied voltage — the changes of these parame-
ters should result in displacement of wavelength
to start quenching.

A) We can not observe the changes in A,
area (Fig. 1, a) connected with variation of volt-
age applied to sample or intensity of intrinsic
light. The raise of intrinsic excitation takes place
similarly in both models. This leads to increase
of level occupation. On exposure the yield is
observed higher, recombination rate increases
quickly that rate of photoexcitation at absorp-
tion edge. The bound A, shifted to the short-
er wavelengths.

One and the same result was reached for
the different intensities of IR-light in measure-
ments of spectral dependencies from shorter to
longer wavelengths. The greatest effect on A,
position gives the followed spectral area Q(A,)
that is connected with transitions from basic
states operating similarly in both models.

B) The transitions with energy 0,9 eV and
1,1 eV have the different rates and take place in
measurement of @(A) from longer wavelengths
to shorter ones. The higher the intensity of light
the more evident particularities observed.

If model 1,56 operates at preliminary illu-
mination by light with energy 0,9 eV levels R
are devastated and at the following excitation
with energy 1,1 eV their photoresponse will
be lower. The rate of quenching in A, decreas-
es respectively. The value A, should shift to the

right and the higher the rate 9% the evident
dt

the picture. But the opposite situation was ob-
served in experiments. The higher the rate of
wavelength change the smaller shift of quench-
ing bound A, to the higher values.

This corresponds to the alternative model
2, b. lllumination with energy 0,9 eV devastat-
ed R centers. Thermal ejection of holes R — R’
increases because there are larger free places.
The shoots of holes from R-centers at the mo-
ment of illumination with energy 1,1 eV will
be less because of the smaller occupation. The

decrease in recombination rate results in shift
of A, to the longer wavelengths, but this pro-
cess is inertial because of the additional stage
of thermal transitions limited by probability
phenomena.

C) The differentiation connected with tem-
perature change at registered voltage and light
intensity is carried out better that is observed
at measurement in the increasing wavelength
of quenching light.

In model 1b the holes are knocked out from
R’-states by thermal energy. The occupation of
basic levels does not change there. And the in-
fluence of maximum @Q(A,) remains stable. One
should expect the registered value A, but it shift-
ed from 920 up to 940 um along the measure-
ments with temperature raise. This situation
takes place because holes shift from R-levels to
R’ ones. And illumination with wavelength A,
knocks out the smaller number of carriers. The
processes of quenching are oppressed and the
restoration of equality with rate of excitation is
possible only at longer wavelengths.

6. CONCLUSION

The experiment which results are unambig-
uously defined by the active model of Fig. 1, b
or 2, b is described in [3]. The plots Q(A) for
room and increased (up to 45—50°) tempera-
tures were compared to avoid the effects con-
nected with temperature quenching.

Spectral position of maximum Q(A,) did not
change under heating. In both models it is
bound with hole release from basic state of
R-levels.

A) Its height with heating slightly decrease.
This testifies to favour of diagram 2, b. In this
case the number of holes coming to R’-centers
should increase. Occupation of R-levels drops.
Light of wavelength A, knocks out the smaller
number of carriers than in model 1, b, where the
temperature influences only on R’-levels. When
light with wavelength A, is absent the optical
transitions R — R’ should not take place. The
occupancy, the number of holes released from
R-levels and the height of maximum Q(A,) with
temperature increase should be stable.

B) The second maximum Q(A,) undergoes
the greatest changes at heating. The increase
of temperature in model 1, b results in devas-
tation of R’-centers. In the alternative model
occupation of R’-levels should increase because
the number of transitions there from the basic
state increases. In experiment we observe the
increase of longwave maximum Q(A,).

C) The change in energy position of R'-le-
vels should occur with temperature changes.
At T=0 the changes are not observed. With
temperature raise the walls of energy well for
holes widen in space of quasi-impulse. And the
moment when two quantum wavelengths for
holes are along between them comes. The ex-
cited state R’ appears. In model 1, & this oc-
curs at 170—190 K for cadmium sulphide [2].
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The gap from the basic state (~1 eV) is rather
big — see item VII. At the further temperature
raise the walls of hole continue to wide. The
energy E, raises. For both models the heating
should be accompanied by approach of energy
for Ep to Ej.

Our temperature range 20—50 °C was very
narrow to observed the mentioned process. But
with changes in energy distances the probabil-
ity to absorb phonons by bound holes chang-
es exponentially. If the model 1b operates, as
R’-levels remove from the top of valence band
the probability of holes release from them de-
creases. The probability to absorb photons A,
should decrease too. Maximum @(A,) becomes
shorter. If the gap E, — Ej decreases in case
of model 2, b, the greater number of phonons
in Maxwell distribution provides the transition
of equilibrium holes to R'-levels and their con-
centration there increases. And light is possible
to transit the greater value of charge to free
state. Maximum Q(A,) raises.
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Hence, the diagram of Fig. 2, b confirms
experimentally.

So, the created model of thermal-optical
transitions reduces the shortcomings I—IX of
model 1, b and is confirmed by experimental
data 1—7. The process of hole release from
the basic state — through the excited one — to
the valence band begins from transition with
absorption E, — E, of phonon with energy
0,2 eV and only then the excitation to free
state E, — E, at the expense photon energy
hvd= 0,9 eV. Band diagram of Fig. 2, b is reali-
zed.

Thus, proposed model of thermo-optical tran-
sitions proves to be true by the experimental
data 1—7. The mechanism of holes release from
the ground state through excited in the valence
band includes first a transition with a phonon
absorption E, — E, at 0,2 eV energy, and only
then excitation in the E, — E, Iree state due
to phonon energy Av=20,9 eV. The zonal plot
Fig. 2, b is realized.

FEATURES OF THEPMO-OPTICAL TRANSITIONS FROM THE RECOMBINATIONAL CENTERS

EXCITED STATES
Abstract

The model of thermo-optical transitions created is confirmed experimentally. The process of hole release from ground
state trough excited one to valence band includes firstly the transition at phonon absorption E, — E with energy 0,2
eV and then excitation to the free state E, — E, at the expense of photon energy Av—=0,9 eV.

The research in effect of photocurrent infrared quenching to determine the priority of optical-thermal transitions at

hole release from R-centers was carried out.

Key words: photocurrent infrared quenching, optico-thermal transitions, R-center.
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OCOBEHHOCTU TEPMO-ONTHYECKUX MEPEXOJOB C BO3BY)KJIEHHBIX COCTOSIHUM PEKOMBUHALIMOHHBIX

LHEHTPOB

Pesiome

CO3[[3HH8H MOJEJIb TEPMOONTHYECKUX MEePEeXON0B MOATBEPKAAECTCA IKCIEPHUMEHTAJbHBIMU NAaHHBIMU. Hpouecc 0CBOOOXK-
JIEHHsT IBIPOK C OCHOBHOTO COCTOSIHHSI — Yepe3 BO30Y:KIEHHOEe — B BaJ€HTHYI0 30HY BKJ/OYaeT B ce0si CHauasna Mepexof C
norsouieHneM (GoHoHa Ep— E, c snepruer 0,2 eV, u juiub 3aTem Bo30y:KIeHHe B cBOOOAHOe cocTosHue Ep — E, 3a cuér

sHepruu ¢otoHa Av=0,9 eV.

[TpoBeneHsl uccenoBanusi dpdexra MHGpaKpacHOro raiieHust GOTOTOKA AS ONpefeeHHs OuepEIHOCTH OMTHKO — Tep-

MUYECKHUX TepexonoB IpHU 0CBOOOXKIEHUU ObIPOK C R-L[eHTpOB.

Karouesbie cioBa: sdpdekT MHPpaKpacHOro raiieHusi, OonTHKO-TePMHUUECKHe Mepexofbl, R-LeHTp.
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3 enepriest 0,2 eV, i morim 30ymKeHHs1 y BinbHuH cTaH Ep — E, 3a paxyHok eHeprii ¢orona hv=10,9 eV. IIposeneni mo-
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PHOTOACOUSTIC TRANSFORMATION
IN “POROUS SILICON — FLUID” COMPOSITE SYSTEMS:

INFLUENCS OF FLUID MOTION

In the present work we demonstrate that thermally induced pressures inside the pores
of mesoporous “PS — fluid” composite systems have significant influence on the value and
time dependence of PA signal under its piezoelectric registration. This pressure causes an
increment of front steepness of the PA signal. Besides, the relaxation of this pressure re-
sulted in extremums on the oscillograms of composites with low-viscous liquids. Experi-
mental value of thermally induced nonequilibrium pressure relaxation time exceeds its the-
oretical estimation on one order of magnitude. The most important factor of this deviation
can be caused by variability of the pore’s cross — section. The results of this work can be
applied for study of porous materials morphology and also development of sensor systems.

INTRODUCTION

Methods of photoacoustic (PA) spectrosco-
py are widely applied for investigation of opti-
cal, thermophysical, transport, adsorption and
other properties of porous materials and pow-
ders [1—3]. Application to porous materials of
PA methods possesses several advantages com-
paring to traditional ones.

The PA methods are based on the PA ef-
fect, which consists in excitation of elastic vi-
brations in the substance under absorption of
modulated irradiation. Processes of fluid perco-
lation inside the porous matrix under the ther-
mally induced pressures (TIP) determine some
peculiarities of PA effect in the composites “po-
rous matrix — fluid”. Previously these peculiari-
ties were successfully applied for estimation of
the porosity of the materials with open pore
geometry [4]. In this case classical gas-micro-
phone method of PA signal formation was used,
and the pores were filled with gas. As it was
shown in [2, 4], part of the gas releases from
the pores under the heating due to TIP induced
gas movement, which resulted in impact to PA
signal, additional to common “gas pistol” mech-
anism [5]. It is obviously, that in some range
of pore size (D), where viscous resistance of
gas Ilow inside the pores is significant, but the
percolation of gas still takes place, the value of
TIP inside the pores as well as PA signal pa-
rameters (phase and amplitude) are sensitive
to D. This state usually appears when D is in
order ol microns.

According to preliminary estimations, the ef-
fects related to viscous flow of liquids in porous
composites under the TIP should appear for sig-
nificantly smaller D values than for gases, first
of all due to much lower compressibility of lig-
uids. Hence the above mentioned effects could
be used for the characterization of morphology

© D. A. Andrusenko, R. M. Burbelo, A. G. Kuzmich,
S. A. Alekseev, 2011

of nanostructured porous materials (in particu-
lar for the determination of D).

An application of gas-microphone methods
for the composites with liquids should be strait-
ened due to significantly lower thermal expan-
sion of liquids comparing to gases. Furthermore,
the volume of liquid, participating in signal for-
mation (in the layer with thickness equal to ther-
mal diffusion length d.= (2k,/c.p.w)"?, where
k., —is a thermal conductivity of the compos-
ite, c., p. — its thermal capacity and density,
o = 27, f — light modulation frequency), is sig-
nificantly smaller than the volume of gas pis-
tol (gas layer with thickness d, = (ng/cgpgoo)l/2
near the sample surface, the index g here re-
lates to the gas). Hence, the component of gas-
microphone PA signal, appeared due to the ex-
pansion of liquid, is small in comparison with
usual mechanism of its formation, and there-
fore is difficult to be registered.

In case of piezoelectric registration the situ-
ation is significantly different. In this case un-
der the low frequencies of modulation [6] the
signal is caused by the quasi-static deformations
appeared due to thermoelastic stresses in the
sample. For the composite “porous matrix-lig-
uid” these stresses are resulted by joint action
of two comparable factors: thermoelastic stress-
es in porous matrix and TIP of the liquid in-
side the pores. The percolation of liquid results
in the relaxation of TIP, which should be dis-
played in modulation of parameters of PA sig-
nal registered by piezotransducer. That is why
in the present work we have used a piezoelec-
tric method of PA signal formation.

EXPERIMENT

To clarify the role of TIP in PA signal forma-
tion in the composites the porous silicon (PS)
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was applied as a porous solid matrix. The PS
has uniform open pores, the diameter of which
can be varied in a vide range by anodization
parameters tuning. That is why it is possible
to choose a material with the value of D, pro-
viding the peculiarities of PA experiment, re-
lated to viscous flow of liquid. Besides, the PS
is usually obtained as a layer on a monocrys-
talline Si (c-Si) substrate. Presence of the sub-
strate significantly simplifies the realization of
PA experiment; this eliminates the problem of
thermal and acoustic contacts with the porous
material.

The geometry of experimental the sandwich
structure is represented on the Fig. 1. The layers
[ and 2 with a total thickness of A =300 um,
the layer 7/ with A =50 pm is a compos-
ite of the PS with the pores filled with liquid.
The porosity of the PS (&) is approximately
60 %, the pores are opened and a characteris-
tic pore diameter of ~20 nm. The layer 2 with
the thickness 4, =250 nm is a single crys-
tal silicon substrate. The layers §—6 transduc-
er: layer 3 — buffer glass-ceramic plate, layer
5 — 200 wm thick piezoceramic (PZT) with the
polarization axis perpendicular to the layers, lay-
ers 4 and 6 — electrodes. An alternating elec-
tric potential was taken from the electrode 6
through the preamplifier with an input imped-
ance of 100 MQ to a lock in nanovoltmeter and
fed to an oscilloscope.

LIGHT
|
L
h; 1(PS) O
h
he 2 (Si)
3 (Glass-ceramic plate)
4
5 (PZT)
U s j

Fig. 1. Geometry of the system “sample — piezotrancducer”:

Layers / and 2 — sample: / — the composite PS with liquid or air in the pores;
2 — ¢-Si. 3—6 — transducer: layer 3 — buffer glass-ceramic plate, 5§ — piezo-
ceramic (PZT); 4 and 6 — electrodes

Low thermal conductivity (k) and tempera-
ture conductivity coefficient () of glass-ceram-
ic layer in the transducer allow localization of
alternating component of the temperature and
therefore of the region of thermoelastic forces
formation within the boundaries of the sample
in all studied range of modulation frequencies.
Besides that due to the presence of glass-ceram-
ic layer overall thickness of the layered struc-
ture (1.2 mm) is much higher than the thick-
ness of the sample (4), Fig. 1. In this case, in
accordance with the results of the work [7], an

alternating potential U on the electrode 6 (the
30

PA signal) can be assigned as proportional to
the value of deformational force:

h
U~F=Sﬂan@. (1)

Here T is a variable component of thermo-
elastic stresses in the transverse section of the
sample plate, z is the transverse coordinate,
and ¢ is the time.

In assumption of independence of stresses
in the solid matrix from the TIP of liquid the
thermoellastic stresses in the composite can be
represented as:

T(z,t)=a 6(z, 1) E4+¢ Pz, t). (2)

If the material of the layers is assumed as ho-
mogeneous and isotropic, then: E = E/(1 — 0),
where E — modulus of elasticity, ¢ — Poisson
coefficient, P(z, t) — fluid pressure inside the
pores, 06(z, t) — variable component of the tem-
perature.

Periodic thermal perturbations (thermal
waves) were excited in the samples by radi-
ation of a blue LED operating at an electric
power of 3 W, which was modulated by rect-
angular pulses (at an off/duty ratio of two) and
frequency 40 Hz. The intensity of light collect-
ed and uniformly distributed over the sample
surface was about 1 mW/cm? The light flux
was modulated by interrupting the pump cur-
rent to the LED.

Time dependencies of the potential U(?) tak-
en from the piezotransducer (the PA signal)
for the composites with pores, filled with min-
eral oil (/) and ethanol (2) are represented on
the Fig. 2. These two liquids were chosen due
to their perfect wetting of the PS and signifi-
cantly different viscosities. The dependence for
the porous composite without liquid (3) is also
shown for the comparison.

As it can be seen from the Fig. 2, the rate
of potential increase for the composites is signifi-
cantly higher than for the sample without liquid.
Besides that, the dependencies U(f) are signifi-
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Fig. 2. Experimental dependencies of voltage on piezotrans-
ducer electrodes from the time after LED switching on



cantly different for both composites. A minimum
can clearly be seen on the oscillograms of the
samples with ethanol, but for the samples with
oil no minimum was observed [7]. In all stud-
ied Irequency range (10 Hz — 2 kHz) the am-
plitudes of PA signals for the composites are
several times higher than the amplitude of the
PA signal of the PS without liquid at the same
frequency. For high frequencies the ratio of the
amplitudes reaches 9 for the composite with eth-
anol and 20 for the sample with oil.

DISCUSSION

Changes of the front slope and amplitude of
the PA signal from the composites “PS-liquid”
in comparison with initial PS are resulted from
the impact of TIP in the thermoelastic stresses
in the composite. This impact increases the co-
efficient of thermal expansion of the composite
in comparison with initial PS as well as sili-
con. Thermal conductivity (and hence the ther-
mal activity) of c¢-Si substrate is significantly
higher than for the PS-based composite. That
is why, when the front of thermal perturbation
reaches c-Si substrate, rise in temperature sig-
nificantly slows down due to the superposition
of primary and secondary thermal perturbations.
The heat, additionally coming into the sample,
redistributes into the substrate, thermal expan-
sion coefficient of which is significantly lower in
comparison with corresponding coefficient of the
PS-liquid composite. As a result, the steepness of
curves / and 2 decreases when thermal pertur-
bation reaches the substrate (approximately in
1—2 ms after switching on the LED, see Fig. 2).

The heat, additionally coming into the sam-
ple, comes into the support, thermal expansion
coefficient of which is significantly lower in com-
pare to corresponding coefficient of the PS-liquid
composite. As a result, the steepness of curves
I and 2 (Fig. 2 decreases when thermal per-
turbation reaches the support (approximately in
1 — 2 ms after the light diode is on).

Minimum on the curve 2 can be related to
the relaxation of TIP due to the percolation of
ethanol in the composite pores. The viscosity of
oil is much higher than of the ethanol, so the
TIP of the sample with oil can not significantly
relax during the time of modulation period, so
the minimum on the curve / (Fig. 2) is absent.

Let’s estimate the relaxation time t for the
TIP in the composite layer. The length of at-
tenuation (/,) of periodic pressure perturbations
with the frequency f can be equated with the
thickness of the composite layer A,. For the
pores filled with the gas the [, can be calcu-
lated according to the equation [3, 4]:

__vb e 3
= e (3)

where v is the sound velocity in the gas, y is
the adiabatic index, p is the density, n is the
viscosity.

For the liquids the sound velocity is

v=1/Jx-p, where % is the compressibility

of the liquid, and taking into account that the
heat capacity at constant pressure (CP) and the
heat capacity at constant volume (CV) are al-
most equal for liquid let us assume that y=1
so the equation (3) can be rewritten as:

L D
b= (4)

An equation (5) for the calculation of t can
easily be derived from (40, taking into account
that 4, =1, and f= 1/

v=_8n(h,/D)*- . (5)

Top region of the curve 2 (Fig. 2) can be
approximated by the superposition of linear in-
crement (due to the heat of overall sample after
reach of c-Si substrate by thermal perturbation)
and exponential decay (due to TIP relaxation).
This allows to estimate t of TIP relaxation as
10 ms. This value approximately one order of
magnitude higher than the estimation from the
equation (5).

CONCLUSIONS

In the present work we demonstrate that
thermally induced pressures inside the pores of
mesoporous composite have significant influence
on the value and time dependence of PA signal
under its piezoelectric registration. This pres-
sure causes an increment of front steepness of
the PA signal. Besides, the relaxation of this
pressure resulted in extremism on the oscillo-
grams of composites with low-viscous liquids.

Experimental value of thermally induced non-
equilibrium pressure relaxation time exceeds its
theoretical estimation on one order of magni-
tude. This deviation can be caused by increase
of viscosity the change of thermal expansion
coefficient of liquid in thin capillaries [8] and
also by increase of efficient capillary length in
the porous media in comparison with the lay-
er thickness [9]. Furthermore, real shape of
the pore is significantly different from cylin-
drical one and variability of the pore size with
length is the most important factor among
above mentioned.

The results of this work can be applied for
study of porous materials morphology, develop-
ment of sensor systems and also they should
be considered, if PA method is applied for the
composites “porous matrix — liquid”.

REFERENCE

1. A. C. Tam: Applications of photoacoustic sensing
techniques // Rev. Mod. Phys. — 1999. — V. 58. — Ne 2,
pp. 381—431.

2. J.-P. Monchalin, L. Bertrand, G. Rousset and F. Le-
poutre: Photoacoustic spectroscopy of thick powdered or po-
rous samples at low frequency // J. Appl. Phys. — 1999. —
V. 56, pp. 190—210.

31



3. H. Vargas, L. C. M. Miranda. Photoacoustic and re-
lated photothermal techniques // Physics Reports. — 1999. —
V. 161, Ne 2, pp. 43—101.

4. M. T. Yasuda, W. L. B. Melo. A new method to de-
termine open porosity and permeability constants of open-
pore sintered glasses by photoacoustic technique // Ce-
ramica. — 2005. — V. 51, pp. 259—264.

5. A. Rosencwaig, Photoacousties and Photoacoustic
Spectroscopy. John Wiley and Sons, New-York, (1999).

6. D. A. Andrusenko, I. Ya. Kucherov. Photothermoa-
coustic effect in solids with piezoelectric detection // Tech-
nical Physics. — 1999. — V. 44, Ne 12, pp. 1397—1401.

7. D. A. Andrusenko, R. M. Burbelo, A. G. Kuzmich.
Photothermoacoustic conversion in porous matrix — liquid
filler systems // Technical Physics Letters. — 2010. —
V. 36, No. 12, pp. 1121—1124.

8. S. Xu, G.C.Simmons, G.W.Scherer, Thermal ex-
pansion and viscosity of confined liquids // Mat. Res. Soc,
Symp. Proc. — 2004. — V. 790, Materials Res. Soc, War-
rendale, P. 6.8.1—P. 6.8.7.

9. Heui-Seol Roh, Richard Raspet and Henry E. Bass,
Parallel capillary-tube-based extension of thermoacoustic
theory for random porous media // J. Acoust. Soc. Am. —
2007. — V. 121 — Ne 3, pp. 1413—1422.

UDC 537.311.33

D. A. Andrusenko, R. M. Burbelo, A. G. Kuzmich, S. A. Alekseev

PHOTOACOUSTIC TRANSFORMATION IN “POROUS SILICON — FLUID” COMPOSITE SYSTEMS:
INFLUENCS OF FLUID MOTION

Abstract

In the present work we demonstrate that thermally induced pressures inside the pores of mesoporous “PS — flu-
id” composite systems have significant influence on the value and time dependence of PA signal under its piezoelectric
registration. This pressure causes an increment of front steepness of the PA signal. Besides, the relaxation of this pres-
sure resulted in extremums on the oscillograms of composites with low-viscous liquids. Experimental value of thermally
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important factor of this deviation can be caused by variability of the pore’s cross — section. The results of this work
can be applied for study of porous materials morphology and also development of sensor systems

Key words: photoacoustic transformation, development, sensor system.
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®OTOAKYCTUYECKUN IPPEKT B KOMITIO3UTHBIX CUCTEMAX «[TOPUCTASI MATPULIA — ®JIOU L »:
BJUSIHUE MPOLECCA NMEPETEKAHHUS

Peslome

B mpencrasienHo#t pabore mokasaHo, YTO TePMOMHAYLHPOBAHHOE aBJeHHE JKHIKOCTH B MOPaX Me30NOPHUCTOrO KOMIIO3H-
Ta CyLIeCTBEHHO BJ/IMSIeT Ha BeJHUYHHY M XapaKTep 3aBUCHMOCTH OT BpeMeHH PA curuajna mnpu ero nbe3ossneKTPUUECKOH pe-
ructpaund. JlaHHoe BJMSHHE MPOSIBJASIETCS B pocTe KPyTH3HBI (PpoHTOB PA curHana, a B cjiydyae KOMIO3HTOB C >KHIKOCTS-
MM MasoHl BSI3KOCTH, KpOMe TOrO ¥ B IOSIBJIE€HHM Ha OCLHU/JIOrPaMMax 3KCTPEMYMOB, CBSI3aHHBIX C peJslakcalded NaBJeHUs
JKUIKOCTH B mnopax. [TomydeHHoe M3 3KcIepHMeHTa BpeMsi peslaKCalMH TePMOWHAYLMPOBAHHOTO HEPAaBHOBECHOTO JABJIEHHS B
Mopax KOMIIO3UTa Ha MOPSIOK MpeBhIlIaeT OLeHeHHoe TeopeTHdyeckd. Haubosee cyllecTBeHHOH MPUUMHON 3TOTO SBJSETCS
nepeMeHHBIH MO IJIMHE XapakTep cedeHust mop. [IpuBeneHHble B paboTe pe3yJbTaThl MOTYT OBITb HCIIOJNb30BAHBI AJIS HCCJIe-
JOBaHUs MOP(OJIOrHH MOPUCTBIX MaTepHUaloB, a TakkKe MPU pa3padOTKe CEHCOPHBIX CHCTEM Ha HUX OCHOBeE.

KatoueBble caoBa: ¢oroakycTHueckuil a(hdexT, UCCaeq0BaHHE, CEHCOPHbIE CHCTEMBI.
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®0TO AKYCTUUYHUM EPEKT B KOMIIO3UTHUX CUCTEMAX «[TOPUCTA MATPULS — ®JIHOI 1 »:
BIJIUB MPOLUECY NEPETIKAHHS

Pesiome

B po6ori nokasano, 10 TepMOiHAYKOBAHUH THUCK DiAMHH Yy IOPax Me30NOPYBAaTOIO KOMIIO3UTY CYTTEBO BILIMBAE Ha Be-
JMYMHY Ta xapakrep 3anexkHocti ®A curHany Bim uacy mpu foro m'esoesnekTpuuHiil peectpauii. Lleil BruMB BHSIBJSETHCS
B 3pocTaHHi KpyTHaHu ¢(poHty PA curnany, a y BUNAAKy KOMIIO3UTIB 3 piAHHAMH, IO MalOTb MaJy B'I3KiCTb Ha OCLMJIO-
rpamax, KpiM TOro, 3'sIBISIOTbCS €KCTPEMYMH, IO TOB’3aHi 3 pesakcauieio THCKy pinuHH B mopax. OTpHMaHe eKCIepuMeH-
Ta/JbHE 3HAUEHHS yacy peJsakcalii, TepMOiHAYKOBAHOrO HEePiBHOBAXKHOTO THUCKY B IOpPax KOMIIO3UTY Ha MOPSAOK INepeBHUILye
TeopeTHuHi OUiHKK. Hailbinbll cyTT€BOI MPHYMHOIO LBOTO € HEPiBHOMIPHHH 3a HOBXKHHOIO NepeTHH nop. OTpumani y pobo-
Ti pe3y/abTaTH MOXKYTb OYTH BUKODUCTAHIi IJ/s NOC/if’KeHHS MopdoJorii NOpUCTUX MaTepiasiB, a TakoxK MpU po3podLi ceH-
COPHUX CHUCTEM Ha iX OCHOBI.

KatouoBi cjoBa: ¢orto akycTHuHHil epeKT, po3poOKa, CEHCOPHi CHCTEMH.
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CHANGES IN ELECTROPHYSICAL CHARACTERISTICS

OF InGaN/GaN HETEROSTRUCTURES

OF HIGH POWER LIGHT-EMITTING DIODES AT INCREASED CURRENT

Changes in electrophysical characteristics of InGaN/GaN high power light-emitting di-
odes (structure area is 1 mm?) were investigated. It was shown that differential slope pa-
rameter of CVC m in the case of direct bias from 0 to 3.2 V chan/ges from 2.2 to 8 and

its usual value comprises 5—6. It was revealed that CVC of InGaN

GaN high power LED

at T=77 K demonstrates S-shaped view, which is caused by the transfer from a monopo-
lar mode of currents injection to bipolar one and is sensitive for defects, which create deep
levels. Infrared band of electroluminescence is revealed in InGaN/GaN heterostructures.

INTRODUCTION

Development of optoelectronics and energy-
saving technologies requires both comprehen-
sive investigation of physical properties and
operation parameters of heterostructures, and
application of effective methods of not-destruc-
tive wasteless diagnostic and degradation con-
trol. The most perspective radiation and il-
lumination sources in visible range from the
efficiency point of view are InGaN/GaN het-
erostructures [1—6]. Increase of area of epi-
taxial heterostructures [2, 3] and production of
matrixes from structures of high power light-
emitting diodes (LED) are the trends in devel-
opment of this direction.

However, in high power (the area of struc-
ture 1 mm?) and super-power (2—3 mm?) In-
GaN/GaN LED inhomogeneity of distribution of
internal mechanical stresses, dislocations, dop-
ants and indium or aluminium components in
InGaN and AlGaN layers increases with area.
Therefore, when significant current (0.35...1.4 A)
passes through the structure, the problem of
thermomechanical stresses and current in local
low-resistance sections and near contacts aris-
es. In these places the local current density can
exceed its average value in tens times [4]. As
a result, quantum efficiency of LED electrolu-
minescence (EL) decreases. Deep levels (DL),
which appear due to various defects and impu-
rities, also adversely affect LED performance
parameters. DL play the significant role in re-
combination processes, the majority of them are
responsible for formation of channels of nonradi-
ative recombination [5—7]. Therefore timely de-
tection of DL with the purpose to prevent their
further activation is the important problem of
non-destructive diagnostic, control and reliabil-
ity prediction of high power light-emitting di-
odes [8]. Recombination, degradation processes

© O.1. Viasenko, V.P. Veleschuk, M. P. Kisseluk,
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and centres of nonradiative recombination in
heterostructures of high power light-emitting di-
odes on the basis of GaN, InGaN, AlGaN com-
pounds have not been adequately investigated,
especially such processes, which are directly re-
sponsible for degradation of high power light-
emitting diodes.

Therefore the purpose of this work is the
comprehensive study of features of electrical and
luminescent parameters of InGaN/GaN hetero-
structures of high power LED, and also their
changes at current increase over typical (nom-
inal) values.

1. EXPERIMENT

Current-voltage characteristics (CVC) were
measured with a step of 10 mV, which corre-
sponds to a procedure of determination of an
non-ideality factor and energy location of the
deep levels using differential coefficient of CVC
[8—10]. This procedure of LED structures diag-
nostic by slope differential index of CVC and its
derivative with respect to voltage is very sen-
sitive to character of recombination and degra-
dation processes that offers the means of de-
termining degradation at very beginning and
revealing energy levels of defects in light-emit-
ting diodes.

High power light-emitting diodes of Gold-
en Dragont LUW-W5AM-LXLY-6P7R (Osram)
brand and also, for comparison, FYLP-1W-UBB
(Foryard) and other high power LED were ex-
plored. Heterostructures with area of 1x1 mm?
were located on a sapphire wafer and contained
quantum well InGaN = 30 A in breadth; GaN
n-area doped with Si, and GaN—Mg p-area.

Holding at the fixed direct current of 500
mA is chosen with the aim to increase elec-
troluminescence intensity in comparison with
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nominal /., =350 mA, to reveal deep levels
and possible degradation changes at testing of
these light-emitting diodes. Thus the tempera-
ture of own LED radiator was lower than the
highest possible admissible passport value of
80 °C and comprised ~57 °C in our studies.
LED was disposed on a metal heat sink in the
form of a plate with sizes 3x2x0.1 cm?3.

2. ANALYSIS OF CVC OF HIGH
POWER InGaN/GaN
LIGHT-EMITTING DIODES

For detection of changes in electrophysical
parameters of LED, CVC of power LED before
and after loading by 500 mA current during 15,
30 and 60 days are presented in Fig. 1. With-
in one day the loading was carried out during
12 hours, the full term of a cycle made 180,
360 and 720 hours respectively. It is seen that
for voltages lower than 2.4 V current growth
and decrease of the slope of linear (in logarith-
mic scale) section of CVC take place.

01 Fl-initial + &
<‘1 0,01 | 2- after 15 days at 500 mA / ~
~ 1E-3 rk3- after 30 days I /

4- after 60 days
1E-4 |5 initial at T= 77 K
1E-5 [ 6- after 60 days at T=7,

1E-6 ,A

1E-7 / /I

77 J )

1E-9 3)4/5//1/ /
/s ~

1E-10f -

1E-11

0,0 0,5 1,0 1,6 2,0 25 3,0 3,5 4,0 4,5
uv

Fig. 1. CVCs of Golden Dragont high power light-emit-
ting diode before (/, 5) and alter holding at 500 mA cur-
rent (2, 3, 4, 6)

CVC measuring at direct voltage and temper-
atures of 300 and 77 K have shown that at U
~1.2—2.25 V (at 300 K) and at 2—2.65 V (at
77 K) (currents /= 107°..10"% A) dependence
[~ lexp (eU/E,) is observed, and the expo-
nential curve index 1/E, depends only slightly
on temperature, i. e. the slope of this section of
CVC is invariable, that is in agreement with data
of [11]. In this voltage range the tunnel compo-
nent of the current predominates [5, 11].

At voltages U> 2.6 V and T=300 K (the
interval / ~107°...10=3 A) injection component
of current predominates, and thus CVC is
described by dependence = I,exp(eU/mkT),
where m is differential slope coefficient, or the
non-ideality factor. For gallium nitride LED
structures the non-ideality factor m ~ 6.8 [12],
that testifies to the dominating tunnel cur-
rent component, while for diffuse or recombi-
nation currents the factor m should lie within
the range of 1—2. The main reason for that
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is low concentration of intrinsic equilibrium
charge carriers n? =4-10=% ¢m=* (for instance,
in GaAs/AlGaAs structure n2=4-10'2 cm=9)
owing to high bandwidth of GaN, and for ob-
servation of significant diffuse currents signifi-
cant voltages should be applied. High values of
non-ideality factor (6...10 and more) were ob-
served in [13].

On CVC in logarithmic scale at room tem-
perature in the range of voltages 1—2.3 V (cur-
rents 0.1—4.5 pA) in non-degraded and de-
graded at 500 mA structures the characteristic
shoulder is observed, which is related to in-
fluence of significant number of defects — im-
perfect and grown-in dislocations, which are
typical for gallium nitride structures on the
sapphire wafer. Comparing strength of current
in this range, one can determine relative (in
comparison) concentration of defects (disloca-
tions) in different light-emitting diodes. CVC of
LED at holding at 350 mA practically did not
change — there were only insignificant positive
and negative equal current deviations through
the whole range of voltages.

Source currents at small biases are deter-
mined by processes of the tunnel nonradia-
tive recombination, localised in system of dis-
tributed defects in vicinity of a active area of
light-emitting diodes, and their number is in
many respects determined by a degree of or-
der of this system [14]. In the voltages inter-
val U=23—2.7 V sharp exponential growth,
which corresponds to injection in the active
area, is observed. At large currents the cur-
rent grows sublinearly with certain saturation
on voltage, which is caused by sequential re-
sistance R, of contact areas. In the range of
large currents saturation observed in Fig. 1 in
logarithmic scale is caused by a voltage drop
on spurious sequential resistances of light-emit-
ting diode structure — contacts, a buffer lay-
er, weakly doped and compensated thin tech-
nological layers.

It should be noted that the injection compo-
nent of the current after turn-on voltage after
15 and 30 days holding at 500 mA has grown a
little, as it is seen from CVC in Fig. 1, though
at degradation it should always decrease [19].

One can concede that growth of the tunnel
current and lack of degradation of the recombi-
nation current testifies to activation of already
existing defects in electrical, thermal and ther-
moelastic fields and their gradients, and due to
recharge of defects at increased temperature.
In particular, it is known that dislocations in
GaN and the sections enriched by indium in
InGaN quantum well modulate the energy band
diagram and capture (localise) charge carriers
of both signs at the expense of fluctuations of
the band potential [1] and states on boundar-
ies of layers [7].

The significant growth of the current in the
range of 2—2.8 V on CVC at T=77 K after
holding at 500 mA within 60 days is impor-
tant (see curve 6 in Fig. 1). On initial CVC at
T=77 K such singularity was not observed.



Such growth of the current at degradation pro-
cesses (appearance of “humps” on CVC) is typi-
cal for LED structures and is related to distribut-
ed defects, when current carriers are capable to
tunnel by the localised states of defects — tun-
nel current transmission by the mechanism of
multistage tunnelling takes place, when field
space charge (FSC) width exceeds a tunnel-
ling reference length (for example, on a dislo-
cation line or on DL of point defects systems
on heteroboundaries).

For InGaN/GaN epitaxial structures on the
sapphire wafer the significant number of the lo-
calised states in the band gap is typical, there-
fore charge carriers can move outside of the
conduction band, especially in the region of het-
eroboundaries. Such non-classical motion rep-
resents tunnelling between two adjusting loc-
alised states.

[t should be noted that despite very high dis-
location density (10°—10'" cm—2) in structures
InGaN/GaN on sapphire, their high efficiency
of the radiating recombination is explained by
such fluctuations of solid solution compositions,
clusters and phases decomposition in solid so-
lutions, which lead to appearance of local po-
tential wells on the band diagram. In this case
localisation of charge carriers and suppression
of their diffusion to dislocations take place. In
comparison with GaAsP, GaP, GaAlAs, GaAs,
diffuse path length of charge carriers in GaN
is smaller.

There are localised states related to dislo-
cations, inhomogeneity of In concentration by
the area of the active layer, segregated atoms
of hydrogen and oxygen [7, 15, 16], complexes
with doping atoms, efc. on boundaries ol het-
erojunctions of GaN/InGaN/GaN. Tunnelling of
charge carriers happens on these states at small
voltages. Energy levels of defects are practical-
ly always nonradiative recombination centres;
therefore their detection and analysis are actu-
al for the control of degradation and reliabili-
ty prediction of heterostructures of high pow-
er LED.

3. ANALYSIS OF CVC
DIFFERENTIAL COEFFICIENT
AND THE DEEP LEVELS
OF HIGH POWER LED

Let us use a method of recombination spec-
troscopy, which is based on differentiation of
CVC for determination of non-ideality factor and
the deep levels, which participate in formation
of the recombination channel [5, 6, 8—10].

After CVC numerical differentiation it has

appeared  that the  non-ideality  factor
—1
=L(M> behaves non-monotonically
RT\ dU

on voltage U and changes after holding at
500 mA throughout days. The deep levels, which
are activated or formed, participate in forma-
tion of recombination channel. Value m in the

range of 0.7..1 V—25 V is high and varies
from 8 to 3. Quantity m has the characteristic
minimum in the field of 2.6 V (see Fig. 2), it
testifies to the change of mechanism of charge
carriers transfer from tunnelling to injection in
the active area at voltage growth. The current
near “turn-on” voltage of electroluminescence
Uy —2.6 V on CVC sharply increases. The
“turn-on” voltage is approximately equal to E,
of InGaN layer and corresponds to the begin-
ning of effective injection in the quantum
well.
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Fig. 2. Dependence of slope differential coefficient of CVC
m on voltage

It is seen from Fig. 2 (curves 2 and J), that
m after the holding behaves non-monotonical-
ly in the range of voltages 1.8—2.5 V, and in
the range of voltages 0.8—1.9 V the non-ideal-
ity factor is practically constant.

In the range of 0...1.2 V coefficient m sharp-
ly increases to significant value — 12...13 at
0.5...1 V, after that a sharp drop is observed
(see Fig. 2). It, possibly, corresponds to the be-
ginning of charge carriers transfer from n to p
area and is a special feature of the tunnel cur-
rent. The section, where m varies only slightly
and is practically constant with the activation
energy 1/E, corresponds to the linear section
of CVC. Then the drop is observed, which cor-
responds to the growth of concentration of mi-
nority carriers in the FSC, which screen other
charge carriers (the change of Debye screening
distance) with simultaneous further decrease of
field (volume) of FSC with voltage growth. The
valley corresponds to the turn-on voltage.

Generally, the differential non-ideality factor
m of the structures under investigation varies
from 2.2 to 14 (see Fig. 2). High m values are
explained by the significant bandwidth of GaN
and small lifetimes (10—20 nanoseconds) and
mobilities of minority carriers. It results in vio-
lation of condition L, > L,, where L, and L, are
length of diffusion and depth of Debye screen-
ing [12]. It testifies to high and ultrahigh levels
of majority current carriers injections into the
high-resistance layer of the structure. Obtained
dependences m(U) and values m for GaN struc-
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tures as a whole are in fair agreement with lit-
erary data, in particular with [11, 12, 16].

In Fig. 3 the dependence of differential slope
coefficient of CVC dm/dU at 300 K is present-
ed. It is seen that at U from ~2.5 V value
dm/dU increases, as after the turn-on voltage
2.6 V the injection current component predom-
inates. For U lower than the turn-on voltage,
dm/dU ~ const or varies slightly. It is known
from [5, 6, 8—10] that maximums on depen-
dence of differential slope coefficient of CVC
dm/dU on U correspond to energy positions of
the deep levels in the bandgap. An observable
peak (oscillation) at 2 V in Fig. 3 corresponds
to the recombination level E,. Calculation of its
value is performed by formula [5, 6]

Et = (Eg/2) _ eUmax +
+ kTIn([m,/m, - wN/c,n,), (1)

where U, is the maximum on the curve
dm/dU, E,(GaN)=3.34 eV, w=1.768-10""
cm?/s is  probability of tunnelling for
InGaN/GaN structures [6], N is concentration of
the deep levels, ¢, is hole capture coefficient for
the localised states of DL, #n, is concentration of
intrinsic charge carriers, m;(m is effective mass
of energy-level density for conduction band (va-
lence band); m,=0.22-m,, m,= 0.32-m,, m, is
free electron mass.
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Fig. 3. Derivative of differential slope coefficient of CVC
m of high power light-emitting diode with respect to U

Then E, = (3.34/2) eV — 2 eV + 1.56 eV ~
~1.23 eV, as for calculation of an activation
energy of the level data from [5, 6] were used,
where last addend of formula (1) for similar het-
erostructures of indicator light-emitting diodes
was calculated. However, its exact calculation
requires the further analysis.

Let us note that in article [6] the peak
3.08 V is determined on the derivative dm/dU.
This peak corresponds to the level E,=0.15 eV
for InGaN/GaN structures, which is identified
as magnesium level (E,(Mg)=0.15...0.2 eV).
Thus on dependence dm/dU on U in high pow-
er LED based on GaN the presence of DL af-
ter holding at 500 mA is determined. Its am-
plitude increases with holding time.
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In works [7, 16] the possible mechanism
of degradation is proposed, in which a pinning
(fixing) of Fermi level on heteroboundaries of
structure p-GaN/InGaN/n-GaN is caused by
segregation of the residual impurities of hydro-
gen and oxygen. Process of degradation of EL
intensity and CVC is associated with the in-
crease of energy-level density at heteroboundar-
ies and change of their distribution in the band
gap. Correlation of singularities of CVC of light-
emitting diodes before and after degradation in-
dicates that the defects generated during deg-
radation on heteroboundaries are characterised
by the same energy levels as those before deg-
radation [16]. Activation of dislocations at the
current loading (for example, deposition of point
defects on dislocations) and formation/decom-
position of complexes of defects are also pos-
sible. Formation of channels of current sourc-
es on initial stage of degradation is connected
with electrical activity of the residual impurities
rather than electromigration of atoms of metals
from contacts [16].

Decrease of intensity of electroluminescence
spectra is evidence for defects formation and
activation of existing defects (Fig. 4 a), as the
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activated and formed defects play a role of non-
radiative recombination centres. This process
dominates over an opposite one — it is known
that at the current holding decomposition of
Mg—H complexes and activation of doping at-
oms of magnesium take place, which results in
a certain growth of EL intensity [15].

In addition to blue band of heterostructure
and green band of the luminophor, a band in
IR range is observed (see Fig. 4 b). After hold-
ing its shift to the short-wave range and in-
tensity decrease are observed. This band con-
cerns to InGaN/GaN heterostructure itself and
is observed in other high power light-emitting
diodes (in the range of 850—1000 nanometers)
without luminophor. Its halfwidth and intensi-
ty distribution are typical for injection electrolu-
minescence in the semiconductors with an im-
purity level. From the energy position of the
possible level, responsible for the IR band, fol-
lows that it is deep, so, this band is informa-
tive at analysis of DL. Authors do not possess
any information concerning this band. Possi-
bly, the specified level is caused by the lev-
el of complexes of magnesium or zinc with va-
cancy of nitrogen. Through this level a part of
the recombination current passes, which does
not participate in formation of blue basic band
of LED EL.

Intensity of EL spectrum slightly decreased,
thus the differential index and its derivative
point up essential changes in LED crystal, as-
sociated with degradation.

4. S-SHAPED CVC OF HIGH POWER
LIGHT-EMITTING DIODES

It has been determined that CVCs of high
power InGaN/GaN LED at nitrogen temperature
have S-shaped view with a section of the neg-
ative differential resistance (NDR) (see Fig. 5),
similar to those in indicator InGaN/GaN LED
[17]. Heterostructures of different types have
different view of S—CVC: for example, CVC of
FYLP-1W-UBB (Foryard) LED has wide section
of NDR (curves / and 2 in Fig. 5), S—CVC of
Golden Dragont LUW-W5AM-LXLY-6P7R (Os-
ram) has hysteresis (curve 3). After holding at
500 mA throughout 30 days such CVC consid-
erably changes. The voltage of “break-down”
U, is approximately 6.05 V, /=180 mA (see
Fig. 5, curve [), negative differential comes
to the end from /=1140 mA, U=53 V,
(curve 7). For Golden Dragont U, =5.78 V,
current /=460 mA (Fig. 5, curve J3).

So, view of S—CVCs of high power
InGaN/GaN LED of different producers strongly
differ, more considerably than CVCs at 300 K.
On S-CVC of identical LEDs differences are
also observed. For FYLP-1W-UBB LED section
of NDR is considerably longer than that for
Golden Dragont LED that is caused by tech-
nological differences at manufacture of different
producers and, accordingly, degree of deficien-
cy (Golden Dragont LED has better radiating
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Fig. 5. CVC of high power InGaN/GaN light-emitting
diode at T=77 K. I —initial; 2 — after holding at
500 mA throughout 30 days (Foryard); 3 — initial (Osram)

and electrical parameters than FYLP-1W-UBB).
As such view of CVC is caused by levels in
active area of LED, let us carry out the anal-
ysis of such CVC.

Such view of CVC at temperatures ~100 K
and lower for structures of such type is caused
by the presence of the deep level and can be
described by Ashley—Milnce theory [18, 19].
In their model trap levels can be either neutral
(then they are traps for electrons), or single neg-
ative charged (then they are traps for holes). The
capture cross-section of holes by hole traps is
considerably higher than the capture cross-sec-
tion of electrons by electron traps, therefore the
lifetime of electrons is much longer than that
of the holes. The lifetime of electrons is even-
tually infinite, so at very low voltages the injec-
tion current is the electronic current, restricted
by space charge and proportional to the voltage
quadrate (monopolar injection). With growth of
the voltage to the threshold value U, (Fig. 5),
the deep acceptor levels (traps) are gradually
occupied by the injected holes, accordingly the
lifetime of holes in the active area increases,
and at U= U,, holes start to pass through the
whole structure. Hence occupation of DL causes
the increase of holes lifetime and decrease of
electrons lifetime. At the break-down voltage
holes can easily pass through the active area
at much lower voltages (Fig. 5), and NDR sec-
tion appears. When lifetimes of electrons and
holes become equal, the current is caused by
transmission of charge carriers of both signs
(bipolar injection), restricted by recombination.
Then injection rate exceeds the recombination
rate. It corresponds to saturation section after
the end of NDR section.

Hence the voltage of NDR beginning or volt-
age of S—CVC break-down corresponds to the
time of transmission of holes through i-area,
which is approximately equal to time ol holes
life. As soon as holes start to transit i-area
without recombination, CVC suddenly changes,
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as conductivity from the monopolar condition
of injection of charge carriers is switched to
the bipolar one. The deep trapping and recom-
bination sites correspond to acceptor levels of
Mg [18] (or zinc in case of alloying with Zn).

Thus the strength of current through
p-n — junction increases by orders (Fig. 5). Re-
turn into a high-ohmic state can happen also
at lower voltages, forming hysteresis curve on
CVC (Fig. 5). Let us note that in some high
power LED S—CVC at T=77 K only slight-
ly manifests itself or is even unavailable (such
cases are rare).

Thus, summing up the aforesaid, one can
say the following. View of CVC in the range
of tunnel and injection current and its deriv-
ative with respect to voltage, S-shaped CVC,
the determined inira-red band of electrolumines-
cence in high power InGaN/GaN light-emitting
diodes are caused by the deep levels of defects
and are very sensitive to degradation. Accord-
ingly, their changes (in comparison with ini-
tial parameters) are informative at study of
degradation processes for the control techni-
que and reliability prediction of InGaN/GaN
heterostructures of high power light-emitting
diodes.

5. CONCLUSIONS

In high power InGaN/GaN light-emitting
diodes (/,,, =350 mA) the changes of CVC,
differential non-ideality factor of CVC m, and
the derivative dm/dU after holding at 500 mA
throughout 1—2 months are determined. They
are accompanied by decrease of electrolumines-
cence intensity and caused by the deep levels
of defects. Using differential coelficient of CVC,
the deep level is determined.

[t is revealed that differential non-ideality
factor of CVC of high power InGaN/GaN light-
emitting diodes at direct bias from 0 to 3.2 V
varies — m = 2.2—S8 and usually its value com-
prises 5—6.

It is determined that CVC of InGaN/GaN
high power light-emitting diodes at T=77 K
has S-shaped view caused by the deep level
and changes after long-term holding at 500 mA.
Such view of CVC is caused by transition from
the monopolar condition of charge carriers in-
jection to the bipolar one and is sensitive to
defects, which create the deep levels.

In InGaN/GaN heterostructures of high pow-
er light-emitting diodes IR-band of electrolumi-
nescence, associated with the deep level, is de-
termined. Data on the nature and properties of
this electroluminescence band are not available
in literature.

[t is shown that simultaneous single and
double differentiation and analyses of CVC of
LEDs for determination of their non-ideality
factor and detection of the deep levels, which
cause degradation of their functional electrical
and luminescent parameters, suggest reliabili-
ty prediction of InGaN/GaN structures of high
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power light-emitting diodes and can be applied
for development of a method for their rapid
control.
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CHANGES IN ELECTROPHYSICAL CHARACTERISTICS OF InGaN/GaN HETEROSTRUCTURES
OF HIGH POWER LIGHT-EMITTING DIODES AT INCREASED CURRENT

Abstract

Changes in electrophysical characteristics of InGaN/GaN high power light-emitting diodes (structure area is 1 mm?)
were investigated. It was shown that differential slope parameter of CVC m in the case of direct bias from 0 to 3.2 V
changes from 2.2 to 8 and its usual value comprises 5—6. It was revealed that CVC of InGaN/GaN high power LED
at T=77 K demonstrates S-shaped view, which is caused by the transfer from a monopolar mode of currents injection
to bipolar one and is sensitive for defects, which create deep levels. Inirared band of electroluminescence is revealed in
InGaN/GaN heterostructures.

Key words: high power InGaN/GaN light-emitting diode, deep levels, S—CVC.
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3MiHU_EJIEKTPO®i3UYHUX XAPAKTEPUCTUK InGaN/GaN TETEPOCTPYKTYP MNMOTY)XHUX CBIiTJIOLiO/LiB
MPU MiABULLEEHOMY CTPYMI

Pesiome

BuBueHo 3MiHM eseKTpodi3nuHUX XapakTepucTHK noTyxHuX InGaN/GaN ceitnonionis (mmoma crpykrypu 1 mm?). Bussa-
4eHo, 110 AudepeHUiiiHui nokasHuK Haxuiay BAX npu npsmomy swmimenni Big 0 no 3,2 B 3miHoeTscss — m =2,2..8 Ta 3a-
3Buuail Mae BequuuHy 5—6. BusBieno, mo BAX InGaN/GaN notyxuux CI npu T = 77 K mae S-momi6uuii BUrIsAA, 3yMOB-
JIEHUH MepexoioM Bifl MOHOINOJISIPHOTO pexKUMy iHKekLil HociiB 10 6imosspHOro Ta € YyT/IUBUM A0 Ae(eKTiB, siKi CTBOPIOIOTb
rmuboki pismi. B InGaN/GaN reTepocTpyKTypax BHSBJEHO iH(ppauepBOHY CMYTy eJeKTPOIOMiHecIeHIl.

Kawuosi caosa: moryxuuil InGaN/GaN cBitionion, ramb6oki pisui, S—BAX.
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U3MEHEHUS! JIEKTPOPU3UYECKUX XAPAKTEPUCTUK InGaN/GaN FETEPOCTPYKTYP
MOLUHBbIX CBETOAMWOAOB MPU MOBbLILUIEHHOM TOKE

Pesiome

MsyueHbl U3MeHeHHS 3JeKTPO(hU3UUECKUX XapaKTepucTHK MoiHbix InGaN/GaN cBeTommomoB (MJolmanb CTPYKTYphI
1 mm?). Ompenesero, urto nuddepeHUHanbHbi 0Ka3aTeab HakaoHa BAX npu mpsivom cmeitenuu ot 0 mo 3,2 B usmens-
etcss — m = 2,2...8 u 006bIUHO uMeeT BequunHy 5—6. Beiasieno, uto BAX InGaN/GaN mommbix CI npu T= 77 K umeer
S-06pasHblil BH, 00YCJOBJIEHHBIH T1€PEX0OIOM OT MOHOMOJSIPHOTO PeKMMa HHKEKLWHM HOCHTeJed K OHIOJSPHOMY U SIBJISET-
Csl UYBCTBUTE/bHBIM K JedeKTaM, KOTopble co3janT riybokde ypoBHu. B InGaN/GaN reTepocTpyKTypax BhisiBleHa HH(bpa-
KpacHasi 110J10ca 3JIeKTPOJIIOMHUHECIEHLIVH.

Kaouesble ciosa: mowmbiii InGaN/GaN cseToauos, ray6oxkne yposHu, S—BAX.
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POSITRON-ATOM COLLISIONAL SPECTROSCOPY: ENERGY APPROACH

A new advanced energy approach in the positron-atom collisional spectroscopy is devel-
oped and based on the S-matrix Gell-Mann and Low formalism and relativistic many-body
perturbation theory. Some results of calculation of the positron impact ionization cross-sec-

tions are presented for helium and argon.

Now days positron-atomic and positron-mo-
lecular spectroscopy is one of the quickly de-
veloped fields of scientific research as in atomic
physics, physics of particles as in quantum elec-
tronics and plasma physics. A positron being the
antiparticle of an electron is a unique projectile
particle for collision experiments with atomic
systems. Moreover, positron-atomic spectrosco-
py becomes a powerful tool for studying molec-
ular and cluster systems [1—22]. Surely, this is
one of the effective methods for investigation of
the different elementary processes in the gases
and plasma [4]. Comparison of electron and pos-
itron scattering are affected by differences, for
example, there is no exchange interaction, for
positrons, the static interaction is repulsive for
positrons and attractive for electrons, at last,
the positronium formation and annihilation can
occur for positrons. From other hand, there are
some similarities such as the polarization inter-
action is attractive for both particles. Besides,
the known in the electron-atom collisional spec-
troscopy methods can be naturally generalized
in the case of the positron-atomic interactions,
collisions, impact ionization etc.). Over the years
there has been a lot of speculation about wheth-
er positrons could bind to atoms. The interac-
tion between a positron and the electrostatic
field of any neutral atom is repulsive. There-
fore the initial reaction would be that it is im-
possible to bind a positron to an atom. Howev-
er, this simplistic argument does not take into
account the polarisation of the atom. The posi-
tron will cause a redistribution of the electronic
charge cloud of the parent atom with the elec-
trons migrating to the side of the atom near-
est to the positron. This “polarisation” of the
atom leads to an additional attractive interac-
tion between the positron and the atom, the
polarisation potential. There is another possible
mechanism to that promotes positron binding.
One of the atomic electrons can be attached
to the positron, thereby forming a positronium
atom on the perimeter of the residual positive-
ly charged atomic ion. This positronium cluster
will tend to align itself so that the electron is
closest to the nucleus. Therefore, the positron
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is attached to one of the electrons, and the re-
sulting Ps cluster is attracted to the rest of
the atom. This interaction is reasonably strong
since the dipole polarizability of the positroni-
um is 36 af. This additional attractive interac-
tion makes a strong contribution to the bind-
ing of the positron. Whether these interactions
are strong enough to overcome the electrostatic
interaction has been one of the longest stand-
ing and most interesting questions in the field
of positron physics. The question has been fi-
nally settled (see, for example, [1—4]).

Above theoretical approaches one can note
the standard Born approximation, Coulomb dis-
torted-wave models, R-matrix method, classical
trajectory Monte Carlo method etc [2—5]. The
popular approaches are based on using the Cou-
lomb approximation with using the plane waves
(CPE) with full energy range and distorted wave
CPE approximation (DCPE). It should be not-
ed that the main problems of the correct de-
scription of the positron-atom interactions are
arisen under low and middle collision energies,
while at the high energies it is acceptable even
the first Born approximation. Earlier we devel-
oped new relativistic energy approach to elec-
tron atom collisions (including the elementary
collision processes in plasmas) and obtained
many data about the low- and middle-energy
electron-atom and electron-ion collision cross-
sections with correct accounting for the differ-
ent groups of the exchange-correlation effects.
In particular, new consistent relativistic and
QED versions for calculations of the spectro-
scopic characteristics of the multicharged ions
in plasma have been developed. Namely, within
the uniform energy approach we have defined
the cross-sections of electron-collisional excita-
tion and ionization for neon and argon atoms,
Ne-like multicharged ions, Ne- and Ar-like plas-
ma etc. The purpose of this paper is to devel-
op a new advanced energy approach in the pos-
itron-atom collisional spectroscopy (collisional
energy approach (CEA), which is based on the
S-matrix Gell-Mann and Low formalism and rel-
ativistic many-body perturbation theory. The re-
sults of calculation of the positron impact ion-
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ization cross-sections are presented for helium
and krypton.

Let us present the key moments of the
new consistent approach for calculation of
the positron-impact (collision) atom ionization
cross-sections. General formulation is in full
degree similar to the electron-impact ioniza-
tion theory, however, with some differences
(look above). It bases on the gauge invariant
QED energy approach to construction of the
relativistic functions basis’s [17, 18] and using
the Green’s function method for accounting of
the complex exchange-correlation, radiation and
others corrections. Within the Gell-Mann and
Low approach with the QED scattering matrix
(c. f. [17, 22]) the secular matrix elements are
already complex in the second order of the per-
turbation theory (PT). The imaginary parts are
connected with the radiation decay (radiation)
possibility. The total energy shift of the state
is usually presented in the form:

AE = ReAE + iImAE,
ImAE = —T/2,

(1)
(2)

where T is interpreted as the level width, and
the decay possibility P=T. The whole calcu-
lation of the energies and decay probabilities
of a non-degenerate excited state is reduced to
calculation and diagonalization of the complex
matrix M. Usually one uses for this purpose a
one-electron Hamiltonian with a central poten-
tial that can be treated as a bare potential in
the formally exact QED PT. The bare poten-
tial includes the electric potential of the atom-
ic nucleus and some model potential that is to
be compensated for in all orders of PT. There
are many well-known attempts to find the more
fundamental optimization principles for the bare
one-electron Hamiltonian. The minimization of
the gauge dependent multielectron contribution
of the lowest QED PT corrections to the radia-
tion widths of atomic levels is proposed in [17]
as “ab initio” optimization principle (see below).
In our calculations of different characteristics
we dealt with atoms and ions having one, two
or three quasi-particles (electron or vacancies)
outside the core of closed electron shells. For
example, the excited states [Ne]3s23p°nl of the
Ar-like ion is a two-quasi-particle (2QP) state.
[t is usually accepted, as the bare potential, a
potential including the electric nuclear poten-
tial Vy and some parameterized potential Vi,
that imitates the interaction of closed-shell elec-
trons with quasi-particles. The parameters of the
model bare potential are chosen so as to gen-
erate accurate eigen-energies of all one-quasi-
particle (1QP) states, i.e. 3s3p%, 3s?3p° states
of the Cl-like ion and 3s23p®nl states of K-like
ions, with the same nucleus. Usually the ex-
perimental one-quasi-particle energies are used
for determination of parameters of the model
potential (c. I. [8—10, 18—22]).

In the PT second order the energy shift is
expressed in terms of two-particle matrix ele-
ments:

V(1,2;4,3) = 2/, + D2/, + D(2fs + D(2j, + 1) X
X (—1)i+itistitmtm Z(_Du X

A
jl ....... j3...7\/ j2 ....... j4...7\/ Qul 3
X . (3)
‘ml ..... My [mz....m4...u (@)

Here QY is corresponding to the Coulomb in-
ter-particle interaction, which expresses through
the radial integrals of the Coulomb inter-particle
interaction [17, 22]. To calculate all necessary
matrix elements one must use the basis’s of
the 1QP relativistic functions. In many calcula-
tions of characteristics of the atomic elementary
processes it has been shown that adequate de-
scription of these characteristics requires using
the optimized basis’s of wave functions. In ref.
[17] it has been proposed “ab initio” optimiza-
tion principle for construction of cited basis’s.
There is used the minimization of the gauge de-
pendent multielectron contribution of the low-
est QED PT corrections to the radiation widths
of atomic levels. The details of procedure can
be found in [22]. Here we briefly describe the
key moments. In the fourth order of QED PT
there appear diagrams, whose contribution into
the ImMAE accounts for the core polarization ef-
fects (polarization of the closed shell core by
the quasi-particle). This contribution describes
collective effects and it is dependent upon the
electromagnetic potentials gauge (the gauge
non-invariant contribution). Let us examine the
multi-electron atom with 1QP in the first excit-
ed state, connected with the ground state by
the radiation transition. In the zeroth order of
QED PT we use the one-electron bare potential
Vi(r) + Vie(r). The core potential V(r) is relat-
ed to the core electron density pq(r) in a stan-
dard way [19, 20]. Moreover, all the results of
the approximate calculations are the function-
als of the density p(r). The minimization of the
density functional Im AE,,, leads to the inte-
gral diflerential equation for the p, that is nu-
merically solved. In result one can get the op-
timal one-electron basis of PT. Below we first
use such a basis in calculation of the electron-
collision cross-sections and strengths. Further
we briefly discuss the energy approach in scat-
tering theory 17, 22] and give main formulas.
We briefly outline the main idea using, as an
example, the collisional de-excitation of the ar-
gon atom: ((3/,)"'4ji[/M,], &,) — (D, &). Here
@, is the state of the ion with closed shells
(ground state of the Ar); J;, is the total angu-
lar moment of the initial target state; indices
iv, ie are related to the initial states of vacan-
cy and electron; indices ¢, and e, are the in-
cident and scattered energies, respectively to
the incident and scattered positron (the pos-
itronium forming case is treated analogously
with accounting another positron final state).
[t is convenient to use the second quantization
representation. In particular, the initial state of
the system “atom plus free positron” can be
written as
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Here C;" is the Clebsh—Gordan coefficient.
Final state is: |F>= af®,, where @, is the
state of an atom with closed electron shells
(ground state of Ar-like ion), For the state (4)
the scattered part of energy shift InAE appears
first in the PT second order in the form of in-

tegral over the scattered electron energy e:

SdascG(eiv’ Cies Siny Esc )/(SSC_ 8 & lO) (5)

with

ImAE - ﬁjG(givv 8iev €iny 8sc)' (6)
Here G is a definite squired combination of
the two-particle matrix elements (2). The value
0= —2-ImAE represents the collisional cross-
section if the incident electron eigen-function
is normalized by the unit flow condition and
the scattered positron eigen-function is normal-
ized by the energy & function. The cross-sec-
tion is as follows:

0(0—IF) = 212, + 1) Y (2/.. +1).

fi
.. . 2
{Z B, < fievdiol | inr 710> (7)
Jie. Ijo
with
<jfe7jfw‘]f |jin7jsc |0> ==
— B F D@ F D2 5 B (14
A

X{0,. . (1/(2];, 4 1)) - Q,(sc, ie; iv, in)}. (8)

Here QY is defined as follows [11].

il {Rx(1243)sx(1 243) + R, (1243)S, (1243) +
+ R, (1243)S, (1243) + R, (1243)S,(1243)}. (9)

where R,(1,2; 4,3) is the radial integral of the
Coulomb inter-electron interaction with large
radial components; the tilde denotes a small
component. The different normalization condi-
tions are used for the incident and for the scat-
tered positron wave functions. The details of
the whole numerical procedure of calculation
of the impact ionization cross-section can be
found in [17—22].

We applied our approach to estimate of the
positron-impact ionization cross-sections for a
number of the noble gases atoms (He, Ne, Ar,
Kr). To test our theory we compared our calcu-
lations results on available experimental results
and theoretical cross-sections data for some
atoms. In tables 1, 2 we present available the-
oretical and experimental (measured) data on
the positron-impact ionization cross-sections for
He and Ar, namely: Experiment — (A) Danish
group: Al — Jacobsen et al [4], A2 — Knuds-
en et al [5, 6]; (B) — Bielefeld group of From-
me et al [7, 8]; Theory — the Coulomb approx-
imation CPE and distorted CPE approximation
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DCPE [9, 11, 12] and our theoretical results
(CEA). One can see the wide dispersion of the
measured data. The detailed analysis shows that
the latest experimental data by Knudsen et al
et al are considered as the most exact. The dil-
ference between different theory is provided by
using different bases of the wave [unctions; at
low energies, the approaches with more exact
functions give much better agreement with ex-
periment in comparison with the CPE model.

Table 1

The positron impact ionization cross-sections
(in 107 ¢cm?) for neutral helium (see fext)

e | M | M | ey | e | B |
40 — 0.20 0.19 0.22 0.22 0.20
50 — 0.30 0.28 0.25 0.31 0.31
60 — 0.38 0.34 0.31 0.33 0.36
100 0.53 0.51 0.44 0.42 0.45 0.49
150 0.49 0.49 0.42 0.39 0.44 0.48
200 0.44 0.42 0.40 0.37 0.39 0.42
250 — 0.39 0.36 0.35 0.36 0.38
300 0.37 0.35 0.33 0.32 0.30 0.34
400 0.29 0.28 0.27 0.27 0.24 0.28
500 — 0.24 — 0.23 0.19 0.25

Table 2

The positron impact ionization cross-sections
(in 107'® cm?) for neutral argon (see text)

e, | M | M | T | Dew | e
40 0.15 0.18 — — 0.19
50 0.20 0.26 0.21 0.22 0.25
60 0.24 0.35 0.23 0.31 0.34

100 0.29 0.37 0.28 0.32 0.36
150 0.25 0.35 0.26 0.29 0.35
200 0.22 0.28 0.23 0.25 0.29
250 — — 0.22 0.23 0.26
300 0.20 0.23 0.19 0.21 0.23
400 0.17 0.19 0.17 0.17 0.18
500 0.15 0.17 0.14 0.13 0.17
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POSITRON-ATOM COLLISIONAL SPECTROSCOPY: ENERGY APPROACH

Abstract

A new advanced energy approach in the positron-atom collisional spectroscopy is developed and based on the S-ma-
trix Gell-Mann and Low formalism and relativistic many-body perturbation theory. The results of calculation of the pos-
itron impact ionization cross-sections are presented for helium and krypton.

Key words: positron-impact ionization, relativistic energy approach.
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MO3UTPOH-ATOMHASl CTOKHOBUTEJIbHASI CIIEKTPOCKOIUS: SHEPFTETUYECKUI MOJAXO0J,

Pesiome

PasBuT HOBEIF yCOBepIIEHCTBOBAHHBIH HEPreTHUECKHH MOAXOA B CIEKTPOCKONHH MO3UTPOH-aTOMHBIX CTOJKHOBEHHH, KO-
Topelil Oazupyercss Ha S-matpuuHoM (opmanmudme [enn-Mana u Jloy W pensiTHBUCTCKOH MHOTOYACTHYHOH TEOPHH BO3MYILLe-
uui. TIpuBeneHbl pe3ynbTaThl pacueTa CeueHHH MO3UTPOH-yIapHOH HOHM3ALMM /S TeNHs W KPHITOHA.

KatoueBble cioBa: Mo3uTPOH-yaapHas HOHHM3aLUs, PeNSTHBUCTCKUH 3HepreTHuecKHi MOIXOL.
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MO3iTPOH-ATOMHA CINEKTPOCKOMIifl 3A PAXYHOK 3iTKHEHb: EHEPTETUYHUIM MiIXi

Pesiome

Po3BuHYyTO HOBHH YHOCKOHAJEHHWH €HEePreTHYHHH MiAXig y CHEeKTPOCKOMii MO3iTPOH — aTOMHUX 3iTKHEHb, SIKHH 0a3yeTb-
¢ Ha S-matpuuHomy ¢opmanizmi ['enn-Mana ta Jloy i pensTuBicTcbKill 6aratoyacTHHKOBiIH Teopil 30ypenb. HaBeneni pe-
3yJbTATH PO3PaxXyHKY Iepepi3iB Mo3iTpOH-yAapHOi ioHisauii mJs rejilo Ta KPUNOTOHY.

KotouoBi cioBa: mosiTpoH-yaapHa ioHi3auisl, peasiTHBICTCbKHH eHepreTHYHHH Miaxif.
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NEGATIVE SENSITIVITY OF SILICON p—n JUNCTIONS

AS GAS SENSORS

The influence of ammonia vapors on /—V characteristics of the forward and reverse
currents in silicon p—n junctions with different doping levels was studied. Some samples
had anomalous high forward and reverse currents. They had negative sensitivity to am-
monia vapors. The forward and reverse currents decreased with increasing ammonia par-
tial pressure in the ambient atmosphere. This effect is explained under an assumption
that some ionized acceptor centers are present on the n-region surface and form a sur-
face conductive channel, which shorts the p—n junction. Adsorption of ammonia mole-
cules, which are donors in Si, compensates the surface acceptors and diminish the con-

ductivity of the channel.

1. INTRODUCTION

P—n junctions as gas sensors [l, 2] have
some advantages in comparison with oxide poly-
crystalline films [3] and Schottky diodes [4].
P—n junctions on wide-band semiconductors
have high potential barriers for charge carri-
ers, which results in low background currents.
P—n junctions on [II—V semiconductors exhibit
high sensitivity and selectivity to the gas com-
ponents [5, 6]. The advantage of silicon p—n
junctions as gas sensors is that they are com-
patible with silicon amplifying elements. Char-
acteristics of silicon p—n junctions as gas sen-
sors were studied in previous works [7—9].

The sensitivity of studied p—n structures
to donor vapors such as ammonium was ex-
plained with the field effect. In the electric field
of adsorbed positive ions a surface conductive
channel is formed, which sorts the p—n junc-
tion [5—9]. It results in an increase of the for-
ward and reverse currents in a p—n junction
in presence of a donor gas.

The purpose of this work is a comparative
study of the influence of ammonia vapors on
stationary /—V characteristics of silicon p—n
junctions with different surface currents.

2. EXPERIMENT

The measurements were carried out on sil-
icon p—n junctions with different gradients of
the doping concentrations. The n regions were
doped with phosphorus and p regions with bo-
ron. The surface of p—n junctions was not cow-
ered, so there was only a natural oxide layer.
The parameters of the studied samples are pre-
sented in Table 1. The samples were ranged in
breakdown voltage. C—V characteristics of all
the samples were linear in a plot C—3(V), so
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the p-n junctions were linear. The values of the
doping concentrations gradient correlated with
the breakdown voltages and were in the range
between 4.5-10*" ¢cm~—* and 4,5-10%2 cm™—*, as
evident from Tab. 1.

Table 1
Parameters of samples

Number of the
sample

Breakdown volt-
age, Volts 3.3 5.1 8.2 18

Gradient of the
doping concen-
trations, cm—*

45-10% | 5.1-10% | 2.6-10% | 4.6-10%

Ideality coeffi-
cient of /—V
curve

1.82 2.89 1.44 2.92

Depletion layer
width from 60 93 125
C—YV curve, nm

248

Depletion layer
width from 44 37 54 36
[—V curve, nm

[—V curves of the forward current in all the
samples are presented in Fig. 1. Over the cur-
rent range between 10 nA and 1 mA the I—V
curve can be described with the expression

I(V) = IyexplqV/(n,kT)], (1)

where [, for each sample is a constant; g is
the electron charge; V' denotes bias voltage;
k is the Boltzmann constant; T is temperature;
n, is the ideality coefficient. The ideality coeffi-
cients for all the studied samples are presented
in Tab. 1.

Ideality coefficients of all the /—V character-
istics essentially exceed the ideal value n,=1.
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Deviation from the value n,= 1 can be ascribed
to the local phonon-assisted tunnel recombi-
nation on deep levels in non-homogeneities of
the p—n junction [10]. The local depleting lay-
er wide in these non-homogeneities can be es-
timated from the expression [10]

—1

: (2)

gk’

—— a7
6m, (w,kT)2

ny = My

where n,,=1 or n,,=2 for related recombina-
tion mechanisms; 4 is the Plank constant; m,
is the tunnel effective mass of current carri-
ers; w, is a parameter of the non-homogenei-
ty of the p—n junction, which is used in the
expression

w=w, <%—V>%, (3)

where @ is the local p—n junction width at
voltage V; @, is the equilibrium barrier height
in the p—n junction.

The local depletion layer widths of the p—n
junctions, obtained from such analysis of /—V
curves, are presented in Tab. 1. It is evident
that the depletion layer widths in the non-ho-
mogeneities, responsible for the recombination
current, are remarkably smaller, than the values,
estimated from C—V curves. The maximum dif-
ference between these values is for the sample
with a breakdown voltage of 18 V.

Fig. 2 presents [—V characteristics of re-
verse current in the p—n junctions. The samp-
les with breakdown voltages of 3.3 and 5.1 V
exhibit exponential rise of the current with the
voltage. This corresponds to the tunnel break-
down mechanism. In the sample with a break-
down voltage of 8.2 V the current does not
exceed 107 A at V<5 Volts. And the sam-
ple with a breakdown voltage of 18 V exhibit
anomalous high reverse current. This is in ac-
cordance with high forward current in this sam-
ple and anomalous thin depletion layer in the
non-homogeneities, which are responsible for
the recombination current.

Fig. 3 shows [—V characteristics of reverse
current in the p—n junction with breakdown
voltage of 5.1 Volts, measured in air and in air
with ammonia vapors of several partial pres-
sures. Adsorption of ammonia molecules strong-
ly increases the current.

The (absolute, current-) gas sensitivity of a
p—n junction as gas sensor can be defined as

S,= AI/AP, (4)

where A/ is the change in the current (at a
fixed voltage), which is due to a change AP in
the corresponding gas partial pressure [11]. An
analysis of the data in Fig. 3 yields an esti-
mation S, = 0.5 wA/kPa at a reverse bias volt-
age of 1 V.

Fig. 4 presents [—V characteristics of re-
verse current in the p—n junction with break-
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Fig. 1. [—V characteristics of the forward current in p—n
structures with different breakdovn voltages, Volts: / — 8.2;
2—33,3—5.1,4—18
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Fig. 2. [—V characteristics of the reverse current in p—n
structures with different breakdovn voltages, Volts: / — 3.3;
2—5.1,3—82;, 4—18
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Fig. 3. [—V characteristics of the reverse current in p—n

structure with breakdown voltage of 5.1 Volts, measured

in air (/) and in air with ammonia vapors of partial pres-
sure: 2 — 100 Pa; 3 — 500 Pa; 4 — 1000 Pa
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Fig. 4. [—V characteristics of the reverse current in p—n

structure with breakdown voltage of 18 Volts, measured

in air (/) and in air with ammonia vapors of partial pres-
sure: 2 — 100 Pa; 8 — 500 Pa; 4 — 1000 Pa

down voltage of 18 Volts (“anomalous sample”),
obtained in air and in air with ammonia vapors
of various partial pressures. A comparison be-
tween curves /—4 shows that adsorption of
ammonia molecules does not increase the cur-
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rent. The current in ammonia vapors is lower,
than in dry air. And the sensitivity of this sam-
ple is negative, namely S,——20 pA/kPa at
a bias voltage of 4 V and S,= —0.7 uwA/kPa
at V=1 V. The absolute value of the negative
sensitivity of this sample is some higher, than
the sensitivity of “normal” samples.

The relative sensitivity of a gas sensor is
defined as

Sp= AI/(I,AP), (5)

where [/, denotes the current in the pure air
at the same bias voltage. An analysis of the
data in Figs. 3 and 4 gives for the relative
sensitivity of a “normal” sample S, = 10 kPa~!
at V=1V and for the “anomalous” one
Sp=—0,7 kPa~! at the same bias. A relative
sensitivity of this sample reaches a value of
—10 kPa=! at V=4 V. It is remarkable that
the current noise in “anomalous” samples is
higher, than in “normal” junctions. It is be-
cause the current of the “anomalous” samples
in the pure air is high.

3. DISCUSSION

The negative sensitivity to a donor gas,
namely, a decrease in the current as a result
of the donor molecules adsorption can be ex-
plained under an assumption that some accep-
tor centers are present on the n-region surface.
The corresponding schematic of the p—n struc-
ture is presented in Fig. 5. lonized acceptors
(not shown) at (on) the surface of n-region form
an electric field, which bends up the c- and v-
bands. Therefore the depletion region J is bent,
as shown in Fig. 5. A channel of p-type conduc-
tivity 4 is produced at enough high number of
ionized acceptors. This channel shorts the p—n
junction, and therefore the forward and reverse
currents in dry air are high. When the p—n
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Fig. 5. Schematic of the p—n structure in NH; vapors:

1 — oxide layer; 2 — ions; 8 — depletion layer; 4 — conduct-

ing channel; 5 — surface states (rapid centers); 6 — states

on the oxide surface (slow centers). Dashed — the deple-
tion layer after adsorption of donor molecules



junction is placed in ammonia vapors, NH; mol-
ecules are adsorbed and ionized on the crystal
surface. The ionized donors 2 partly compensate
the acceptors mentioned and decrease the band
bending. Therefore the conduction channel be-
comes shorter, as shown with dashed lines in
Fig. 5, and the current in the channel decreases.

4. CONCLUSIONS

Silicon p—n junctions can have negative
sensitivity to donor vapors, such as ammonia.
In these structures the forward and reverse cur-
rents decrease in the atmosphere of donor gas-
es. Such p—n structures have acceptor centers
on (at) the surface of the n-layer. The electric
field of the ionized acceptors bends up c- and
v-bands and, at enough high density of accep-
tors, forms a channel with p-conductivity at the
n-layer surface. This channel shorts the p—n
junction, causing an additional current at for-
ward and reverse biases. Adsorption of donor
molecules, such as NH,, partly compensates
acceptors mentioned and decreases the surface
currents at forward and reverse biases.

The absolute (current-) and relative sensitiv-
ities of such p—n structures is negative, which
extends the functional possibilities of p—n junc-
tions as gas sensors.

The negative sensitivity to ammonia vapors
of the silicon p—n junctions with acceptor sur-
face doping is of the same order, as the posi-
tive sensitivity of p—n structures without such
doping.

The response time of the sensors with pos-
itive and negative sensitivity at room tempera-
ture is of 100 s.
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The current noise in the sensors with neg-
ative sensitivity is higher, than in other struc-
tures of positive sensitivity because of higher
current in pure air.
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NEGATIVE SENSITIVITY OF SILICON p—n JUNCTIONS AS GAS SENSORS

Abstract

The influence of ammonia vapors on /—V characteristics of the forward and reverse currents in silicon p—n junc-
tions with different doping levels was studied. Some samples had anomalous high forward and reverse currents. They
had negative sensitivity to ammonia vapors. The forward and reverse currents decreased with increasing ammonia par-
tial pressure in the ambient atmosphere. This effect is explained under an assumption that some ionized acceptor cen-
ters are present on the n-region surface and form a surface conductive channel, which shorts the p—n junction. Adsorp-
tion of ammonia molecules, which are donors in Si, compensates the surface acceptors and diminish the conductivity

of the channel.

Key words: gas sensor, p-n junction, surface states, conductive channel, sensitivity.
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HEFATUBHA YYTJMBICTb KPEMHIE€BUX p—n MEPEXO/LIB SIK TA30BMX CEHCOPIB

Pesiome

Jocnimxkeno BmiuB napie amiaky Ha BAX mpsimoro i 3BOPOTHOrO CTPyMiB KPeMHi€BHX p—f TepeXOAiB 3 pPi3HUM piB-
HeM JeryBaHHA. JlesKki 3pa3ku Manu aHOMaJbHO BHCOKI NPSIMHH i 3BOPOTHHH CcTpyMH. BOHM Manu HeraTHBHY 4yTJHBICTB 10
napiB amiaxy. IlpsMuil i 3BOpOTHUI CTPyMH 3MeHIIyBa/JuCs 31 3pOCTaHHSAM MapLialbHOrO THUCKY aMiaky B HaBKOJHMIIHIH aT-
Mocdepi. [lanuil eeKT MOSCHIOETBCS y NMPHUIYLIEHH], 10 HA NOBEPXHi 7-00/1aCTi 3HAXOAATHCS {OHI30BaHI AKLENTOPHI LIEHTPH
i GopmMylOTb MPOBiMHMI KaHaJ, SIKHH 3akopouye p—n mepexin. AncopOuis MoJsekys amiaky, siki € HoHOpamu B Si, KoMIeH-
Cy€ TOBEPXHEBi aKLENTOPH i 3MeHIIye eJeKTPONPOBiAHICTb KaHaJTy.

KoatouoBi cioBa: rasoBuil ceHcop, p-n nepexii, MOBepXHeBi CTaHM, MPOBIAHME KaHaJ, YyTJHMBICTb.
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OTPUUATEJIbHASl YYBCTBUTEJIbHOCTb KPEMHHUEBBIX p—n MEPEXOL0OB KAK I'A30BblX CEHCOPOB

Pesiome

HMccnenoBano BnusiHHe MapoB amMmuaka Ha BAX npsiMoro u oOGpaTHOrO TOKOB KPEMHHEBBIX p—7n TEPEXOI0B C PasJiuy-
HBIM yPOBHEM JierHpoBaHusi. HekoTopele 06pa3iibl UMEJH aHOMAJbHO BBICOKHE MpPSIMOE ¥ 0OpaTHbId Toku. OHH HMEJNH OTpH-
LaTeJbHYI0 YYBCTBHUTEJNBHOCTb K MapaM aMMHuaka. IIpsiMoil n oOpaTHBIH TOKH yMEHBIIAJHCh C POCTOM MapLUaNbHOrO AaBJje-
HUSI aMMHaKa B OKpyxatwlei atmocdepe. JaHHblid 3QPeKT 00BACHAETCS B MPEANOJOKEHHH, YTO HA TIOBEPXHOCTH 1-00/1aCTH
HaxOIsITCsI MOHW3HPOBAHHbIE AKLENTOPHBIE LEHTPBI U (POPMHPYIOT MPOBOASILIMEA KaHas, KOTOPBIH 3aKopauMBaeT p—n [epe-
xon. AncopOuusi MOJIEKY/T aMMHaKa, KOTOpPble SIBJISIOTCS JOHOPaMH B Si, KOMIEHCHPYET MOBEPXHOCTHbIE AKLENTOPBl U YMeHb-
[IaeT 3JEeKTPONPOBOAHOCTL KaHAJa.

KaloueBbie cjoBa: ra3oBblil CEHCOp, p—n TMepPexol, MOBEPXHOCTHbIE COCTOSIHHSI, TPOBOMSIIMHA KaHaj, 4yBCTBUTEJb-
HOCTb.
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THE FEATURES OF INFRARED PHOTOLUMINESCENCE IN GLASSES
OF THE SYSTEM Ag,sGagsGeyosS,—Er,S; AT VARIOUS INTENSITY
AND WAVELENGTH OF EXCITATION

Photoluminescence and optical absorption spectra of  the glasses
(100 — X)Agy 0sGag 0sGeposSo—(X)Er,S,, where X = 0.42, 0.25, 0.18 mol% Er,S, were inves-
tigated in the spectral range 1450—1650 nm at room temperature. Excitation of lumines-
cence was carried out using wavelengths of 532 and 980 nm at various power of excita-
tion. Higher intensity of the luminescence was observed at A, =980 nm at equal power
of excitation. Observed nonlinear dependence of the photoluminescence intensity on pow-

er of excitation is due to up-conversion processes.

1. INTRODUCTION

Glassy alloys activated by the ions of rare-
earth elements (RE) are of considerable inter-
est for development of optical communication
and photonics for fabrication of optical amplifi-
ers and microlasers. Special attention has been
turned to the glasses that doped with erbi-
um, as wavelength of emission of erbium ions
(1.54 pm) is optimum for transferring informa-
tion via fiber-optic communication lines. In the
telecommunication devices, simultaneously with
a space-saving, it is necessary to increase emis-
sion efficiency of active environments. It can
be achieved by increasing concentration of er-
bium ions, setting optimum wavelength and
power of excitation (PE). Increase of RE con-
centration is limited by solubility of RE in the
host matrix, and also results the concentration
extinguishing of photoluminescence (PL) [1-3].
Increase of the power and variation of the exci-
tation wavelength can change spectral distribu-
tion of PL, and consequently efficiency of tele-
communication devices.

In this work we studied influence of PE and
excitation wavelength on PL of glassy alloys of
the system Ag,;Gag5GegosS—Er,S;.

2. EXPERIMENTAL

Technology of synthesis and X-ray diffraction
analysis of the glassy alloys are presented
in detail in our previous work [4]. Investiga-
tion of absorption spectra and PL was car-
ried out using MDR-206 monochromator with
Si and PbS photodetectors. Excitation of lu-
minescence was carried out using diode la-
ser KLM H980-200-5 with power of 200 mW
(A = 980 nm) and laser LDM532U with pow-
er of 150 mW (A, = 532 nm). Receiving of the
PL signal was carried out from the same side

© V.V.Halyan, A. H. Kevshyn, G. Ye. Davydyuk,
M. V. Shevchuk, S.V. Voronyuk, 2011

of surface of the sample that excitation. Thick-
ness of the samples that were used for investi-
gation of absorption spectra was 1 mm.

3. RESULTS

In the system AgGaSe, + GeS,< AgGaS, +
+ GeSe, [4] we chose the glassy alloy
Ag,0sGag 5GeesS, which has the widest trans-
parency window in comparison to other
glasses of this system. Investigation of PL spect-
ra was performed using the glassy alloys
(100 — X)Ag, 0:Gay 05GegosSo— (X)Er,S;,  where
X=042, 0.25, 0.18 mol% Er,S; (0.27, 0.16,
0.12 at% Er, respectively).

Spectral dependences of PL at various PE
for the glassy alloy with maximal content of
Er,S, that are typical for all glasses of the in-
vestigated system are shown in Fig. 1. The
comparative analysis of the PL spectra at max-
imal PE was carried out in our previous work
[5]. Fig. 1 shows that intensity of PL at both
excitation wavelengths (A, =980, 532 nm) in-
creases with increase of PE. Maximum of the
PL intensity for both excitation wavelengths is
1540 == 1.5 nm and does not depend on pow-
er of excitation as well as shape of the spectra
(as shown in the insertion).

For the investigated glassy alloys increase
of PL intensity with increase of PE takes
place differently. It can be seen well in Fig. 2
where dependence of PL intensity on PE (at
L= 1540 nm) is shown. At 0.16, 0.12 at% Er
intensity of luminescence I, is proportional to
the power of excitation P at A,, = 980 nm as well
as A, = 532 nm. Functional dependence 7, (P)
at A, = 980, 532 nm is nonlinear for the sample
with maximal content of erbium. Obviously, in
the glassy alloys interatomic distance between
erbium ions decreases with increasing of Er’t
concentration. This may lead to the emergence
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Fig. 3. Absorption spectra of the glasses at temperature
of 290 K

of up-conversion processes, and therefore less
effective emission at 1540 nm, and, consequent-
ly, the nonlinearity of Iy (P).

During excitation of the glassy alloys with
wavelength A,, = 980 nm energy of light quanta

50

is directly transferred to the erbium ions, name-
ly the *I,5, — I, transition in the 4f-shell of
the Er3t ion takes place [6]. At lighting of the
sample with wavelength of 532 nm transfer of
light energy is not so single-valued as with
Ay =980 nm. We have studied spectra of op-
tical absorption of the glasses (Fig. 3). For the
sample with maximal erbium content an inten-
sive absorption band was observed in the range
of 518—540 nm (X,,, = 525 nm) which dimin-
ishes with decreasing content of Er. According
to Refs., this absorption band is related to the
intra-4f transition *I;5, — *H,,, in the Er** ion
[7]. Moreover, the light quanta with wavelength
of 532 nm can be absorbed by the glass matrix,
as according to Fig. 3, this wavelength is near
the edge of the intrinsic absorption area.

4. DISCUSSION

As clearly apparent from absorption spectra
(Fig. 3), during excitation of the glasses by light
with wavelength of 532 nm energy of photons:
at first — is transferred directly to the Ert ions;



secondly — is absorbed by the glass matrix and
in the case of good energy connection of the
glass matrix with the Er®* ions can be trans-
ferred to the last. Taking this into account, ob-
viously that losses of energy at excitation of PL
with wavelength of 532 nm considerably exceed
the losses of energy at excitation with 980 nm.
Erbium ions excited by light of 532 nm spend
its energy on the radiative transition 1540 nm
(“I;3/2 = ";55). In addition, energy losses can oc-
cur with or without light emission in the oth-
er transitions of the Er3* ion, namely: 550 nm
(*S5/y = is5), 660 nm (*Fy/y — *l;55), 800 nm
(419/2 — 4115/?), 980 nm (4111/2 — 4115/2). FlgS. 1, 2
show that intensity of PL at A_,=980 nm is
approximately 6 times higher than the inten-
sity at A, =532 nm (for P=100—110 mW).
In the last case (at A,=532 nm) the role of
competitive channels increases both in the pro-
cess of excitation and during transition to the
ground state of the rare-earth ions that our ex-
perimental results confirm.

Intensity of PL increases with increase of
the erbium concentration, as Fig. 2 shows.
At maximal PE (A,, =532 nm) increase of the
PL intensity is proportional to increase of erbi-
um concentration in the glasses:

Ly, 027 at% 1.69:
Iys 016 at% 7

In, 027 at% _ 995
Ly 012 at% =77

Consequently, PL intensity increases due to
increase of atomic content of the rare-earth ele-
ment. At excitation of the samples with wave-
length A, =980 nm at maximal PE ratios of
PL intensities are:

Tppy — . ﬂ ~
= 2.36; = 2.52.

In the latter case, increase of PL intensi-
ty is due to several factors: increasing erbium
content, reducing energy losses compared with
Aoy = 532 nm, and also we assume that there is
an increase of fraction of the optically active er-
bium ions. This supposition can be verified con-
sidering functional dependences [, (P) for each
of the glassy alloys. Dependence of PL intensi-
ty on power of excitation for Er-containing ma-
terials is defined as following [8, 9]:

I+ 06P)

]PL

’

where b=@Q 1, a ~N§t,; Ip, ~NFw,; P is
the power of excitation; @ is a factor which
includes the quantum efficiency of the process
(which is dependent on the temperature, exci-
tation wavelength and geometrical parameters);
NE NE are the concentrations of excited and
optically active Er3t ions, respectively; t, 1, are
total and radiative lifetime of Er®t in the excit-

ed state, respectively;

rad

=% is the proba-

d

bility of radiative transition.

In partial case PL intensity linearly de-
pends on PE if bP <1, then from Eq. (1)
we will get:

Iy, = abP. (2)

In Fig. 2 the dependencies for 0.16 and
0.12 at% Er are described actually by Eq. (2).
Consequently, in the samples the equation (2)
is ensured by low quantum efficiency @ and low
total lifetime vt in all range of P variation. In
Fig. 2 for the glassy alloy with 0.27 at% Er a
solid line represents the fitted dependence calcu-
lated using Eq. (1) with following values of co-
efficients: a = 26.84 arb. units, b = 0.002 mW—!
at A,=980 nm; a=3378 arb. units,
b=10.003 mW—! at A, =532 nm. Calculations
show that b parameter diminishes insignificantly
(bggy = 0,67 - bsy,) While a increases approximate-
ly in 8 times (for A, =980 nm). Taking into
account the variations of both parameters we
can obtain increase of PL intensity with varia-
tion of excitation wavelength from 532 to 980
nm approximately in 5.36 times. Consequent-
ly, calculated increase of PL intensity is due
to increase of the a parameter which is propor-
tional to the concentration of optically active
Er3t jons N§' and radiative lifetime t,. How-
ever, it should be noted that the factor of in-
crease of the fraction of optically active erbium
ions may be less influential on the increase of
PL compared to the energy losses that occur
at A, =980 nm than at A, =532 nm.

5. CONCLUSIONS

Position of the intensity maximum and shape
of the spectral dependences of PL do not depend
on power and wavelength (A, = 980, 532 nm)
of excitation. During excitation of the glass-
es with wavelength of 532 nm energy ol pho-
tons is transferred directly to the Er3t ions
(*I;5, — H,,» transition) and also absorbed by
the glass matrix. Nonlinear dependence of PL
on PE when doping the alloy with 0.27 at%
Er is associated with the emergence of up-con-
version processes that reduce the effectiveness
of PL emission. The increase in PL intensity
with variation of the excitation wavelength from
532 to 980 nm is due to the less losses of en-
ergy transfer both during excitation of the er-
bium ions and transition to the ground state
and, possibly, to the increasing concentration
of the optically active Ert+ ions.

REFERENCES

1. A. Tverjanovich, Ya. G. Grigoriev, S. V. Degtyarev,

A. V. Kurochkin, A. A. Man’shina, Yu.S. Tver’yanovich.
J. Non-Cryst. Solids, 2001, 286(1—2), p. 89—92.

2. Z. G. Ivanova, R. Ganesana, K. V. Adarsha,
V. S. Vassilevb, Z.Aneva, Z.Cernosekc, E.S.R. Gopala.
J. Optoelectron. Adv. Mater., 2005, 7(1), p. 345—348.

3. Z. G. lvanova, E. Cernoskova, Z. Cernosek. J. Phys.
Chem. Solids, 2007, 68(5—6), p. 1260—1262.

4. V. V. Halyan, M. V. Shevchuk, G.Ye. Davydyuk,
S. V. Voronyuk, A. H. Kevshyn, V. V. Bulatetsky. Semicon.

51



Phys. Quant. Electr. Optoelectron., 2009, 12(2), p. 138—
142.

5. V.V. Halyan, A. H. Kevshyn, Yu. M. Kogut, G.Ye. Da-
vydyuk, M. V. Shevchuk, V. KaZukauskas, A. Ziminskij.
Phys. Stat. Sol. (c), 2009, 6(12), p. 2810—2813.

6. J. Fick, E.J. Knystautas, A.Villeneuve, F. Schiette-
katte, S. Roorda, K. A. Richardson, J. Non-Cryst. Solids,
2000, 272(2—3), p. 200—208.

7. T. Yu. lvanova, A.A. Man’shina, A.V. Kurochkin,
Yu. S. Tver’yanovich, V. B. Smirnov. J. Non-Cryst. Solids,
2002, 298(1), p. 7—14.

8. R. Serna, Jung H. Shin, M. Lohmeier, E. Vlieg,
A. Polman, P. F. A. Alkemade. J. Appl. Phys., 1999, 79(5),
p. 2658—2662.

9. B. A. Andreev, Z.F. Krasil’nik, V. P. Kuznetsov,
A. O. Soldatkin, M. S. Bresler, O. B. Gusev, I. N. Yassievich.
Physics of Solid State, 2001, 43(6), p. 979—984.

UDC 621.315.592

V. V. Halyan, A. H. Kevshyn, G. Ye. Davydyuk, M. V. Shevchuk, S. V. Voronyuk

THE FEATURES OF INFRARED PHOTOLUMINESCENCE IN GLASSES OF THE SYSTEM
ag,0;Gay45GeyosS,—Er,S; AT VARIOUS INTENSITY AND WAVELENGTH OF EXCITATION

Abstract

Photoluminescence and optical absorption spectra of the glasses (100 — X)Ag,sGagp5GegosS:—(X)Er,S;, where
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THE OPTICAL PROPERTIES, STABILITY AND REACTIVITY
OF SOLID NANOCLUSTER SUBSYSTEM

In this paper we will present the parametrized density-functional theory (PDFT) in the
realisation of Kohn and Sham, using a few empirical parameters. The accuracy of the meth-
od is illustrated by the results of calculations for nanocluster silicon subsystems (Si-NCS).
The extreme simplicity of the method allows one to calculate the geometry and the elec-
tronic structure of nanoclusters. The PDFT method with the combination of the molecular
dynamics the simulated process makes very useful tool for the determination of the opti-
cal properties, stability, reactivity and covalent-metallic bonding of Si-NCS

The interest to research of atomic clusters
systems (ACS) is called not only clearing up of
fundamental features of a cluster state of sub-
stance [1], but also is boosted by research of
possibilities of synthesising of perspective ma-
terials for modern optoelectronics [2]. ACS is
a small piece of the nature in the range from
nanometers to micrometer. ACS is not mole-
cule, and can not to represent itself as the bulk
material also. It is real nanodimensional object
[3]. The small ACS has properties very diifer-
ent from the bulk material. This is due to of
their small physical size.

There are direct experiments (Fig. 1) on the
geometry of the nanodimensional cluster sub-
system (NCS) as a systems of the spherical-
like particles (NDSP) of Si [1]. This fact be-
came motivation of our computer researches of
the NCS. To attack this problem we investigat-
ed electronic and geometry structures of cage
ball-like (CBL) Si-ACS theoretically. Probably,
the NDSP are consisting from these structures.
To study the dynamics of the CBL-ACS sim-
ulation we needs the optimal approximate cal-
culation scheme.

Fig. 1. Experimental results of the surface investigation
Si(111)—(7x7). c-Si — crystal phase (by Prof. M. O. Wata-
nabe using STM Omicron, UHV)

© V. V. Kovalchuk, 2011

In this paper we will present the density-
functional theory (DFT) in the realisation of
Kohn and Sham (KS), using a few empirical
parameters. This is method, which named by
us parameterised DFT-PDFT is based on the
Hartree—Fock scheme plus a proper treatment
of the electron correlation [3, 4]. The use of
only a few parameters minimises the effort for
the determination of the parameters, it yields
a close relation to full ab initio DFT schemes
(for example, GAMESS [5]). This is guaran-
tee of the good “transferability” of the param-
eters, going from one system to another. On
the other hand the use of some approximations
in connection with a few empirical parameters
makes the scheme computationally extremely
fast. PDFT allows also the study of dynamical
processes through the coupling with molecular
dynamics (MD) [6].

THE APPROXIMATION
OF THE PDFT METHOD

The method is based on an LCAO ansatz
for the KS wave [unctions:

W)= X CL,(F—R)- (1)

Here (;H — atomic orbital, which we shall utilise
as basic wave functions (BWF) [4, 5]:

CP« = N}‘-rn*_]e_a”rylm» (2)

where N, is constant; a, is the Slater’s parame-
ter which defined on algorithm; Y,,, are spherical
harmonic functions, n" is an effective quantum
number. The LCAO ansatz leads to the secu-
lar problem. The matrix elements of the Ham-
iltonian H, and the overlap matrix elements

\4
S, are defined as

Hy=(ClHIC,), Su=(5lC).  ©)
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In an offered method PDFT, the Hamilto-
nian of the system is:

H =T + V), (4)

where T is the operator of a kinetic energy,
V(7)) is an effective KS potential. It is approx-
imated as a simple superposition of the poten-
tials of the neutral atoms V?:

efi ZVO (5)

where r,= |r—Rl| Such approximation for the
potent1a1 is consistent with the following ap-
proximations in the matrix elements of the
Hamiltonian,

H. — éculf+vj+vklcv>,unve{j, 5 (6)

uv

Thus, only two-centre terms in the Hamilto-
nian matrix are considered, but all two-centre
terms H,,, S,, are calculated exactly.

The appr0x1mat10ns formulated above lead
to the same structure of the secular equations
as in (non-orthogonal) tight-binding (TB) or It-
erative Extended Huckel (IEHT) [7] schemes,
but it has the important advantage that all ma-
trix elements are calculated, and non of them
is handled as an empirical parameter. Quite re-
cently [1], it has been shown that the quality
of the results, especially concerning binding en-
ergies, can be improved distinctly by using ba-
sis functions and potentials from slightly “com-
pressed atoms” rather than from free atoms.
This “compression” is achieved by the introduc-
tion of an artificial additional repulsive potential
of the form (r/ry)* in the atomic calculations.
The main effect of this term is a damping of
the long-range part of the basis functions. Prac-
tically, it optimizes the basis functions concern-
ing the approximations, mainly the neglect of
3-centre terms.

The total energy E[p(7)] may be written in
a form using the KS eigenvalues ¢,

0CC

Zg _—[Sd Vo — { d? rVextp]Jr

— &+ Ey, (7)

Efp(7)]

The external potential V,,, is the electron-nu-
cleus potential, E,. is the exchange-correlation
energy, V. is the corresponding potential, and
Ey stands for the nuclear repulsion energy.

The representation of the density and the
potential as a superposition of atomic-like con-

tributions i. e.. p =p, V=XV, allows one to

write the total eneréy in thelfollowing form:
o ocC 1 d3 V
=X XX Ve, -

t I

Efp(7)]
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R is the inter nuclear distance: R;;
is the charge which has of the ]atom p is
efectromc density, which localised on the j- atom
g, is one-electron energy.
For large inter nuclear distances the elect-
ron-nucleus energy compensates strongly the nu-
clear repulsion energy, and the two-centre terms

Sd‘”’rvjpj, =0,
j==|’, due to the screening of the potential. As-

with the potential vanish also:

suming additionally that Sd3rV 0, =0, and writ-

ing the total energy Elp(r)] of a single atom
in a corresponding form as (8), one can eval-
uate the binding energy approximately by the
KS eigenvalues e; and the KS energies ¢, of

the atomic orbital n n:

SBEE_ZEJ'NZ&_ZZSW 9)
] i i

The binding energy calculated in this way
and the binding energy from a full SCF-LDA
calculation, usmg algorithm GAMESS [6]
(AE = ¢4 —EGAME S) for the Si clusters has a
good agreement as was illustration in [3]. The
differences between these energies are increase
with decreasing internuclear distance (r). How-
ever, this increase is rather smooth and the
difference has practically vanished already at
about 3/2 times the equilibrium distance (r,).
For a more detailed discussion of the approx-
imate calculation of the binding energy, and
even the justification for heteronuclear systems,
as well as the extension to charged systems
see [1].

With PDFT approximations the forces on the
atoms (F,) can be calculated easily using the
LCAO coefficients (C,,) and the derivatives of
the Hamilton and overlap matrices (6Hw/0xl-,
8S,,/0x,), respectively:

oce

Fm=ZZZCmC
i opnoow

ES

AE,

11

ax + Z. axk '
=]

(10)

Having the forces, MD simulations may
be performed easily (see e.g. [6]). The PDFT
scheme may be viewed as a “hybrid” between
pure ab initio method — based on DFT — and
the use of purely empirical potentials. It has
the advantage over the latter in overcoming the
“transferability” problem, and it requires much
less computational effort than full “ab initio”
methods. And even in comparison to tradition-
al TB schemes, which are computationally as
fast as our method, the transferability is much
better, since only very few parameters are used
and their determination is straightforward.



SIMULATION’S RESULTS

In the following we will report the results
of test calculations for some clusters and small
particles of silicon. The PDFT method (with dif-
ferent of basis sets: STO — 3G, HF/3 — 21G)
was utilised for the analysis of geometry and
electronic structures of Si-CBL-ACS. The cal-
culated geometry of the clusters are in good
agreement with results from corresponding DFT
(GAMESS) ab initio calculations. The nearest
neighbour distances in silicon lattice are ob-
tained correctly [2]. The energetic positions and
equilibrium distances of high-pressure modifica-
tions of silicon are described rather well [9].

Nonetheless, all of these calculations find
that major changes occur in the geometric struc-
tures of silicon clusters as a function of size
below 50 atoms. Such changes are mirrored in
the photoelectron spectra measured for Si-ACS
anions containing 3—12 atoms [3]. Structural
differences in our cluster size range for posi-
tively charged Si-ACS have also been inferred
from mobility and chemical reactivity data [1].
Thus, we are quite surprised to find that the
electronic spectra of neutral Si-ACS larger than
Sijg show no evidence for any such structur-
al changes. This leads us to conclude that all
of these small Si-ACS share one or more com-
mon structural entities which are strong chro-
mophores.

One possibility is that small Si-ACS share
a common bonding network which persists and
extends as the cluster grows in size. As de-
scribed below, this network may be related to
that of bulk Si. Another possibility is that all
of these Si-ACS contain at least one loosely
bound smaller ACS such as the abundant Si,,,
which is responsible for the sharp spectral struc-
ture. This explanation is less appealing since
the smaller Si-ACS would have to have an ap-
preciable binding interaction in order to remain
bound to the quite warm Si-ACS for a long
time. This interaction would have to be simi-
lar for all of the ACS in order to produce the
observed spectral similarity. However, we can-
not rule this excitation spectra of these small
Si-ACS are known at this time in the energy
range of interest.

PDFT calculations have been recently per-
formed to study the size dependence of the ab-
sorptions of diamond-lattice-like silicon clusters
with 10—100 A diameters [1]. These calcula-
tions predict that direct gap transitions in small
Si crystallites should redshift with decreasing
size and that new features should appear great-
ly shifted to the blue as a result of lifting of
the degeneracy’s of the critical points.

Given that Si-ACS containing only few tens
of atoms are too small to have either band struc-
tures or bulk excitations, the similarity of their
optical signature to crystalline silicon is unex-
pected. Moreover, these cluster spectra are far
more similar to the spectrum of the most sta-
ble crystalline form of Si than to the spectra
of other Si forms.

In the next step the nanodimensional par-
ticle structure was constructed. For inter CBL
ACS interaction the pairwise additive approxi-
mation (PAA) was used. The calculations anal-
yse of Si-ACS, which has spherical symmetry,
were performed using periodic boundary condi-
tions. Formally, the total energy of an ensem-
ble of N Si-CBL-ACS can be written as:

N N
Ey ZZEij(riijij) + Z Eijk(’}j”}k”}k’gij/a) + ...

i<j i<j<k
N
+ .. 2 Eijkz("i,v”ikvrﬂ»rjkvr/z»rzkvgijkz)‘|‘--~»(11)
i<j<k<l

where the first term is the sum of all two-body
(pair, E;) interactions (each a function of the
separation r;, and relative orientation € of the
two “ball”). The three-body term E,, provides
the difference between the actual energy of a
trio of Si-CBL-ACS in a given orientation and
the sum of the three pair potential terms; sim-
ilarly, E;, is the corresponding correction to
give the correct energy of a quartet of “ball”;
and so on. For the system which consist of the
Si-CBL-ACS the pairwise additive approximation
by only using the first term in this expansion
was used. NDSP consists of Si-CBL-ACS with
an average diameter d (as shown in Fig. 2).
Vapour-phase clusters of Si,f have been pre-
pared and analysed for trends in relative abun-
dance and chemical reactivity for 3 <n <60 or
24, respectively [10, 11]. Magic numbers (ex-
treme) for these properties are observed which
presumably reflect differences in cluster struc-
tures. Here we show how these magic numbers
can be understood based on structures predicted
by a thermos-dynamic classical force field devel-
oped by us to fit the equations of state of bulk
phases and energies and average co-ordination
numbers of small Si-ACS. As we anticipated,
our classical method becomes quite accurate for

The fit converged to a tolerance Standard Error. 0.2118828
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Fig. 2. Algorithm of the nanodimensional cluster subsys-
tem’s modelling
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n > 10. PDFT quantum-mechanical calculations
have successfully predicted the structures and
properties of Si clusters for n < 10.

Covalent-metallic phase transitions are the
key to the functional form used to construct
our force field. The primary reason for the sta-
bility of our theory, as compared to the kalei-
doscopic variations in analytic detail and para-
metric values which have characterised almost
all other work, is that our treatment of bond-
bending forces is physically consistent. We use
a novel angular cut-off, which means that bond-
bending forces are strong only for smaller bond
angles, in parallel with the usual radial cut-
off, which makes radial forces strong only for
nearer neighbours. Moreover, our bond-bend-
ing angular function is cos30, not cosO0, be-
cause the former provides the rapid angular
variation needed 10 describe the “phase transi-
tion” between metallic (6 =60°) and covalent
(6 =110°) bonding.

Other forms of more compact silicon such
as the betta-tin and primitive hexagonal metal-
lic phases, and the BC-8 and ST-12 metastable
phases are also candidates for comparison in
light of the theoretical calculations which predict
high co-ordination numbers in small silicon clus-
ters. None of these alternative structures have
optical properties which are as closely related
to our cluster spectra as diamond c¢-Si [11].

In author’s monography [3] we show our
results for the bulk phases of Si. In our pre-
vious work [1, 2, 7] we fitted our parameters
for the bulk energy to the equations of state
for the covalent diamond and metallic simple,
body-centred and face-centred cubic phases. In
this figure we show, in addition, the results for
the metallic hexagonal close-packed and semi-
metallic p = Sn phases with both our functions
both our parameters unchanged. The sign and
magnitude of the very small fce-hep difference
agrees very well with the calculation of the ar-
ticle [12]. This confirms the accuracy of our
cut-off functions. Of greater importance to our
central theme, the metal-semiconductor transi-
tion, is the excellence of the unadjusted fit to
the equation of state for p = Sn.

We now turn to the structure of Si, ACS
for 10 <<n < 25. These were determined by a
combination of Monte Carlo and molecular-dy-
namics techniques. The latter has been partial-
ly optimised and is now essentially as ellective
as such simulations using much simpler poten-
tials, so that our practical upper limit for n is
much larger than 25. However, the structures
of the clusters with 3 <n <23 already show
striking properties that have immediate appli-
cation to chemical reactivates.

First, we show in [3] the smaller bond-angle
distribution for all ACS in the range 3 < n < 20.
While previous potentials based on cosf were
always designed to favour tetrahedral angles
0,, |usually trivially through a term in the en-
ergy proportional to (cos® — cos9,)?], there is
no such bias in our functions. Instead what we
recevied that the smaller bond angles are all
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concentrating near 6 = m/3 (close packing) or
near 0, (tetrahedral packing). This is what one
would have expected from a bond-bending en-
ergy dependent on cos 30°, but the virtual ab-
sence ol bond angles near 6 — m/2 reflects, in
addition, certain geometrical constraints, which
one might not have anticipated. These packing
constraints in effect amplily the significance of
the covalent-metallic distinction.

For n> 10, the ACS geometries turn out
to be very different from what one might have
expected, based on the bulk phase diagram. At
n =13 the structure is that of an atom-centred
icosahedron. Several clusters from this sequence
are shown in Fig. 2.

The icosahedral-pentagonal growth sequence
is well known for two-body central forces appro-
priate to inert gases, and indeed magic numbers
n=13, 19, 23, 25, ..., 55 etc. have been ob-
served for Xe and other inert gas clusters. Our
calculations show that back-bonding forces in
small Si-ACS can cause a remarkable reappear-
ance of these simple geometrical structures.

Our results indicate that in the range
n=10-+20 the Si, ACS oscillate between me-
tallic pentagonal growth structures and cova-
lent molecular structures. In effect, in this range
Si, clusters are vicinal to a covalent-metallic
“phase transition”.

It may well be that in the addition reaction
the covalent molecule C,H, remains intact and
reacts strongly only with covalent Si, struc-
tures (n =10 and 16) and much more weakly
with metallic structures (n =13 and 19). This
appears to be a case of “like prefers like, ”
which often occurs in covalent network struc-
tures. This preference originates from the per-
sistence of the covalent energy gap, accompa-
nied by phase-matched occupied valence orbital,
from the rings of Si, into interlocking rings in-
cluding C,H, segments. In earlier days this phe-
nomenon was sometimes described as resonant-
ing valence bonds, in which case large capture
cross sections near n=16 could also be de-
scribed as resonant addition.

SUMMARY

We have presented a simplified PDFT
scheme. Due to the neglect of all three-centre
integrals and the use of a short-range repulsive
interaction potential in the energy calculations
the method is computationally extremely fast.
[t gives reliable results for geometry’s, binding
energies and vibration frequencies for different
ACS. The bond lengths and angles are obtained
with an error less than 5 %.
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THE OPTICAL PROPERTIES, STABILITY AND REACTIVITY OF SOLID NANOCLUSTER SUBSYSTEM

Abstract

In this paper we will present the parametrized density-functional theory (PDFT) in the realisation of Kohn and Sham,

using a few empirical parameters. The accuracy of the method is illustrated by the results of calculations for nanoclus-
ter silicon subsystems (Si-NCS). The extreme simplicity of the method allows one to calculate the geometry and the
electronic structure of nanoclusters. The PDFT method with the combination of the molecular dynamics the simulat-
ed process makes very useful tool for the determination of the optical properties, stability, reactivity and covalent-me-
tallic bonding of Si-NCS.

Key words: optical properties, stability, empirical parameters.

YK 40+4-82.20

B. B. Kosaavuyk

ONTUYECKUE CBOWCTBA, CTABUJIbLHOCTb U PEAKTUBHOCTb TBEPIAOTEJIbHOM
HAHOKJIACTEPHOM l]OIlCl/lCTEMbl

Pesiome

B sTo#i crathe mpenacTaB/eH NapaMeTPU30BaHHBIE MeTOA (DyHKLMOHasNa 3/7eKTpoHHOH muotHocTH (ITPIII) B mpubmuxke-
uun Kona-lllema, ¢ npuMeHeHHeM HEeCKOJBKHX 3MIUPHUECKHX T1apaMeTpoB. TOUHOCTb MeTONa HJLIIOCTPHPETCS pe3y/bTaTaMH
pacuetoB HaHokJacTepHoil mnoacucteMsl kpemuus (Si-HKII). Ilpoctota Mertoma mosBossieT 3(QeKTHUBHO pacuuTaTb reome-
TPUYECKYIO H 3JE€KTPOHHYIO CTPYKTYPY HaHOK/IAacTepoB. B pamkax MoJeKy/sipHOH AMHAMHMKH MOJEJNMPOBaHMe Ipolecca aesa-
et meton IIPIIT nonesHeIM HHCTPYMEHTOM AJIS OMpeJieleHUs] ONTHYECKHX CBOHCTB, cTabuabHOCTH M peakTHBHOCcTH Si-HKII.

KatoueBble cioBa: orntuueckue CBOHCTBA, CTAOHJIBHOCTb, SMIHPHUECKHE MapaMeTpHl.
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THE GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH
TO VIBRATIONAL STRUCTURE IN THE PHOTOELECTRONIC SPECTRA:

MOLECULES OF CH, HF

The combined theoretical approach to vibrational structure in photo-electronic spect-
ra (PES) of molecules is used for quantitative treating of PES of the CH, HF molecules.
The method is based on the density functional theory (DFT) and the Green’s-functions

(GF) approach.

Many papers have been devoted to the treat-
ment of the vibrational spectra by construction of
potential curves for the reference molecule (the
molecule due to be ionized) and the molecular
ion (c. f. [1—19]). The most sophisticated meth-
od is provided by the GF approach. Usually, the
electronic GF is defined for the fixed position of
the nuclei. The cited method, however, requires
as input data, the geometries, frequencies, and
potential functions of the initial and final states.

Since at least a part of these data are unavail-
able, the calculations have been carried out with
the objective of determining the missing data
through comparison with experiment. To avoid
this difficulty and to gain the additional infor-
mation about the ionization process, L. S. Ceder-
baum et al [11] have extended the GF approach
to include the vibration effects and shown that
the GF method allows ab initio calculation of the
intensity distribution of the vibrational lines etc.
For large molecules far more approximate but
more easily applied methods such as DFT [16,
17] or from the wave-function world the simplest
correlated model MBPT are preferred [2, 8, 10].

Earlier, has been developed the combined
GF-DFT approach [12—15] to the vibration
structure in PES of the molecules, which has
been successfully applied to quantitative treat-
ment of the CO and N, molecules. Here we
have applied this method to the determination
of the key parameters of the CH, HF molecules
PES. It is important to note that the calcula-
tion procedure of the GF-DFT method is sig-
nificantly simplified. As the key aspects of the
GF-DFT method has been in details earlier con-
sidered, we are only limited to presentation of
the main formulae.

The quantity which contains the information
about the ionization potentials (IP) and molec-
ular vibration structure due to quick ionization
is the density of occupied states [2, 8]

No(D = (1/2xh){ dte™ (o laf (O)a,(B)po), (1)

where |W,) is the exact ground state wave
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function of the reference molecule and a,(f) is
an electronic destruction operator, both includ-
ed into the Heisenberg picture. For particle at-
tachment, the quantity of interest is the densi-
ty of unoccupied states:

N,(T) = (1/231/11)8 dl‘eihfth<“~Po|ak (t)a;, (0) |1Po » (2)

Usually, in order to calculate the value (1) states
for photon absorption one should express the
Hamiltonian of the molecule in the second quan-
tization formalism. The Hamiltonian is as follows:

H = T(0/0x) + Ty (0/0X) + Uge (x) +
+ U (X) + Uy (x, X), (3)

where T; and Ty are the kinetic energy op-
erators for electrons and nuclei, and U rep-
resents the interaction; Uy represents the
Coulomb interaction between electrons, etc;
x (X) denotes electronic or nuclear coordi-
nates. As usually, introducing a field operator

PY(R,6,x) Z(I)(xR@ (R,0) assuming that

Hartree—Fock (HF) one—particle functions ¢,
(€,(R) are the one-particle HF energies and
denotes the set of orbitals occupied on the HF
ground state; R, is the equilibrium geometry on
the HF level) and dimensionless normal coor-
dinates @, one could write the standard Ham-
iltonian as follows [10, 11]:

H—Hy + Hy + HE, - HE (4)
HE_ZT (Ry)aja; + Z /kl(RO)a alak_
_ZZ[‘/Lk]k RO

) ;f_ hzm (65,4 3).
HY =2~ 1/22((303)0(17 + bo))ata;, — n;] +

42 3 (57 0+ 000+ b leie,— )
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HE = 2978 3 () 6+ ilsoatala, +

+ dv,a,aalal + 20v,ala,0a!] +
A dQVijkz
ts Z Z — <aQsaQs~ )o(bs 00 Brlougiaje, +
+ dvya.a,alal 4 20v,ata,a,al],

with n,=1 (0), ief (i¢[f), do,=1 (0),
(ijkl) € 0 where the index set v, means that
at least ¢k and ¢, or ¢, and ¢, are unoccupied,
v, that at most one of the ofbitals is unoccu-
pied, and v, that ¢, and ¢, or ¢, and ¢; are un-
occupied. Here for 51mpl1c1ty all terms lead-
ing to non-harmonicities, are being neglected.
The w, are the HF frequencies; b,, b! are de-
struction and creation operators for vibration-
al quanta as

= (1/~2)(b,+ b),

0/0Q, = (1/~2)(b

(5)

The interpretation of the above Hamiltonian
and the exact solution of the one-body HF prob-
lem are given in refs. [5, 6]. The HF-single-par-
ticle component H; of the Hamiltonian (4) is

as follows:
S 1
=S TiR o+ Sk, (1,4 1)
116, 4 i) +

—|—222 1/2< >[aa
+Y Xt (aQaQ )l — )6, + 6036, + b0
(6)

s,8'=1 i

Correspondingly, in the frame of one-parti-
cle picture, the density of occupied states is
given by

Ni(e) = 5= Sdtetﬁ eenr(0le=" v | 0y,

=

M
Z @.bib, + Y, gt(b,+ b)) +

s=1 s=1

M
szsb—i-b’ )b +b5). (8)

0°T,

~=3(53), ©

gi= +L< I ) Vs
N —_— \/5 aQs O’ ss’
Introducing new operators
2 (A3ib, + As'bl). (10)

with real cpefficients Af, s, defined in such a
way that H, in new operators is

—Shocie+ 3 g+ e+ b (11)
s=1 s=1

Eq. (7) is as follows:

Ni(e) =Y [(A|U|0)P 8(e — e, == Ae, = n - hid),
ny..ny (12)
where 0 function in (12) naturally contains
the information about adiabatic ionization po-
tential and the spacing of the vibration peaks;
while [(A|U|0)]? is the well-known Franck—
Condon factor.
In a diagrammatic method to get function
N, (e) one should calculate the GF G, (e) first
[3, 10, 11]:

Goe () = —ih = § dte™™ (o " {a,(1)af(0)} )
(13)

and the function N,(e) could be found from
the relation

niN,(e) = almG,,(e — ain), a = —signe,. (14)

Choosing the unperturbed Hamiltonian H, to
be H, =Ze ala, + Hy one finds the GF. In the

i

known approximation GF is as follows:
GoB(t) = == 0,,iexp[—in—'(e, == Ag)t] X

X 2 |U, [0y P exp(=in, - @y0).  (15)

The corresponding Dyson-like equation (X = 0)
looks as follows:
+ZG

Gy () = G(e
2 Z klt/ Iall/ Vk ll/U U U _|_
€e+E—E— E

tjannn,
¢

(€) Pu G (€),  (16)

+Z Z klz/_ kn] I/le]Uann]/UrL,
€+E—E—E ’

i,jeF n; NoR
l(;ZF

where U, = |(A,|U;|0)] and

E =¢,F=A€, = 1;,- 0, (17)

The direct method for calculation of N,(€)
as the imaginary part of the GF includes a
definition of the vertical IP (VIP) of the refer-
ence molecule and then of N,(€). The zeros of
the functions

D,(€) =€ —[€” + X(E)],,

where (€ + X), denotes the k-th eigen-value of
the diagonal matrix of the one-particle energies
added to matrix of the self-energy part, are the
negative VIP for a given geometry. One could
write according to [10, 11]:

(VILP)=—(& 4 Fy),
£ =2 (—(V.LP),) =~

(18)

Z(€p)-
(19)
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Expanding the ionic energy EN—! about the
equilibrium geometry of the reference molecule
in a power series of the normal coordinates of
this molecule leads to a set of linear equations
in the unknown normal coordinate shifts 0Qs,
and new coupling constants are then:

g = =(/V2)[a(€, + F)/9Q],,
v == (1)l0°(E+ F)/0Q/0Q ), (20)

The coupling constants g, and y, are calcu-
lated by the well-known perturbation expansion
of the self-energy part using the Hamiltonian
Hpy of Eq. (3). In second order one obtains:

(2) — (I/kslj ksij kSIL I//est]
e (€) Ze+e —€,—¢; +26—|—6 —€,—¢;
s&F

S§ZF
(21)

/es]z kSL]

and the coupling constant g, could be writ-
ten as

4 1 de, 1+qka/062kk[ (V.LP.),]

&= \/— 2 9Q, 1—(0/0€)Y, u[—(V.LP),] ’ (22)
Z (Vesi — Visit)* %_E_E
_ “[—(V.LP)4€,—€—€|0Q 0Q,  9Q
Qk_ &Z (Vksij_vksji )2 '
0Q, [ (V.LP),+€,—¢€—¢]

(23)

It is suitable to use the pole strength of the
corresponding GF in the form of [12]:

9 —1
o= {1— = X ul—(V.LP)]} 5 130,20,
(24)
g~ glo.+ g.(0, — D],
g?= +2-129¢,/0Q,. (25)

Below we give the DFT definition of the
pole strength corresponding to VIP and confirm
the earlier data [10, 11]: as p, ~ 0,8—0,95. The
coupling constant is:

v V”<gl>+ V2ef a@(%)'

Further, we consider the quasi-particle Fermi-
liquid version of the DFT, following to Refs. [12,
13, 19]. The master equation could be derived
using an expansion for self-energy part X into
set on degrees of x, &-gr, p*>-p? (here & and prare
the Fermi energy and pulse correspondingly):

[p2/2— ZZ /1,4 (%) 4 p(0Y, /9p*)p]®; (x) =
= (1— 0 /0e)e, @, ().

(26)

(27)

The functions @, in (27) are orthogonal with
a weight p; ' = a~!' =[1 — 0%/0¢]. Now one can
introduce the wave functions of the quasi-parti-
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cles ¢, = a~'?®,, which are, as usually, orthog-
onal with weight 1. The equations (27) could
be obtained on the basis of variational princi-
ple, if we start from a Lagrangian of a system
L, (DF). It should be defined as a functional of
qua51 -particle densities:

— |, ()
A
=S n, |70, (nf,

= 2 m [ @,@, — 0, D, ].
)

)

The densities v, and v, are similar to the
HF electron density and kinetic energy density
correspondingly; the density v, has no analogs
in the HF or DFT theory and appear as a re-
sult of the account for the energy dependence
of the mass operator X. A Lagrangian L, could
be written as a sum of a free Lagranglan and
Lagrangian of interaction: L, = LY + L™, where
a free Lagrangian L{ has a’ standard form:

19— S drY n,®;(i0/0t —e,)®,,  (28)
A

The interaction Lagrangian is defined in the
form, which is characteristic for a standard
(Kohn—Sham [16]) DFT (as a sum of the Cou-
lomb and exchange-correlation terms), howev-
er, it takes into account for the energy depen-
dence of a mass operator X:

2
. I
L =Li—5 X
h—

L,

SszF (11, 1)V (1) v, (1 )drdry,
° (29)
where [, are some constants (please, look be-
low), F is an effective potential of the exchange-

correlation interaction. The Coulomb interaction
part Ly looks as follows [19]:

L= — 3 §1= 3 atnlve()l — X o))

X vo(ry)/ | — 1| drdr,, (30)

where X,— 0%/0e. In the local density approx-
imation, the potential F could be expressed
through the exchange-correlation pseudo-poten-
tial V. as follows [20]:

F(ry, ry) =0V /6\70 — 1y).

Further, one can get the following expressions
for X, = —0Ly/dv,, for example:

S0 = (1= )Wy + 25 + 3 BaodVie/0v¥3 +
+ Boo® Vie/0Vovo =+ B0 Vie/OVov, +
+ Boi0?Vie/OVE - VoV, + B0 Ve /OVE - VoV, +
+ B0 Vic/ 0V - v, (31)
3y = Boad Vie/OVo - Vo + Pra0 Ve /v - v, +
+ B0 Vie/ 0V - v, (32)



Here Vi is the Coulomb term, X§* is the ex-
change term. Using the known canonical rela-
tionship, one can derive the quasi-particle Ham-
iltonian [10, 14], corresponding to L,.

In refs. [12, 13, 15] it has been given the
comment regarding the constants f,. Indeed,
in some degree they have the same essence as
the similar constants in the well-known Landau
Fermi-liquid theory and the Migdal finite Fer-
mi-system theory. The value of B, depends on
the definition of V. If for V. one of the DFT
exchange-correlation potentials form is used,
then, without losing a generality of the state-
ment, By = 1. The constant B, can be in prin-
ciple calculated by the analytical way, but it
is very useful to remember its connection with
a spectroscopic factor F, of the system [19]:

F,— 1—%zkk[—<v.1.p.>k]. (33)

One could see that this definition is corre-
sponding to the pole strength of the correspond-
ing Green’s function [2, 11]. As potential V,,

we use the Gunnarsson—Lundqvist exchange-
correlation functional [17]:

Ve(r) = — (1/7)[3m2 - p(r)]/3 — 0,0333 X

x In[l -+ 18,376 - p¥3(r)]. (34)

Using the above written formula, one can
simply define the values (24), (33).

In refs. [15, 20], the above presented com-
bined approach has been applied to analysis of
the photoelectron spectrum for the sufficient-
ly complicated from the theoretical point of
view N, and CO molecules, where the known
Koopmans’ theorem even fails in reproducing
the sequence of the V.I.P.s in the PE spec-
trum (c. f. [5—7]). It is stressing, however that
it has been possible to get the full sufficient-
ly correct description of the diatomics PES al-
ready in the effective one-quasiparticle approxi-
mation [11, 13]. Another essential aspect is the
sufficiently simple calculating procedure, pro-
vided by using the DFT. Moreover, the cum-
bersome calculation is not necessary here, if
the detailed Hartree—Fock (Hartree—Fock—
Rothaan) data (separate HF-potential curves of
molecule and ion) for the studied diatomic mol-
ecule are available.

Further, it is easily to estimate the pole
strengths p, and the values g,. When the change
of frequency due to ionization is small, the densi-
ty of states could be well approximated using
only one parameter g:

Ni(e) = 3 e 0~ &+ Ay + - hd),

S = g*(hw)2. (35)

In case the frequencies change considerably,
the intensity distribution of the most intensive
lines can analogously be well approximated by

an effective parameter S. In table 1 the experi-
mental (S¢*) and theoretical (S*") values of the
S parameter are presented for the molecules of
CH and HF: S%is the value without account-
ing correlation and reorganization corrections;
S® — the values of the parameter with account-
ing of the correlation and reorganization, in to-
tal synergistic, corrections within our combined
GF—DFT method.

Table 1

The experimental (S*?) and theoretical (S™r) values
of the S parameter presented for different molecules
(CH, HF): 8° is the value without accounting corre-
lation and reorganization corrections; S — the com-

bined GF-DFT method (b).

Mole- s s
cule Theory
1 2 1 2
CH | s* | 022(lm) | 0.10530) | — —
S®) 0.2711 0.1134
HF | S° | 0.126(1m) | 1.90(30) | 0.35 | 2.13
S®) 0.1920 2.0534

One could guess that there a physically rea-
sonable agreement between the theoretical and
experimental results for all bands. This example
also confirms that quite effective theory become
an effective tool in interpreting the vibrational
structure of the molecular PES, especially tak-
ing into account an essential simplification (im-
plementation of the DFT scheme) of the stan-
dard GF approach.

In conclusion let us indicate on the pros-
pects of the presented method application to the
problems of the cooperative laser-electron-vibra-
tional gamma-nuclear effects in the di-atomics
and multi-atomic molecules [21].
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THE GREEN'S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH TO VIBRATIONAL STRUCTURE
IN THE PHOTOELECTRONIC SPECTRA: MOLECULES CH AND HF

Abstract

The improved theoretical approach to vibration structure of photo-electronic spectra (PES) of molecules is used for
quantitative treatment of the CH, HF molecules PES. The method is based on the density functional theory (DFT) and
the Green’s-functions (GF) approach including synergistic corrections.

Key words: photo-electronic spectra, Green’s functions, density functional theory, CH and HF molecules, synergis-

tic corrections.
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INVESTIGATION OF NANOSTRUCTURED SILICON SURFACES

USING FRACTAL ANALYSIS

Fractal analysis was applied to images of nanostructured silicon surfaces which were
acquired with a scanning electron microscope. A fractal model describing nanostructured
silicon surfaces morphology is elaborated. It were obtained the numerical results for the
fractal dimensions for 2 samples with different nanostructured shapes.

INTRODUCTION

Silicon is the dominant material of micro-
electronics industry. But the serious drawback
of silicon is the limitation in optoelectronic ap-
plications i. e. produced non-radiative transition.
After the discovery of visible photoluminescence
(PL) from porous silicon (PS) an intensive re-
search efforts has been taken towards the study
of nanostructured silicon. Porous silicon consists
of a network of nanometer size silicon crystal-
lites in the form of nano-wires and nano-dots.
Porous silicon structures has good mechanical
robustness, chemical stability and compatibili-
ty with existing silicon technology so it has a
wide area of potential applications such as wave-
guides, 1D photonic crystals, chemical sensors,
biological sensors, photovoltaic devices etc [1].

In recent years, fractal geometry has been
used to characterize the irregular forms of frac-
tured materials. The fracture surface features
are determined by the properties of the materi-
als and also by the initial flaw defect sizes and
stress states. Fractal objects are characterized
by their fractal dimension, D, which is the di-
mension in which the proper measurement of
a fractal object is made. Fractal dimension can
be used as a diagnostic parameter characteriz-
ing the structure and mechanical properties of
the surface layer. Tribological and elastic prop-
erties of the surface correlated with the fractal
dimension: in areas with high fractal dimension
the maximum friction and elasticity of the ma-
terial is minimal. Also, by modifying the sili-
con surface by etching the surface, accompa-
nied by an increase in fractal may by an order
to increase the sensitivity of sensors based on
nanostructured silicon [2, 3]|. Therefore, in or-
der to better understand a particular physical
process occurring within nanostructured silicon,
it is necessary to have detailed knowledge of
the internal geometry and topology of the in-
ternal pore network. However, the surface area
and pore size distribution alone do not meet all
requirements to describe the characteristics of
the nanostructured of silicon [4—5].

© V. A. Smyntyna, O. A. Kulinich, I. R. latsunskyi,
I. A. Marchuk, N. N. Pavlenko, 2011

In this article, we review the topological fea-
tures of nanostructured Si surfaces with two
distinctive nanostructures, i. e. nanoislands and
roughened shape, obtained by the deformation
method [6]. The topological features of silicon
surfaces are expressed in terms of the frac-
tal concepts. In this study, we calculated the
fractal dimension of the surface by box-count-
ing method.

RESULTS AND DISCUSSION

As a result of high-temperature oxidizing of
silicon, and also of some additional reasons, in
near-surface layers the complex defect region
which consists of disordered silicon and a layer
containing dislocation networks is formed [6].
The depth of this defective layer is spread from
the interface into the silicon to 10—20 microns.
The given defect structure is formed owing to
excess ol mechanical stresses magnitudes of a
threshold of plasticity. Is well known, that in-
tensity of selective chemical etching depends
on presence of initial defect structure, prestress
processing and orientation of a surface. Etch-
ing away of silicon dioxide and treatment by
various selective etching agents (Sacco, Sirtl,
KOH solution, NaOH solution) surfaces allows
to form nanostructures of silicon. It looks like
short distance nanoislands of approximately the
same size (Fig. 1) or roughened silicon surfac-
es (Fig. 2). The sizes and the shape of nano-
structured silicon depend both on a chemical
compound and etching conditions, and from
initiating defect structure of near-surface sil-
icon layers. Besides, the given defect struc-
ture directly depends on original plastic defor-
mations [7].

As was mentioned above, the box-counting
method is used to calculate the fractal dimen-
sion of the profile, and the fractal dimension of
the surface can be calculated from the dimen-
sions of its profile by adding units. Usually pro-
file prepared by dissecting the test surface and
the plane (the direction of fast scan).
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Fig. 1. SEM pattern of nanostructured silicon surface
(sample 1)

silicon surface

Fig. 2.

SEM pattern of roughened
(sample 2)

To improve the accuracy of calculations can
also use the modified the box-counting meth-
od, it combines this one and the “lake” algo-
rithm, or method of the perimeter — area (ar-
ea-perimeter method). Using this method, the
surface is cut plane at a fixed level; for exam-
ple, you can choose the level of:

ZO = (Zmin —I_ Zmax)/Qv (1)

where Z_., Z..— minimum and maximum
heights of the points, respectively.

Intersection of the surface with this plane
represents a set of closed lines, called “lake”.
The perimeter of each “lake” is linked to its
area ratio:

L(S) — ﬁEiA(Fd—l)/Z’ (2)

where  — constant, F, — fractal dimension of
the line, S — unit of length. Can also be seen
in all sections of the “lake” from Z_, up to
Z.. ‘Lake” formed at the higher level sec-
tions, isolated portions of the surface close to
the tops of the grains, the terms of the atoms
close to the position of atoms in a single crys-
tal, so the value of fractal dimension close to
2.0. The lower section of isolated regions, which
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lie at the grain boundaries, where the positions
of atoms are arranged like an amorphous ma-
terial, so the fractal dimension increases. Thus,
the Iractal dimension is calculated on the ex-
pression (2) the slope of the logarithm of the
perimeter to the logarithm of the cross-section-
al area of the grains. When using the modified
method of counting cells (boxes) produce sec-
tion of the surface plane (1) and get a set of
simply connected domains on which to apply
the usual method of counting cells. All topo-
graph of the surface under study is filled with
square cells with side and count the number
of nonempty cells. With a decrease in cell size
over non-empty cells are counted. Thus deter-
mines the dependence of the number of non-
empty cells on their size. The fractal dimension
is calculated from the slope depends on a dou-
ble logarithmic scale [8].

The method was implemented in a software
environment Matlab: the processing of the orig-
inal images (Fig. 1, 2) searches boundaries dif-
ferential contrast using Canny algorithm, i.e.
introduced the following model swings: drop
step type (the presence of the interface con-
trast) was determined by the Heaviside func-
tion, white noise at the boundary was set using
a Gaussian distribution (Fig. 3). To determine
the boundaries were marked with three criteria:
the high detection probability drop, the high pre-
cision localization of the interface, the unique-

Fig. 3. Convert images to the original surface by Canny
algorithm

Fig. 4. Model filling in the pro-
cessed image cells (N =16,
N(S)=6)



ness of the existence of the contrast difference.
[t should be noted that the correct detection
of the boundaries is very important because er-
ror in determining affects the value of fractal
dimension, in most cases in the first decimal
place. On the resulting image (Fig. 3) impose
a grid of square cells with a given size. Then
we count the cells through which the bound-
ary lies N(S) (Fig. 4). With decreasing cell size
calculation was performed again.

The fractal dimension determined from the
slope of the curve depending on a double log-
arithmic scale (Fig. 5) as follows:

__ logN
"~ log N(S)~ (3)

On figures 5, 6 show plots for samples.

Box Count, log N(s)

0 i i i i i i i
n ns 1 15 2 25 3 35
Mumber of blocks, log M

Fig. 5. Calculation of fractal dimension (sample 1)
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Fig. 6. Calculation of fractal dimension (sample 2)
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Numerical results for the fractal dimension
are presented in the Table:

Sample Fractal dimension D
Sample 1 2.53
Sample 2 2.87

CONCLUSIONS

Thus, we can draw following conclusions. In
near-surface layers of Si in Si-SiO, system the
complex defect region which consists of disor-
dered silicon and a layer containing dislocation
networks is formed under high-temperature ox-
idization. After additional chemical treatment
it were obtained nanostructured surface with
different shapes of silicon. We have studied
nanostructured silicon surfaces based on frac-
tal concepts. Our adaptation of the box-count-
ing method for fractal analysis was shown to
be elfective in accurately extracting the fractal
dimension from experimental SEM data on Si
surfaces. It were obtained the numerical results
for the fractal dimensions for 2 samples with
different nanostructured shapes.
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Fractal analysis was applied to images of nanostructured silicon surfaces which were acquired with a scanning elec-
tron microscope. A fractal model describing nanostructured silicon surfaces morphology is elaborated. It were obtained
the numerical results for the fractal dimensions for 2 samples with different nanostructured shapes.
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Pesiome
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INFLUENCE OF 3D-IMPURITIES (Cr, Fe, Co, Ni)
ON THE POSITION OF ABSORPTION EDGE IN ZINC

CHALKOGENIDES

The zinc chalkogenides (ZnS, ZnSe, ZnTe) single crystals doped with 3d-impurityes
(Cr, Fe, Co, Ni) are investigated. The diffusion doping is carried out from metallic nick-
el and chromium or powderlike iron and cobalt in helium and argon atmosphere. The op-
tical density spectra are investigated in the fundamental absorption range of ZnS, ZnSe,
ZnTe crystals. The transition-metal elements doping of crystals results in the absorption
edge shift toward lower energies. From the value of the absorption edge shift, the 3d-im-
puryty concentrations in crystals under investigation is determined.

Last years researches of zinc chalcogenides
(ZnS, ZnSe, ZnTe) crystals doped with elements
of transition metals (Cr, Fe, Co, Ni) are actual.
[t is related to that for such crystals intracent-
er absorption and luminescence transitions are
characteristic in unfilled 3d-shells these atoms
is characterized by a spectrum in an infra-red
(IR) region (1—5 pum) and high quantum out-
put. The explored crystals can used as an active
environments for lasers with the reconstructed
wave-length IR-emission. Such lasers are applied
in medicine, biology, and different spectroscopy
researches. Substantial progress in making of
the IR-emission lasers is presently attained. The
laser generation on the ZnSe and ZnS crystals
doped with chrome is realized [1, 2]. In [3], el-
ficient lasing in the spectral range of 3.77—
5.05 um is realized for ZnSe:Fe crystals.

In spite of certain success, there is the row
of unresolved important problems, that restrains
further application in practice of zinc chalcoge-
nides crystals doped with transition-metal ions.
Among them such: perfection of technology ob-
taining crystals doped with the set concentration
of doping impurity, insufficient researches of op-
tical properties in the visible region of spectrum.

There are two basic methods of doping zinc
chalcogenides crystals elements of transition-
metal is doping during the growing process
from a vapour phase and diffusion doping. In [4]
ZnSe:Fe and ZnSe:Ni single crystals were ob-
tained from a vapour phase by the free growth
method on a single crystal substrate with the
use of chemical transport in hydrogen. The pos-
sibility of controlling the impurity concentration
and doping profile is advantage of the diffusion
doping. In [5] the ZnSe:Fe crystals are obtained
by the doping from a solid phase metallic source
(a metallic layer). The diflusion doping in the
iron vapours is carried out in [6]. Duration of
diffusion process and small iron impurity con-
centrations in the obtained crystals are the lacks
of these diffusion doping methods.

© Yu. A. Nitsuk, 2011

In this study we describe the diffusion tech-
nique of doping which allows to obtaining ZnS,
ZnSe, ZnTe single crystals with predicted tran-
sition-metals impurities concentration. The opti-
cal absorption spectra in the area of fundamen-
tal absorption edge has been studied. Basing on
the optical absorption edge shift, the impurity
concentration has been determined.

The goals of this study is the determina-
tion of transition-metal impurities influencing
on the fundamental absorption edge position of
the ZnS, ZnSe, ZnTe crystals.

1. EXPERIMENTAL

The samples for the study were prepared
by the transition-metal elements diffusion dop-
ing of pure ZnS, ZnSe and ZnTe single crys-
tals. The undoped crystals were obtained by
free growth on a ZnSe single crystal substrate
with the (111) growth plane. The method and
the main characteristics of the ZnS, ZnSe and
ZnTe crystals were described in details in [7].
Selection of temperature profiles and design of
the growth chamber excluded the possibility of
contact of the crystal with chamber walls. The
dislocation density in obtained crystals was no
higher than 10* cm—2

Doping of crystals by the nickel or chromi-
um impurity was carried out by diffusion from
the metallic nickel or chrome layer deposited
on the crystal surface in the He 4+ Ar atmo-
sphere. The nickel or chromium diffusion was
carried out under conditions in which the im-
purity concentration in the source (the metallic
nickel or chromium layer) remained nearly con-
stant. A metallic layer sneaked up such thick-
ness, that the condition of impurity diffusion
from a source was executed, in which concen-
tration of her during all process remains practi-
cally permanent. The crystals were annealed at
the temperatures 7, = 1020—1270 K. The diffu-
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sion process time was about 5—10 hours. After
annealing the crystals changed the color: crys-
tals ZnS:Ni, ZnS:Cr got a yellow color, ZnSe:Ni
was light-brown, ZnSe:Cr was red-brown and
ZnTe:Ni, ZnTe:Cr was dark-brown.

The first experiments with iron and cobalt
diffusion were carried out according to a pro-
cedure similar for nickel and chromium diffu-
sion. The crystals were doped via impurity dil-
fusion from a metallic layer deposited on the
crystal surface. At the same time, this meth-
od was uneffective for the receipt of high-doped
crystals. It is explained it by the technological
problems related to impossibility deposite the
thick cobalt or iron layer, from what in the
process of annealing all layer dissolved com-
pletely in the crystals in the span no longer
than 30 minutes. The optical absorption spectra
showed that the obtained crystals were lightly
doped.

To obtain heavily doped crystals the diffu-
sion by impurity from metal powderlike iron or
cobalt in He 4 Ar atmosphere was carried out.
In order to avoid etching of crystals, powderlike
ZnS, ZnSe or ZnTe depending on the crystals
type in the ratio 1:2 was added to the metallic
powder. Crystals were annealed at temperatures
from 1070 to 1320 K. The duration of the diffu-
sion process was 10—30 hours. After annealing
the ZnS:Fe crystals acquired a yellow-brown col-
our, ZnS:Co was turquoise, ZnSe:Fe was red-
brown, ZnSe:Co was brown and the ZnTe:Fe
ZnTe:Co crystals were dark-brown.

The optical density spectra in the visible
region were measured by means of an MDR-6
monochromator ~ with  diffraction  gratings
1200 lines/mm. A FEU-100 hotomultiplier was
used as a light flow receiver.

2. INVESTIGATIONS
IN THE ABSORPTION EDGE
REGION

The absorption spectra (the optical densi-
ty D*) of undoped ZnS crystals at 300 K are
characterized by an absorption edge with the
energy E,=3.75 eV, ZnSe crystals are char-
acterized by an absorptlon edge with the en-
ergy E, =268 eV and ZnTe are characterized
by the energy E,=2.24 eV.

The transition-metal elements doping of crys-
tals results in the absorption edge shift toward
lower energies. Figure 1 shows the absorp-
tion spectra of the ZnSe and ZnSe:Co crystals.
The absorption edge shift value increased with
annealing temperature and conditioned by the
Coulomb interaction between impurity states.
The absorption edge shift values in the ZnS,
ZnSe and ZnTe crystals doped with transition-
metal elements are presented in the Tables 1—4.
At the change of temperature from 300 to 77 K
shift values are saved.

The band gap varies AE, depending on the
mtroduced impurity concentration is defermined

n [8] by the relation
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3 eN/s
4me e,

3}/
A, ——2-10°(2) , (1)

where e — electron charge, N — impurity con-
centration in ecm, ¢, is the static permittivity
of ZnS, ZnSe or ZnTe, ¢,— permittivity con-
stant. Using the band gap shift, we calculated
the doping impurity concentration in the stud-
ied crystals (see Tables 1—4).

(D*)?
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E, eV

Fig. 1. Spectra of the optical-density D* of (1) ZnSe,
and (2—4) ZnSe:Co crystals obtained at annealing temper-
ature T,=(2) 1070, (3) 1120, and (4) 1170 K

Tables 1—4 show that the maximal band gap
shift value and doping impurity concentration
is observed in the crystals doped with cobalt
and nickel. In the researches of the ZnSe:Co
crystals absorption edge [9] there was band gap
shift to 400 meV, that evidenced at formation

of the Zn, Co, Se alloy.
Table 1

Results of calculation of the chromium concentration
in the ZnS:Cr, ZnSe:Cr, ZnTe:Cr crystals

5 Crystal type
¥s
§E¥ ZnS:Cr ZnSe:Cr ZnTe:Cr
:£
< ﬁf“f} N, cm ﬁf“f} N, cm ﬁf“f} N, cm
1070 — — 20 2-10Y7 30 108
1120 — — 30 1018 60 |8-10'
1170 20 2-107 70 10 ] 100 |4-10%
1220 50 [3-10"%| 90 2-10%| — —
1270 120 | 5-10" — —




Table 2

Results of calculation of the iron concentration in the
ZnS:Fe, ZnSe:Fe, ZnTe:Fe crystals

5 Crystal type
EE
égx ZnS:Fe ZnSe:Fe ZnTe:Fe
BRI
1070 — — — — 20 | 2-107
1120 — — — — 40 |3-10%
1170 10 2-10'6 10 3-10| 100 |4-10%
1220 20 2107 20 2-107| 130 |8-10%
1270 30 7107 30 8-107 — —
1320 70 9.10'8 40 2-10'8 — —

Table 3

Results of calculation of the cobalt concentration in the
ZnS:Co, ZnSe:Co, ZnTe:Co crystals

5 Crystal type
EE
E‘éx ZnS:Co ZnSe:Co ZnTe:Co
::
TE LN | Meemt | Rl [Meemt | NG| Vem
1020 — — — — 90 |3-10"
1070 — — 40 2-10% ] 110 |5-10*
1120 — — 50 3-10% | 120 |7-10%
1170 — — 80 101 — —
1220 130 | 5-10°| 120 |5-10" — —

Table 4

Results of calculation of the nickel concentration in the
ZnS:Ni, ZnSe:Ni, ZnTe:Ni crystals

o Crystal type
ng ZnS:Ni ZnSe:Ni ZnTe:Ni
M s
1020 — — — — 20 |3-107
1070 — 20 |2-107 50 |[4-108
1120 10 4.10"7 40 | 2-10%| 110 |[6-10"
1170 100 [2-10| 110 |4-10% — —
1220 130 |[5-109| 140 |8-10"| — —
1270 200 |2-10%°| 160 |1-10*| — —

Formation of the Zn, ,Fe Se alloy was ob-
served in [10]. Careful analysis of optical ab-
sorption in the fundamental absorption region
of the ZnSe:Fe, ZnSe:Ni crystals, executed by
us in [8,11], showed that crystals with doping
impurity concentration higher than 10! sm—°
showed strong impurity absorption in this re-

gion, that difficult determination of fundamental
absorption edge. The impurity absorption bands
in the fundamental absorption region were ob-
served in the ZnSe:Cr, ZnSe:Co, ZnS:Co and
ZnS:Ni crystals [9, 11—13].

The author is grateful to Drs. Yu. Vaksman and Yu. Pur-
tov for their suggestions, and is also thankful to his aspi-
rant V. Yatsun for technical assistance.

4. CONCLUSIONS

The investigations enable us to draw the fol-
lowing conclusions.

1. The diffusion 3d-impuryties doping tech-
nique is developed for the ZnS, ZnSe, ZnTe
single crystals. The method allows to obtain-
ing zinc-chalcogenides single crystals with pre-
dicted 3d-impuryty concentration.

2. It is shown that doping by transition-met-
al elements results in diminishment of band gap
in the explored crystals.

3. Concentrations of doping impurities in the
investigated crystals are determined on values
band gap shift. The maximal value of doping
impurity concentration (~10% ¢cm—3) is observed
in the crystals doped with cobalt and nickel.
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UDC 621.315.592

Yu. A. Nitsuk

INFLUENCE OF 3d-IMPURITIES (Cr, Fe, Co, Ni) ON THE POSITION OF ABSORPTION EDGE
IN ZINC CHALKOGENIDES

Abstract

The zinc chalkogenides (ZnS, ZnSe, ZnTe) single crystals doped with 3d-impurityes (Cr, Fe, Co, Ni) are investigat-
ed. The diffusion doping is carried out from metallic chromium and nickel or powderlike iron and cobalt in helium and
argon atmosphere. The optical density spectra are investigated in the fundamental absorption range of ZnS, ZnSe, ZnTe
crystals. The transition-metal elements doping of crystals results in the absorption edge shift toward lower energies. From
the value of the absorption edge shift, the 3d-impuryty concentrations in crystals under investigation is determined.

Key words: zink chalkogenides, 3d-impuryties, optical-density, band gap shift.

YK 621.315.592

[0. A. Huyyk

BJIUSIHUE 3d-MPUMECEM (Cr, Fe, Co, Ni) HA MOJIO)KEHUE KPA$ MOTJIOLEHUS
B XAJIbKOTEHHJAX LHHUHKA

Pestome

HccnenoBanbl MOHOKPHCTA/IBI XalbKOTeHUIOB 1mHKa (ZnS, ZnSe, ZnTe), neruposanubie 3d-mpumecsmu (Cr, Fe, Co,
Ni). HuddysnoHHoe JeTHpPOBaHHE OCYLIECTBJSIACH M3 METaJIMUECKOro XpoMa M HHUKeJs WM ITOPOLIKOOOPa3HOro KeJe-
3a 1 KobasbTa B aTMoc(epe requsi U aprosa. McciaenoBaHbl CHeKTpPhl ONTHYECKOH MJIOTHOCTH B 00JacTH (hyHIAMEHTalbHO-
ro moryowlenust kpuctamioB ZnS, ZnSe, ZnTe. [lokaszaHo, 4TO JIerHpoBaHHe 3JE€MEHTAMH MEPEXONHBIX METAJJIOB MPUBOAUT
K YMEHBIIEHHIO HWPHUHBI 3anpemeHHoﬁ 30HbI HCCJAENYEMbIX KPHUCTAJJIOB. [To BenuuuHe CMELIEHUs Kpasl IOIJIOLIEHUA oIlpe-
neJIeHbl KOHLeHTpauuu 3d-mpuMeceil B HCCIEAyeMbIX KPHCTAJIAX.

KJ"O'-IeBble CJ0Ba: XaJbKOTeHHObl LHWHKA, Sd-npumecu, ONnTHYeCKad IMJIOTHOCTb, U3MEHEHHE IIHPUHBI 33HpeLLL6HHOI>'I 30HBI.

YK 621.315.592

0. A. Hiuyx
BIJIUB 3d-J1OMilIOK (Cr, Fe, Co, Ni) HA NOJIO)KEHHS KPAIO MOI'JIMHAHHS B XAJIbKOTEHIJAX LMHKY

Pe3iome

JocaikeHo MOHOKpPHCTANH XajbKoreHiniB LMHKY (ZnS, ZnSe, ZnTe), wo Jaerosani 3d-momiwkamu (Cr, Fe, Co, Ni).
Judysiiine JeryBaHHS BHKOHYBAJOCh 3 METAJEBOTO XpPOMY Ta HiKeJl0 ab0 MOPOIIKOMOAIOHOTO 3aniza Ta KoOalbTy B aTMOC-
¢epi resito Ta aprony. [loc/ifyKeHO CIIEKTPH ONTHYHOI TYCTHHH B oOJacTi Kpaio (PyHZaMEeHTa/JbHOTO TMOIMVIMHAHHS KPHCTAJiB
ZnS, ZnSe, ZnTe. IlokazaHo, 110 JeTyBaHHSI eJeMeHTaMH MepeXilHUX MeTasiB MPU3BOAUTbL A0 3MEHIIEeHHs MIHPUHU 3a6o-
pOHEHOI 30HHM B IOCJIMKYBaHHX KpHUCTaJsax. 3a BEeJHYHHOI0 3CYBY Kparo MOIVIMHAHHS BH3HaueHi KoHUeHTpawii 3d-gomiriok B
NOCJIIXKYBAaHUX KpUCTasax.

KaouoBi cJjoBa: xanbKoreHinn UMHKY, 3d-AOMIIIKH, ONTHYHA TYCTHHA, 3MiHA LIHPHHHU 3a00POHEHO! 30HH.
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PHOTOEFFECT AND SPECTROSCOPY OF THE HYDROGEN ATOM
IN THE CROSSED DC ELECTRIC AND MAGNETIC FIELD

Within the operator perturbation theory a new approach to calculating energies, Stark
resonances widths and probabilities of radiative transitions between Stark sublevels in a
spectrum of an atom in the crossed DC electric and magnetic fields is presented. The cor-
responding calculation results are presented for the hydrogen atom.

1. INTRODUCTION

Determination of the energy and radiative
characteristics of atom in a strong electric field
and crossed electric and magnetic fields is of
a great interest for many applications in laser,
plasma, atomic, molecular physics, quantum
electronics etc and remains very important prob-
lem of modern quantum photophysics [1—17].
The key problem is connected with calculation
of the energies and widths of the Stark reso-
nances, intensities and probabilities of radiative
transitions between Stark sublevels in a spec-
trum of an atom in a DC electric and magnet-
ic fields [1—3]. In a case of the strong fields,
when the corresponding Stark resonances mix
and create the Arnold’s maps (including the
chaos phenomena), this group of problems re-
mains practically unsolved hitherto.

It is well known that the external elec-
tric field shifts and broadens the bound state
atomic levels. The standard quantum-mechan-
ical approach relates complex eigen-energies
(EE) E=E,+ 0,5iG and complex eigen-func-
tions (EF) to the shape resonances [2, 4|. The
calculation difficulties in the standard quan-
tum mechanical approach are well known. The
WKB approximation overcomes these difficul-
ties for the states, lying far from “new contin-
uum “ boundary and, as rule, is applied in the
case of a relatively weak electric field. The same
is regarding the widespread asymptotic phase
method (c. . [2]). Some modifications has been
reached by means of the using WKB method [3].
Quite another calculation procedures are used
in the Borel summation of the divergent per-
turbation theory (PT) series and in the numer-
ical solution of the difference equations follow-
ing from expansion of the wave function over
finite basis [2, 3, 9, 10].

In rel. [4] it has been developed a consis-
tent uniform quantum — mechanical approach
to the non-stationary state problems solution
including the Stark effect and also scattering
problems. The essence of the method is the in-

© A.S. Kvasikova, A.V.Ignatenko, T. A. Florko,
D. E. Sukharev, Yu. G. Chernyakova, 2011

clusion of the well-known method of “distorted
waves approximation” in the frame of the for-
mally exact PT. The zeroth order Hamiltonian
H, of this PT possesses only stationary bound
and scattering states. To overcome formal dif-
ficulties, the zeroth order Hamiltonian was de-
fined by the set of the orthogonal EF and EE
without specifying the explicit form of the cor-
responding zeroth order potential. In the case
of the optimal zeroth order spectrum, the PT
smallness parameter is of the order of G/E,
where G and E are the field width and bound
energy of the state level. It has been shown
that G/E < 1/n even in the vicinity of the “new
continuum” boundary (n is the principal quan-
tum number). It is very important to note that
the hamiltonian H, is defined so that it coin-
cides with the total Hamiltonian H at &= 0.
(¢ is the electric field strength). Note that per-
turbation in OPT does not coincide with the
electric field potential, though they disappear
simultaneously. This method is known as the
operator PT (OPT) [2].

In series of the papers [18—22] it has been
further developed and applied to the non-hy-
drogen atoms in the DC electric field. In this
paper a new approach, based on the OPT, to
calculating energies, Stark resonances widths
and probabilities of radiative transitions between
Stark sublevels in a spectrum of an atom in
the crossed DC electric and magnetic fields is
presented. The corresponding calculation results
are presented for the hydrogen atom.

2. AN ATOM IN THE CROSSED
ELECTRIC AND MAGNETIC
FIELDS: PERTURBATION
THEORY FORMALISM

The standard Hamiltonian of the atomic sys-
tem (the hydrogen atom) in thr crossed DC elec-
tric F and magnetic B flields looks as usually
(in atomic units: 1 at. unit F =5.14-10° V/cm
and 1 at. unit B=2.35-10° T) [3]:
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H =1/2(p? + 2/p*) + BL/2 + (1/8)B%? +
+ (1/2)p2 + Fz + V,(r), (1)

where the electron-nucleus potential in a case
of the hydrogen atom takes the usual Coulomb
form: —Z/r and other notations are the usual.

The standard PT (SPT) formalism in the
most effective formulation in application to the
hydrogen atom in the crossed electric and mag-
netic fields has been developed by the Turbin-
er (c. . [3]) for sufficiently weak fields. Opera-
tor of the “atom-field” interaction is treated as
the perturbation one, which should be natural-
ly small. This is the fundamental condition for
the application of the SPT formalism.

The energy expansion for the hydrogen atom
in the DC crossed electric and magnetic fields in
the Turbiner’s PT can be written as follows:

E= Eg,+ E0), 2)

where Eg, is the sum of energies, correspond-
ing to an electric and magnetic fields with
the strengths F and B respectively (in atom-
ic units):

B 35555, 53

4
2 32 96 B

(3a)

and E* contains earlier unknown crossed terms
for parallel (E') and perpendicular (E*) direc-
tions of the fields F and B [3]:

_ 159 1742009

ESZ=—1—2F2+

I 2R2 2R4

El= 2 FB — =2 F2Bi 4. (3b)
L 93 pope 22770991 1y py
Et=FB— = PB4 (30)

Surely, the SPT formulae provide very good
description of the hydrogen atom in the weak
crossed electric and magnetic fields. However,
in a case of the strong external fields such an
approach obviously falls because of the Dys-
on phenomenon, asymptotic divergence of the
PT set etc. The similar situation occurs in the
cases of the separated electric and magnetic
fields. As it has been indicated in the introduc-
tion, one of the effective methods for the “at-
om-strong external field” interaction is given by
the OPT formalism.

Let us consider some key details of the
OPT approach, following to the original refs.
[2, 4] and start from the purely DC electric
field case. In out theory the magnetic field is
treated as perturbation within the OPT formal-
ism at the second step, meanwhile as the elec-
tric field is taken into account on the non-per-
turbative basis. This is a key advancement of
our theory. Surely, one could note that our ap-
proach can hardly applied to the strong mag-
netic field case.

In the OPT formalism the Schrodinger equa-
tion for the electron function with taking into
account the uniform electric field F and the
field of the nucleus (in the original paper the
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Coulomb units are used: for length 1 unit is
h?/Ze? ; for energy 1 unit is mZ2%*/h?) [4]:

[—(1— N/Z)/r + Fz — 0,50 — EJy =0. (4)

Here E is the electron energy, Z is a nucleus
charge, N is the number of electrons in atom-
ic core. Naturally, for hydrogen atom: Z=1,
N =0. For multielectron atom one may intro-
duce the ion core charge 2" [2, 18]. As usu-
ally in an electric field all the electron states
can be classified due to quantum numbers:
n, n,, n,, m (principal, parabolic, azimuthal:
n=n, + n,+ m - 1). After separation of vari-
ables in the parabolic coordinates {&=r+4 z,

n=r—z, ¢=tan'[y/x]}:
Y&, M, 9) = A(C)g(m)(&- )12 exp(im @)/ (2m) 2,

equation (1) transformed to the system of two
equations for the functions f, g [4]:

o

+[0,5E + (B, — N/Z)/t — 0,25F(t)t]f = 0, (5a)
gl gy

+ [0,5E + B, /t + 0,25F(t)t]g = 0,

coupled through the constraint on the separa-
tion constants: p;, 4+ p,=1.

For the uniform electric field F(f) = F. Po-
tential energy in equation (4) has the barri-
er. Two turning points for the classical motion
along the n axis, ¢, and ¢, at a given energy
E are the solutions of the quadratic equation

(B=P1, E=Ey):
t,={[E§ —4E(1 — B)]">— E,}/F,
t={—[Ef —4E(1 — B)]I/Q_ Eo}/F, t <t

(5b)

Here and below t denotes the argument com-
mon for the whole equation system. In ref. [4]
the uniform electric field F in (4) and (5) was
substituted by model function F(#) with param-
eter © (t=1.5¢,). The corresponding function
satisfies to necessary asymptotic conditions and
is defined as follows [4]:

F(t)=%F(t—r) 4. (6)

'52
A

The final results do not depend on the pa-
rameter t. To calculate the width G of the con-
crete quasi-stationary state in the lowest PT or-
der it is necessary to know two zeroth order
EF of H, bound state function Wg,(e, v, ¢) and
scattering state function Wg(e, n, @) with the
same EE. First, one has to define the EE of
the expected bound state. It is the well known
problem of states quantification in the case of
the penetrable barrier. We solve the system wit
h total Hamiltonian H under the conditions [4]:

f(t)—0 at t >



and
0x(p, E)/OE =0 (7)
with

(B, E) = lim [g*(1) + {g'(t)/ )21+

These two conditions quantify the bound
energy E, separation constant pB,. The further
procedure for this two-dimensional eigen-value
problem is resulted in the solving of the system
of the ordinary differential equations (2, 3) with
probe pairs ol E, B,. The corresponding EF is:

wEb(Q7 n, (P) =
= [e(0)@r(M)(G- M) "2 exp(ime)/(2m) 2,

Here f,(f) is the solution of (5a) (with the just
determined E, B,) at £ C (0, «<) and gg,(?) is solu-
tion of (5b) (with the same E, B,) at { < {, (in-
side barrier) and g(¢#) = 0 otherwise. The bound
state EE, eigen-value B, and EF for the zero
order Hamiltonian H, coincide with those for
the total Hamiltonian H at ¢ = 0. The quantum
numbers n, n,, n,, m are connected with E, f§,
m by the well known expressions.
The scattering state functions

’LI)E'S(C.}’ n, (P) =
= [es(C)ge(n)(En) " exp (ime)(2m)"/2.

The scattering state functions must be or-
thogonal to the above-defined bound state func-
tion and to each other. According to the OPT
ideology [4], the following form of g, is pos-

sible:
ges(t) = g,(1) — 2385(1) (8)

with f., and g,(¢) satisfying the differential equa-
tions (ba) and (5b). The function g,(¢) satis-
fies the non-homogeneous differential equation,
which differs from (5b) only by the right hand
term, disappearing at f = oo.

The total equation system, determining the
scattering functions looks as follows [4]:

ps Tes +
+ [0,5E" + (B; — N/Z)/t — 0,25¢(t)t]f z, =0,
gl + g/ +[0,5E" + B3/t + 0,25¢(t)t]g, =0,
g; + &+ [0,5E + B3/t + 0,25¢(t)tlg, = 28,
Bi+pB:=1.

The coefficient z; ensures the orthogonality
condition and can be defined as:

2 = {[Jacanc + iz ©gnmem)}/
//{fdcan @+ miz @enmem).

The imaginary part of energy and resonance
width G in the lowest PT order [2]:

ImME=G/2=w <lpEb|H|lpEs>2 9)
with the total Hamiltonian H. The state func-

tions W, and W, are assumed to be normal-
ized to unity and by the &(k — £")-condition, ac-
cordingly. The intensities of Stark components
are defined by the matrix elements of r coordi-
nate of an atomic electron:

I(nnn,m — n'ninim’) =
__ 4etw)

3¢t (10)

|<”n1”2m | r | nmnym) |2,

where ®, is non-perturbed frequency of transi-
tion n — n,. Usually the Stark components are
divided on the @ and o-components in depen-
dence upon polarization (linear Am =0, or cy-
cle Am = =1). Intensities of the m-components
are defined by the matrix elements of z-compo-
nent r, and intensities of the o-komnonent — by
x- (or y-) components r.

As wusually, a probability of transition B
(nkm, n’) from parabolic state |nkm) into all
states, belonging to the level n’, is as follows:

B(nkm,n') = w(n,n') Y, [{nkm|r|n'k'm’y ’ (11)
kom'
where \
n _ 4e’ad L . L
o(n, ) = 2 (nQ n,Q). (12)

A full probability of transition B(k, m) from
definite stark sublevel into all lowest levels is
defined as follows:

n—I1
B(k,m) = Z B(nkm,n'), (13)
n'=|m|+1
The corresponding life time is:
w(nkm) = B~'(k, m) (14)

A distribution of probabilities of transitions
for m =0 is directly defined by the distribu-
tions B(k, m) for m == 0. The last ones are weak-
ly dependent upon the electric quantum num-
ber k= n, — n,. One can introduce average (on
“k”) values B(k, m), that are equal:

1 n—I

An, ).

B(m) — n_;MZB(k, m) —
’ (15)

n—lml &5,

Other details can be found in the refs.
[19, 20]. Further in all calculation it has been
used the known Stark—Superatom program [4],
which is [reely available and propagated. It is
important to note then that the whole calcula-
tion procedure of the approach at known reso-
nance energy E and parameter p has been re-
duced to the solution of single system of the
ordinary differential equations [2]. This is its
important advancement.

3. RESULTS AND CONCLUSIONS

As example of application of the above devel-
oped method, below we present the calculation
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Table 1

Energy (in Ry) of the ground state for hydrogen atom in electric F (1 at. unit=>5.14-10° V/cm) and magnet-
ic B (1 at. unit B=2.35-10°5 T) fields (look text)

F B B+ Bl E+E! E+E! E+ E!
SPT, [3] SPT, [3] our theory our Theory
0,000 0,000 —1,000000 —1,000000 —1,000000 —1,000000
0,001 0,001 —1,000004 —1,000004 —1,000004 —1,000004
0,005 0,005 —1,000099 —1,000099 —1,000099 —1,000099
0,010 0,010 —1,000402 —1,000401 —1,000401 —1,000401
0,015 0,015 —1,000906 —1,000905 —1,000905 —1,000904
0,020 0,020 —1,001617 —1,001615 —1,001616 —1,001614
0,025 0,025 —1,002542 —1,002537 —1,002540 —1,002535
0,030 0,030 —1,003685 —1,003674 —1,003682 —1,003671
0,035 0,035 —1,005054 —1,005037 —1,005053 —1,005033
0,040 0,040 —1,0066619 —1,006628 —1,006659 —1,006626
0,045 0,045 —1,008520 —1,008465 —1,008517 —1,008463
0,050 0,050 —1,010642 —1,010558 —1,010636 —1,010553

results for energy (in Ry) of the ground state
for hydrogen atom in electric F and magnetic
B fields (see table 1). For ccomparison there
are also listed the results of the ground state
hydrogen atom energy on the basis of the Tur-
biner’s SPT (from rel. [3]).

Analysis shows that the both results are in
the physically reasonable agreement, at least till
the field strengths values ~ 0.02 atomic units.
Further it begins to increase the dilference be-
tween our theory data and the SPT results.

[t is important underline that our results
are obtained in the first PT order, i. e. already
the first PT order provides the physically rea-
sonable results. From the one hand, for weak
field strength values an excellent agreement be-
tween both approaches can be easily explained
as speech is about by treating the hydrogen
atom dynamics in the sufficiently weak fields.

From the other hand, the SPT formalism falls
in a case of consideration the strong electric or
magnetic or both simultaneously fields. Our the-
ory is absolutely valid in a case of the strong
electric field due to using the OPT formalism
as the zeroth approximation, where an electric
field is taken into account on the non-pertur-
bative basis. However, our theory can hardly
applied in a case of the strong external mag-
netic field. It is obvious that in the last case
the non-perturbative treatment in the present-
ed theory is necessary (see [1—3].
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PHOTOEFFECT AND SPECTROSCOPY OF THE HYDROGEN ATOM IN THE CROSSED DC ELECTRIC
AND MAGNETIC FIELD

Abstract

Within the operator perturbation theory a new approach to calculating energies, Stark resonances widths and prob-
abilities of radiative transitions between Stark sublevels in a spectrum of an atom in the crossed DC electric and mag-
netic fields is presented. The corresponding calculation results are presented for the hydrogen atom.
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POTOIPPEKT U CINEKTPOCKOINHSI ATOMABOJOPOJA B CKPELWLEHHBIX 3JIEKTPHYECKOM
U MATHUTHOM MOJIAX

Pe3iome

Ha ocHoBe omepaTopHOil TeopuH BO3MYIIEHHH DPa3BUT HOBBIH MOAXON K pacueTy 3SHepPTHil YpoBHEH, LIMPUH IITAPKOB-
CKHX DE30HAHCOB, a TaK)Ke BEPOSITHOCTEH paiHalMOHHBIX MEepPEXOJ0B MEXKAy LITAPKOBCKHMH MOLYPOBHSIMH B CIIEKTpe aTo-
Ma B CKpEILEHHbIX OIHOPOMAHBIX 3JEKTPHUUECKOM W MAarHHUTHOM MoJisix. [IpuBeneHbl faHHbIE COOTBETCTBYIOLIErO pacyera [Jist
aTroma BOZOPOJA.

KaoueBble cj0Ba: aToM BOIOPO/A, JMEKTPUUECKOE U MArHUTHOE M0Jie, CTaHAAPTHAS U OTEePATOPHAsl TEOPHsI BO3MYIIEHUH.
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®OTOEDPEKT i CIMEKTPOCKOIiSI ATOMY BOJHIO ¥ CXPELLEHUX EJIEKTPUYHOMY TA MATHITHOMY MOJISIX

Pesiome

Ha nincrasi onepatopHoi Teopii 30ypeHb pO3BHHYTO HOBHH MiAXil 10 pO3paxyHKy eHepriil piBHIiB, LUMPUH LUITAPKIBCbKUX
pPe30HAaHCIiB, a Tako)K HMOBipHOCTeH paliauifiHUX NepexoliB MiK LITAPKiBCbKMMM MiAPiBHSAMH B CHEKTPi aTOMY y CXpeLleHHX
OIHOPiIHUX €JIeKTPUYHOMY Ta MarHiTHoMy nossx. HasedeHi naHHI BiANoOBiIHOrO poO3paxyHKy AJsl aTOMy BOZLHIO.

KotouoBi cjioBa: aToM BOAHIO, e/eKTpUYHE | MarHiTHe roJe, CTaHZApTHA Ta OrepaTopHa Teopis 30ypeHb.
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TECHNIQUE OF DETERMINATION OF MODULES TUBE DIAMETER
AND POSSIBLE LENGTHENING OF OPTICAL CABLES CONSTRUCTION

In this work technique for determination of modules tube diameter and possible lengthen-
ing of optical cables construction is developed by dependence e,.= f(dou, AR, h) researching.

A variety of application areas of optical ca-
bles (OC) in systems of fiber optic communi-
cation requires the different constructions of
cables are to be developed with the proper siz-
es and materials. Based on the design of op-
tical modules (OM) with hollow shell (plastic
tubes-shells with the optical fibres (OF) located
in them), there must be selected the appropri-
ate design of the cable core, intermediate shell,
power elements, armor and protective hose in
order to OF in these cables are not to be dam-
aged due to environment, such as temperature
variations and mechanical loading. This design
should limit the OM minimum bend radius, ten-
sile and compression OF, so that in a given
range of tensile loads and temperature ranges
in optic cables wouldn’t occur either unaccept-
able changes in transmission characteristics or
damage danger for optical fibers. As known,
OF in a tube OM can move freely. In the un-
loaded state they are located in the center of
tube OM (fig. 1) [1].

Free moving of OF is the result of its sur-
plus length in OM. This surplus length of OF
is needed for prevention of mechanical influence
on OF at the longitudinal lengthening of optical
cable, as for as by lengthening of elements of
OC there occur the mechanical loadings which
can be also applied to the optical fibre.

Figure 1. The provisions of OF in the box cover in
the absence of tension: / — the central power element,
2 — OF, 8 — tube of OM
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The size of OF surplus length, as well as
the size of air-gap AR (fig. 2) between optical
fibres, which are in OM centre and the internal
surface of module wall determines the measure
of lengthening of the whole OC ¢.. The size of
air-gap AR, in its turn, depends on the amount
of optical fibres rnor and the diameter of OM,
in where these OF are located. At diminishing
of air-gap AR the limitation of iree movement
of OF appears in a tube OM, which diminish-
es the OC lengthening value. At the increase
of air-gap all takes a vice versa place. In addi-
tion, the size of surplus length of OF in OC
depends on the step of twisting of the optical
modules 4 in its core. Consequently, for the op-
timum designing it is necessary to know the
dependence &= f(dom, AR, k) of OC construc-
tion chosen for development.

A

Figure 2. Optical fibres, freely en-
tered into in the tube optical module:
I — optical fibres, 2 — tube of OM

At present time the analysis of this depen-
dence as well the technique of OM diameter
determination are absent in the well-known re-
searches on OC designing [2, 3, 4].

All of aforesaid creates, above all things, a
necessity for researching of dependences be-
tween OF amount in OM, the OM diameter
and the size of OC lengthening in the chosen
model of cable construction.

As known, the calculation of possible cable
lengthening ¢, depending on the radius of lay-
ered OM in cables core, step of twisting OM
in a core and value of air-gap between the wall
of the module and all of OF, is possible to de-
fine with a formula [1]

© O.V.Bondarenko, D. M. Stepanov, O. M. Stastchuk,
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8C=_1+\/1+4.¢[2~R‘2 ‘(2AR_AR2), (1)

h? R R2

where &, — is the possible lengthening of ca-
ble, for what OF loses freedom of moving in a
tube OM, that is not yet subjected to the action
of the tensile loading; R — is a radius of layer
OM in cable core, mm; AR — is an air-gap be-
tween OF and internal wall of the optical mod-
ule, mm; A —is a step of twisting of elements
core round a central power element, mm.

The size of air-gap between internal wall sur-
face of OM tube and all optical fibres which are
placed in it, as it is evident from fig. 2, can be
determined with the expression

dow — 2Atoyy —dy o
2
3 , (2)

AR =

where AR —is an air-gap between the inter-
nal wall surface OM tube and all optical fibres,
which are accommodated in OM, mm; dgoy —
is an external OM diameter, mm; Afyy — is a
wall thickness of OM tube, mm; dyor — is a di-
ameter of plait of optical fibres in OM, mm.

Radius of OM entering in OC core can be
defined with the formula

R — dcpﬁ‘;dom , (3)

where depp — is a diameter of central power
element of OC, mm.

The size of radius of OM entering, as is ev-
ident from (3), changes depending on the diam-
eter of the module and diameter of CPE. The
last, in its turn, in accordance with [4] depends
on the amount of the optical modules in the
first layered, that is on the model of cable con-
struction chosen for the development. Taking
into account aforesaid, the radius of OM enter-
ing in OC core in accordance with the amount
of OM in the single-layered cable construction
is possible to define with a formula

donk

R — et 4)

where k& — is a coelficient which takes into ac-
count the OM amount in the single-layered
twisting of OC.

While following work [5] it is possible to de-
fine this coefficient for the different number of
elements in layered of OC quitting directly pro-
portional dependence dqpr on dyy (Table 4.2).

The results of calculation of coefficient &
with the number of elements in layered of OC
from 3 to 12 are given in Table 1.

Coming from Eq. (1), (2) and (4), taking into
account all of aforesaid, it is possible to pres-
ent the dependence between the value of OC
lengthening, A, k, dow, Atom and dsgp, that is
the amount of OF in the module tube.

6. — —1+ \/1 + LT (Ao kAR — AR?). (5)

Table 1

Values of coefificient 2 which takes into account the
amount of elements in layered of OC

An amount
ofelements | 3 [ 4 | 5 | 6 |7 | 8|9 [10]11]I12
in layered
The value ‘_(‘-03 = = 8 g «® ;1" % g fg
of coeffi- — |~ [N ||| N |10 | 0
cient & —_ | — — |l N[N || o

From where

2
270 \" doy — 2At o — dyor dow — 20t o — dsor
g, — B \/1 + (7) om 2om\ SOF | (dOMk __ Gom 2QM zor).

(6)

Coming from expression (6) the diameter of OM
tube can be delined with expression

adgy + bdow + ¢ =0, (7)

where a=(1—2p)2p+ 2k —1), b = 2dsor X
X(1—k—2p), c—=(1—(e.+1?)(2
dom — is a diameter of the optical module, mm;
p — is a coefficient which takes into account the
wall thickness of OM, p =(0,15...0,2); £ — is a
coeflicient which takes into account the amount
of elements in to the single-layered cable; # — is
a step of OM wring round a central power el-
ement (CPE), mm.

Thus, the determination of diameter of the
optical module of OC requires:

— setting the construction model of single-
layered cable, that is the number of OF, the
number of elements in layered (OM, fillers),
the step of twisting of elements around CPE,
in thickness of OM tubes as well as lengthen-
ing of cable, because of which OF loses mov-
ing freedom in a tube, that is not yet subject
to the action of the tensile loading.

Expression (7) shows by itself the affected
quadratic, solving of which gives a value dqy.

For determination of dependence
e.= f(dom, AR, h) it is necessary to analyse the
limits of legitimate values ol each parameter
that enters into Eq. (5), (6) and (7). Taking
this into account, the parameters, which enters
into (5), (6) and (7) have the following limits
of the values in the constructions of modern
cables (Table 2).

2
- dEOF ’

Table 2

Limits of legitimate values of h, dy, Atyy

Parameter Limits ‘;)Lllleegilimate
step of twisting 4, mm 80...120
diameter OM dgy, mm 1,8...3,0
thickness of wall of OM Aty,, mm (0,15...0,20)d o
diameter of plait of OF dyor, mm 0,51...1,53
coefficient & 1,155...3,864
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The wall thickness of optical module, as is ev-
ident from table 2, as a rule, makes (15...20) %
of OM diameter. In this work for calculations
of the multimodule OC constructions the thick-
ness of module wall with diameter up to 3 mm
was accepted 15 % and in cables with OM di-
ameter over 3 mm — 20 %.

The diameter of plait of optical fibres is pos-
sible to define in OM, knowing the amount of
OF in a central layer and amount of OF, that
are placed in the first layer by analogy with
the calculation of diameter of layered of pairs
of electric cable [5].

So, in the center of plait of OF can be placed
n=(1...5) optical fibres. The diameter of cen-
tral layer of OF at n=~1 is possible to define
with a formula [5]

d. — doy 1+@, (8)

Nop

where d, — is a diameter of central layer of OF,
mm; dor — is a diameter of OF, mm; nge — is
an amount of OF.

An exception makes a case when ngr =1,
then d. = dqp.

Knowing the amount of OF in the center
of plait, it is possible to define their amount
in next layers which are round the central lay-
er of OF. So, if there is m of OF in the cen-
ter of plait, there in accordance with the law
of «correct» twisting will be (m 4+ 6) OF in

Table 3

Calculation of diameter of plait of dyy

a next layer, that is, in every next layer the
amount of OF is to be increased on 6 compar-
atively with the previous one.

An exception is the first layer, if in the center
of plait there is only one OF. Then, in the first
layer the increase will be not 6, but 5 OF.

As known from [7, 8, 9, 10] and taking into
account world experience of leading firms-pro-
ducers of OC, OM can make a diameter from
1,8 to 3 mm, and the amount of OF, located
in them, to 16 [11].

When using (8), the formulas for calcula-
tion of plait diameter of OF dyor as well as
its value at noe from 2 to 16 (Table 3) have
been received.

As an example, while using (6), the cal-
culations of possible lengthening of 6-element
OC construction ¢, and the size of air-gap have
been conducted between internal wall surface
of OM tube and the plait of optical fibres from
2 to 16 and step of twisting A= 100 mm and
Afoym = 0,15dy and set values dgy, the results
are shown at Table 4.

Table 4

The results of calculation of oc lengthening ¢ _ and size
of air-gap between the internal wall surface of om tube
and the plait of optical fibres

Placing of
OF ils .itn a £ ||E
Amount &i’":rgf] Pt Formula for calcu- Eé'E
of OF placing in a . lation dyop Esﬁ
cteer:_- Ilanyelr == I
1
N dOF 1+
2 | G| 2 | — Sin<£> 0,510
2
1
dOF 1+
4 | &R 4| - sm(g) 0,615
4
1
Aoy dop |1
6 %%3, 1 5 or |1+~ <n> 0,765
X sin| —
6
» 1
dor |3
12 % 3 9 |F +Sin<g> 1,059
O 3
1
16 @ 5 11 dor |3+ . (n) 1,199
Sin g
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. c Lengthening of OC ¢, % (numerator) and
LS u—. air-gap AR, mm (denominator)
o255 | O3
258*5 S o a diameter is OM, mm (numerator)
§~5“5 2 ‘E:-é wall thickness of tube At,y, mm (denominator)
ESE BT s 20 25 27 30
< 0,27 0,30 0,35 0,40 0,45
9 0,238 | 0,312 | 0,553 | 0.643 | 0,813
0,375 | 0,445 | 0,645 | 0,695 | 0,795
4 0.208 | 0,279 | 0.514 | 0.602 | 0,768
0,323 | 0,392 | 0,593 | 0,643 | 0,743
six 6 0.164 | 0,231 | 0.457 | 0.540 | 0.700
0,248 | 0,317 | 0,518 | 0,568 | 0,667
19 0,069 | 0,129 | 0,338 | 0,412 | 0,561
0,101 | 0,170 | 0,371 | 0,421 | 0,521
16 0,021 | 0,077 | 0,278 | 0,349 | 0,492
0,030 | 0,100 | 0,300 | 0,351 | 0,450
g, % 1.0
0.8 dom =3 mm
0.6 —
\
9 \\\\jOM =27 mm
: dOM: 2 mm \\\
\
0.9 _— doy =25 mm
| dow—=1,8 mm ——
on ————

(e}
[\
o~

6 8 10 12 14 16 18
lor

Figure 3. Dependence between possible lengthening of

cable ¢, and amount of OF in OM for the 6-element con-

struction of OC at the step of twisting 4 =100 mm,
Atonm = 0,15d o



Utillizing expression (7) there were con-
ducted calculations dny of 6-element single-
layered construction of OC at A= 100 mm
and Aty =0,15d,, depending on the num-
ber of OF in the modules (from 2 to 16)
and possible lengthenings of OC. Thus £ got
out from Table 1. The results are presented
at fig 3.

CONCLUSION

The given technique of OM diameter deter-
mination depending on the amount of OF in the
module allows to define the possible lengthen-
ing of OC in the construction of cable accept-
ed for development.

The results of researches, executed in this
work, have allowed to do the following con-
clusions:

1. The development of OC construction in or-
der to provide stability of its transmission char-
acteristics and resistibility to mechanical and
temperature influences during laying and exploi-
tation periods needs, above all things, choosing
of cable core model, determination of tube di-
ameter of optical module and possible length-
ening of cable s..

2. In this work the technique has been de-
veloped for doy and e, determination in accor-
dance with characteristics of the chosen model
of optical cable (A, ngog, Afoy and k).

3. It is in-process set that the diameter of
the optical module (7) depends on set possible
lengthening of cable & and characteristics of
its construction (p, &, don and h).

4. It is set on the example of 6-element sin-
gle-layered construction of OC:

— the dependence of possible lengthening
of cable &, = f(dom, nop) on the diameter of the
optical module and number of OF in the mod-
ule (Table 1 and fig. 3) at the permanent val-
ues of step of unidirectional OM twisting round
a central power element and thickness of tube
of the optical module;

— the character of this dependence shows
that with growth of and diminish-

dom
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ing of nge the possible lengthening of OC
grows.

5. The developed technique of dg, determi-
nation allows while designing of chosen OC
model to calculate its geometrical sizes as well
as the resistibility to tensile loading.
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TECHNIQUE OF DETERMINATION OF MODULES TUBE DIAMETER AND POSSIBLE LENGTHENING

OF OPTICAL CABLES CONSTRUCTION

Abstract

In this work technique for determination of modules tube diameter and possible lengthening of optical cables con-
struction is developed by dependence e, = f(dom, AR, h) researching.
Keywords: mechanical loading, possible lengthening of optical cable, diameter of modules tube, plait of optical fi-
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METOJIMKA BU3HAYEHHSI JLIAMETPY TPYBKU MOJYJIS TA JIOMYCTUMOIO BUIOB)KEHHS KOHCTPYKILIT
ONTUYHOI'O KABEJIIO

AHoTauis

B pawuiii po6oti po3pobiieHa MeTOIMKA BH3HAYEHHSI AiaMETPy TPYOKH ONTHYHOrO MOAYJISI TA AOMYCTHMOTO BHIOBXKEHHS
KOHCTPYKL{{ ONTHYHOrO Kabesio 3a JOMOMOrOI0 MOC/IIKEHHs 3anexkHocTi &, = f(doym, AR, k).

KJ1ouoBi cj0Ba: MexaHiuHe HABAHTAXKEHHS, JOMYCTHME BHIOBXKEHHSI ONTHYHOTO Kabesto, AiaMeTp TPYOKH MOIYJIsl, IKIYT
ONTHYHHX BOJIOKOH.
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METOJMKA OINPEJEJIEHUS DUAMETPA TPYBKH MOAYJId U NONMYCTHUMOIO yAJIMHEHWS KOHCTPYKUHH
ONTHYECKOI'O KABEJIS

AHHOTALUS

B nauno#i paboTe paspaGorTaHa MeTOAMKA OMpeleseHHsi AHaMeTpa TPyOKH OMTHYECKOrO MOIYJs M JOMYyCTHMOTO YJIHHE-
HUST KOHCTPYKLHMH OMNTHYECKOro Kabesisi C MOMOILIbI0 HCCAeI0BaHUS 3aBUCUMOCTH &, = f(doym, AR, h).

KatoueBbie caoBa: mMexaHuueckasi Harpyska, DONMYCTHMOE YIJIHHEHHE OINTHYECKOTO Kalesisi, AHAMETp TPYOKH MOYJIs,
JOKYT ONTHUYECKUX BOJIOKOH.
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THE ELECTROSTATIC FIELD IN THE TWO-DIMENSIONAL REGION

BETWEEN UNEVEN ELECTRODES

The problem of the static distribution of the potential ¢ of the electric field in vacuum
in the two-dimensional region of space between two uneven electrodes is set and resolved.
Their surface irregularities are modeled with the help of arbitrary periodic functions. The
approximate solution of the Laplace’s equation Ap =0 satisfying corresponding boundary
conditions is found to the first order of smallness with respect to the magnitude of small
surface irregularities of electrodes. The “theoretical” coordinate dependence of the potential
¢ within established accuracy agrees well with the corresponding “experimental” depen-
dence, which is obtained by methods of computational modeling with the help of the pro-
gram package “COMSOL Multiphysics” in the simple particular case of the “rectangular”
irregularity. The corresponding distribution of the potential ¢ is depicted on the contour
plot. In practice obtained results can be applied, in particular, when conductive probes of
arbitrary form are placed on the even surface of the cathode at equal distances from each
other, and, hence, have direct relevance to the area of scanning tunneling microscopy.

INTRODUCTION

[t is well known that the electrostatic field
in the two-dimensional region of space between
two perfectly even infinite parallel electrodes,
to which the voltage (the potential difference)
U is applied, is homogenous and possesses the
strength

U
Eo=(0, o), Eg=—", (1)

where d is the distance between considered
electrodes, and the potential

(pO(Z) = EZ’ (2)

where the coordinate z corresponds to the di-
rection, which is perpendicular to both of elec-
trodes. Its value z =0 corresponds to the cath-
ode and the value z=4d — to the anode. The
subscript “0” indicates that the case of the
perfectly even surface of both of electrodes is
considered. Besides, it is supposed that the
medium, confined between them, only slight-
ly influences on quantities, describing the elec-
tric field, and this influence can be neglected,
considering the distribution of the potential ¢
in vacuum. If desired the influence of the me-
dium can be taken into account, introducing
into denominators of fractions in formulas (1)
and (2) the quantity ¢ — the relative permittiv-
ity of the medium.

The natural question arises, how formulas
(1) and (2) for the strength E and the poten-
tial ¢ of the considered electric field respective-
ly alter, if surfaces of electrodes are not per-
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fectly even. Irregularities, which are peculiar to
any real surface, can be interpreted as small de-
viations of its shape from the flat one. In the
analogous way in many cases one can inter-
pret conductive probes of the arbitrary shape,
placed on the even surface of the cathode at
equal distances from each other [1]. Changing
the shape and geometric sizes of probes, as
well as the distance between them, one can
achieve optimal relations when using them in-
stead of the only one conductive tip in the scan-
ning tunneling microscope and other analogous
instruments with the purpose of the improve-
ment of their work. Let us note that some of
the latest articles in the area of scanning tun-
neling microscopy are devoted to carbon nan-
otubes [2] and graphene [3—7], that is one of
the most perspective orientations of modern
physics.

The article is constructed in the following
way. At first we consider the case of arbitrary
surface irregularities of both of electrodes and
find in the first order approximation the explicit
expression for the potential ¢ of the electric field
between them. Then as an example we consider
the simple particular case of the “rectangular”
irregularity of the surface of the cathode, find in
the same first order approximation explicit ex-
pressions for the potential ¢ and the component
E, of the strength E along the direction, which is
perpendicular to electrodes, and also graph cor-
responding contour plots, illustrating obtained
formulas. Finally, we compare the “theoretical”
dependence with the corresponding “experimen-
tal” one, obtained by methods of computational
modeling with the help of the program package
“COMSOL Multiphysics”, and draw conclu-
sions.
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ARBITRARY IRREGULARITY

At first let us consider the case of the
arbitrary irregularity. The potential ¢(x, z) of
the electric field satisfies the two-dimensional
Laplace’s equation

2% 0%

A = ox? + 02> 0 ®)
where A, = %4—% is the two-dimension-

al Laplace’s operator, and following boundary
conditions:

o(x, a(x)) =0, @(x, b(x)) = U, (4)

where a(x) and b(x) are some functions, which
define the shape of the surface of the cathode
and the anode respectively and are supposed to
be known. Thus, it is supposed that the poten-
tial, which equals 0, is applied to the cathode
and the potential, which equals U,— to the an-
ode. Their difference amounts to U.

The exact solution of the equation (3) with
boundary conditions (4) is unknown to us,
therefore let us look for its approximate solu-
tion in the form

P(x, 2) ~ @o(2) + @i(x, 2), (5)

where the function ¢(2z) is defined by the for-
mula (2) and the additional function ¢,(x, 2)
takes into account the small deviation of the
shape of the surface of both of electrodes from
the flat one and is supposed to be the quantity
of the first order of smallness with respect to
this deviation. Thus, in the zero order approx-
imation the potential ¢(x, 2) is defined by the
formula (2), corresponding to the case of per-
fectly even surfaces of both of electrodes, and
in the first order approximation — by the for-
mula (5). In the same approximation for func-
tions a(x) and b(x) we obtain

a(x) ~ ay(x) + a,(x) = a,(x),

b(x) =~ bo(x) + bi(x) =d 4 by(x),  (6)

where functions ay(x) =0 and b,(x) = d define
positions of the cathode and the anode respec-
tively in the zero order approximation and ad-
ditional functions a,(x) and b,(x) take into ac-
count their small deviations from values z=0
and z = d respectively and are supposed to be
quantities of the first order of smallness with
respect to these deviations.

Let us establish the explicit form of func-
tions a,(x) and b,(x). Let us suppose that they
are periodic with different periods 2/, and 2/, re-
spectively, where [, and [, are arbitrary positive
real numbers, then in accordance with they can
be expanded into following Fourier series:

A, cos (i—n x) +C, sin (kl—ﬂ x)

i

(7)

o0
a(x)= % + Z
k=1
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B, cos <1§—n x) + D, sin <l§—ﬂ x)

2 2

(8)

which coefficients can be found by correspond-
ing well known formulas. They are quantities of
the first order of smallness. If deviations of the
shape of the surface of both of electrodes from
the flat one were on average symmetric with
respect to the coordinate z, then equalities

Ay=0, By=0 )

would hold. However, these deviations general-
ly are not symmetric, since in any case there
is the electrode itself on the one side from the
surface and the medium, in which it is placed,
from the other. In spite of this, by the appro-
priate choice of positions of electrodes one can
always achieve fulfillment of equalities (9).
Substituting (5) into (3) and taking into
account (2), we obtain the following Laplace’s
equation with regard to the function ¢,(x, 2):

Loy o _
ot =0. (10)

Substituting (5) into (4) and taking into ac-
count (2), we obtain

Y a(x) + @,(x,a(x)) ~ 0,

b(x) + @i(x,b(x)) ~ U.

QT

(11)

From (11) in the same first order approxi-
mation we obtain

U

gal(x) + ¢,(x,0) =0,

2000+ (xd) =0, (12)

Thus, the function ¢,(x, z) satisfies the La-
place’s equation (10) and boundary conditions
(12). The set problem permits of the exact so-
lution. Finding it and substituting the obtained
expression and (2) into (5), in the first order
approximation we finally obtain

0(x,2) ~ Sz +

A, cos (i—nx) + C, sin (’i—ﬂ x)
1 1

k=1 sinh <kl Z)
L

sinh

(e — ) -

1

sinh (k—n z)
b

(13)

B, cos (k—ﬂ x) + D, sin (k—n x)
I, L

“RECTANGULAR” IRREGULARITY

As an example let us consider the case of
the “rectangular” surface irregularity of the



cathode. Deviations of the shape of the surface
of electrodes from the flat one in this case is
described by following functions:

a(x) = h, |x|<r
! —n, r<|xl<l’

b\(x) =0,

(14)
(15)

where A, A’ and r are positive real numbers,
r<1,, h and h’ are connected by the relation

[/ ——

hr=h'(1, — ), -

(16)

ensuring the fulfillment of the first equality (9).
The graph of the function (14) when x € [—1,, /]
and h=0.1 cm, r=0.1 cm, /[, =1 cm is shown
on fig. 1.

a,(x), cm
0.1

0.06

o
0.08}
6
0.041
2

0.02}

~ X, cm

S E— 05 10

Fig. 1. The graph of the function (14) when x € [—[,, [|]
and h=0.1 cm, r=0.1 cm, [,=1 cm

Expanding functions (14) and (15) into Fouri-
er series (7) and (8) and substituting coefficients
of obtained expansions into (13), we obtain

U Uk,
Px,2) ~—z+ :

d nd(l,—r)

+ sin (k—ﬂ r)

X Z—l‘kcos (li—ﬂ x) sinh A}—ﬂ(z — d)l.
o ksmh( nd) '

1

1

(17)

Obtained function (17) corresponds to the
“rectangular” surface irregularity of the cath-
ode. When A=0.1 cm, r=0.1 cm, /,=1 cm,
d=1cm, U=1 V from (17) we obtain

o(x,2) ~z+

2 Y sin(0. 1)

+ 9 p k sinh(kdt)

cos(kmx)sinh[kn(z —1)], (18)

where coordinates x and z are measured in
centimeters and the potential ¢ — in volts.
The contour plot of the [unction (18) when
;c €[—0.5,0.5] and 2z €[0.1,0.5] is shown on
ig. 2.

From (17) we obtain in the first order ap-
proximation the following expression for the
component E, of the strength E of the consid-
ered electric field along the direction, which is
perpendicular to both of electrodes:

Fig. 2. The contour plot of the function (18) when
x €[—0.5,0.5] and z €[0.1, 0.5]

_ % __U__2Uh
E.(x2) = 0z d d(l—r)
+o sin(k—ﬂr>
X E —l‘cos(k—nx)cosh —(z d)l (19)
. kn Z1 ll i
k=1 smh(l—d)

When A=0.1 ecm, r=0.1 cm, [,=1 cm,
d=1cm, U=1 V from (19) we obtain

E,(x,2) =~ —1—%><

o0
sin(0.1kst) o
X Z—sinh(kﬂ) cos(kmx)cosh[km(z —1)], (20)

where coordinates x and z are measured in cen-
timeters and the quantity E, — in volts per cen-
timeter. The contour plot of the function (20)
when x € [—1, 1] and 2 €[0.1, 1] is shown on
fig. 3.

When x =0 from (20) we obtain

_ sin(0.1km) .
E.(0,2) 1 — 92 by coshlka(z — D).

(21)

The graph of the function (21) when
z€0.1, 1] is shown on fig. 4.

Thus, on fig. 4 the “theoretical” dependence

of the function E,(0, z) on the variable z is de-
picted. Its comparison with the corresponding
“experimental” dependence, which is obtained
by methods of computational modeling with the
help of the program package “COMSOL Mul-
tiphysics” and depicted on fig. 5, shows that
within established accuracy they agree well
with each other.
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Fig. 3. The contour plot of the function (20) when
xe[—1,1] and z€[0.1, 1]
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Fig. 4. The graph of the function (21) when z€[0.1, 1]

CONCLUSIONS

Obtained results allow to draw following
conclusions:

1. The problem of the static distribution of
the potential ¢ of the electric field in vacuum
in the two-dimensional region of space between
two uneven electrodes is set and resolved in
the first order approximation.

2. The simple particular case of the “rect-
angular” irregularity of the surface of the cath-
ode is considered and explicit expressions for
the potential ¢ and the component E, of the
strength E along the direction, which is per-
pendicular to electrodes, are found in the first
order approximation.

3. Contour plots, illustrating obtained for-
mulas, are graphed and it is shown that the
“theoretical” coordinate dependence within es-
tablished accuracy agrees well with the corre-
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E(0,2), V/em

o 0.1 0.2 0.z 0.4 0.5 0.6 0.7 0.8 0.9

(z—0.1), cm

Fig. 5. The graph of the function E,(0, z) of the variable

(z—0.1) when z€[0.1, 1], obtained by methods of com-

putational modeling with the help of the program package
“COMSOL Multiphysics”

sponding “experimental” dependence, which is
obtained by methods of computational modeling
with the help of the program package “COM-
SOL Multiphysics”.

4. In practice obtained results can be ap-
plied, in particular, when conductive probes of
arbitrary form are placed on the even surface of
the cathode at equal distances from each other,
and have direct relevance to the area of scan-
ning tunneling microscopy.
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THE ELECTROSTATIC FIELD IN THE TWO-DIMENSIONAL REGION BETWEEN UNEVEN
ELECTRODES

Abstract

The problem of the static distribution of the potential ¢ of the electric field in vacuum in the two-dimensional region
of space between two uneven electrodes is set and resolved. Their surface irregularities are modeled with the help of
arbitrary periodic functions. The approximate solution of the Laplace’s equation Ap =0 satisfying corresponding bound-
ary conditions is found to the first order of smallness with respect to the magnitude of small surface irregularities of
electrodes. The “theoretical” coordinate dependence of the potential ¢ within established accuracy agrees well with the
corresponding “experimental” dependence, which is obtained by methods of computational modeling with the help of
the program package “COMSOL Multiphysics” in the simple particular case of the “rectangular” irregularity. The corre-
sponding distribution of the potential ¢ is depicted on the contour plot. In practice obtained results can be applied, in
particular, when conductive probes of arbitrary form are placed on the even surface of the cathode at equal distances
from each other, and, hence, have direct relevance to the area of scanning tunneling microscopy.

Key words: electric field, two-dimensional region, electrode.
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M. B. Yusxcos, M. B. diineopH
3JIEKTPOCTATUYECKOE MOJIE B JIBYMEPHOW OBJIACTU ME)XY HEPOBHbIMHU 3JIEKTPOJIAMMU

Pestome

[TocTaBsnena u pelleHa 3amaya O CTATHYECKOM pacrpefefeHHH TMOTEHLHATa ( 3JeKTPUYECKOro T0JsT B BaKyymMe B JBY-
MepHO# 00/1aCcTH MPOCTPAHCTBA MeXKIy ABYMsSI HEPOBHBIMH 3JEKTPOAaMH. HepoBHOCTH HX IOBEPXHOCTEH CMOJEJHPOBAHbI C
MOMOILBIO TIPOM3BOJIBHBEIX Teproauueckux (yHkumH. Hafineno mpubmmkenHoe peurenue ypaBHenusi Jlammaca Ag =0, ymo-
BJIETBOpSIIOLEe COOTBETCTBYIOLIUM TPAHMYHBIM YCJOBHSIM, C TOYHOCTBIO [0 MEPBOTrO MOpPsiIKa MaJOCTH IO BeJHUHHE MaJblX
HEepPOBHOCTeH NOBepXHOCTel 3/1eKTponoB. “TeopeTnueckass” 3aBHCHMOCTB MOTEHIHasa ¢ OT KOODAHHAT B Tpefesax yCTaHOB-
JIEHHOH TOYHOCTH XOPOLIO COIJIACYEeTCS C COOTBETCTBYIOLIEH “IKCrepUMEeHTaNbHON  3aBUCHMOCTbBIO, KOTOpAs MOJyuyeHa MeTo-
JIaMH YUCJIEHHOTO MOIEJMUPOBAHHUS C MOMOLIbI nporpammHoro nakera “COMSOL Multiphysics”™ B mpocTom uacTHOM ciyuae
“npsimoyro/ibHO#” HepoBHOCTH. COOTBETCTBYIOLLEe paclpeeseHre MOTeHLHaMa (@ H300pakeHO Ha KOHTYpHOM rpaduxe. Ha
MPaKTHKe MOJydeHHble Pe3yJabTaThl MOIYT OBITh IPUMEHEHbI, B YaCTHOCTH, KOTJa Ha POBHOH IOBEPXHOCTH KaTojga Ha pas-
HBIX PACCTOSIHUAX APYT OT JApyra YCTaHOBJIEHbI IPOBOJSIIHE 30HAbI NPOM3BOJBHONH (DOPMBI, H, CJeL0BAaTENbHO, UMEIOT Mps-
MOe OTHOLIeHHe K 00JaCTH CKAaHHPYIOUIEH TYHHEJbHOH MHKPOCKOIHH.

KiloueBble cioBa: sjekTpuuecKoe IoJje, IByMepHas 00/1acThb, 3JEKTPOL.
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M. B. Yuacos, M. B. EilneopH
EJIEKTPOCTATUYHE TMOJIE ¥ JBOBUMIPHIA OBJIACTiI Mi)K HEPiBHUMHU EJEKTPOJIAMHU

Pesiome

[TocraBsnena Ta posp’s3aHa 3afaua MpPo CTATHYHHH PO3MOMIT MOTEHLialTy (p eJeKTPUYHOTO TOJs Y BaKyyMi y JBOBHMIp-
Hill o6sacTi mpocTopy MiXK ABOMa HepiBHHMHU eseKTpoiamu. HepiBHocTi iX moBepXoHb 3MoOze/bOBaHi 3a JOMNOMOIOI IOBi/b-
HHUX TepiomuyHux (YHKLiNA. 3Ha#imeHo HaOJMKeHHH po3B’si3ok piBHsHHS Jlammaca A@ =0, fxuil 3an0BiJbHSE BiANMOBiAHUM
TPaHUYHUM yMOBaM, 3 TOYHICTIO [0 MEPLIOro MOPSIAKY MaJsoCTi MO BeJMYMHI MajnX HepiBHOCTeH MoBepXoHb esekTpomiB. “Te-
opeTHuHa’ 3aJIeXKHICTb MOTEHLiaTy ¢ Bil KOOPOMHAT Yy Me)KaxX BCTAHOBJIEHOI TOYHOCTI NOOpPEe Y3rOMKYEThCS i3 BiAMOBIAHOIO
“eKCrepUMeHTa/bHOI  3a/IeXKHICTIO, fKa OTpUMaHa MEeTOAAaMH YHCEJbHOIO MOJIENIOBAHHS 32 AONOMOIOI0 IPOrpaMHOro Make-
Ty “COMSOL Multiphysics” y mpocToMy OKpeMOMYy BUMAOKy “TPSMOKYTHOI HepiBHOCTi. BimmoBimHuili posmomis moreHuiamty
¢ 300paxkeHO Ha KOHTypHOMy rpadixky. Ha mpaxTtuui orpumani pesysbTaTH MOXKYyTb OyTH 3aCTOCOBaHi, 30KpeMa, KOJH Ha
piBHIHl moBepxHi KaToAy Ha PIBHUX BiCTAHAX OAWH Bil OQHOrO BCTAHOBJIEHI MPOBIAHI 30HAM AOBINbHOI (GOPMH i, OTXKe, Ma-
I0Tb NpsIMe BiIHOLIEHHS 10 00/acTi CKaHyluoi TyHeJbHOI MiKpOCKOMII.

KatouoBi cioBa: esnexTpuuHe mosie, IBOBHMipHA 06J1acTh, €JEKTPOA.
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SATURATION CURRENT OF THE THERMOSENSITIVE FIELD
FIELD-EFFECT TRANSISTORS UNDER B-IRRADIATION

The influence of B-irradiation on the saturation current of the thermosensitivity of FET
has been investigated. It was shown that the change current saturation started from the
electron flux Fe > 10" cm—2 with energy of 1 MeV. The influence of these factors leads to

averaging of thermosensitivity.

[t is known that transistors are devices use-
ful for temperature sensors [1]. Investigation of
thermosensitive properties of field-effect transis-
tor (FET) is rather actual. Study and control
of the temperature dependence of saturation
current allow to developing temperature sen-
sors with current and potential gate and cur-
rent stabilization devices with controlled tem-
perature coeflicient of output current. Now a
days, there is no information of the influence
of radiation treatment to thermosensitive prop-
erties of FET. At the same time high sensitiv-
ity of semiconductor materials and devices to
radiation and wide use of microelectronic tem-
perature sensors made this problem as one of
actual. In the present work radiation treatment
effects on saturation current of thermosensitive
FET in passive regime has been investigated.

The influence of radiation treatment on sat-
uration current of FET with p—n junction and
MIS transistors with internal channel is deter-
mined by the change of bulk resistance of the
channel as result of defect formation after ra-
diation treatment. In bipolar connection of FET
the changes of saturation drain current (the
gate is connected with source) /, ., under ir-
radiation don’t depend on the life time of mi-
nority charge carriers, but are defined by the
changes of their concentration and mobility.
Therefore, they are less affected by radiation
than bipolar transistors. The change of satura-
tion drain current can be described by follow-
ing equation [2]:

[d sat.ph
e~ eXp(_QKpFn)»

[d.sat,O

— the saturation current before
treatment, /[, ., ,, — the saturation current af-
ter treatment 1% — coefficient of conductivity
channel change F — neutrons flux. In fig. 1
the calculated dependences of saturation current
on neutron flux under different dopant concen-
trations in conductivity channel are shown.
To investigate the influence of radiation
treatment on saturation current 2P202G transis-
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Fig. 1. Theoretical values of saturation current chan-
ges. Dopant concentration in channel: / —5-10"% cm=—3,
2—10"% ¢m=3, 8 — 107 e¢m—3

tors were used. After measurements of /, ., , at
T=293 K, they have been split on 14 groups
with 3 samples in the group. All samples were
treated only with one kind of radiation and one
intensity. The electron flux F, had different val-
ues: 103 10 5.10%", 105, 5.10'5 cm—2 with
energy 5 MeV. The measurements were provid-
ed on linear accelerator ‘Electronica’. The influ-
ence of y-radiation with energy 1 MeV and ex-
position doze D, 10°, 107, 3-107, 6-107, 3-10® R
was studied on K100000 setup and neutron
treatment was provided on reactor VVP-M with
neutron flux F, 103, 5-10, 10", 5-10" cm—2
and energy 1.1 MeV.

The radiation treatment was estimated as
the changes of saturation current before and
after exposition. The results of radiation ef-
fects on I, ., of FET are shown in fig. 2. As
one can see [rom the curves the experimen-
tal data has good correlation with theoretical
calculations.

© Sh. D. Kurmashev, 1. M. Vikulin, A. 1. Nimtsovich, 2011
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Fig. 2. Saturation current changes under different radiation
exposure: electron flux (7), neutron flux (2), y-radiation (3)

The bridge scheme, consisted of 4 FET, has
been used to investigate thermosensitivity of the
FET (Al ., ,/AT). The samples were connect-
ed in pairs into diagonal parts of the scheme
and then kept into thermostat. At T=293 K
and T=2303 K the disbalance of the bridge
scheme was measured and the thermosensitivity
of the samples was calculated. Then, the sam-
ples were exposed to y-radiation, neutron and
electron fluxes and thermosensitivity of the sam-
ples was measured again. The annealing of the
sample was kept at T=1425 K during 1 hour.
The thermosensitivity of annealed samples was
measured under the above mentioned scheme.
All results are presented in Table 1.

From the table 1 the one can see that radi-
ation treatment leads to the increase of thermo-
sensitivity and averaging of its value between
the samples from different groups. Thus, tran-
sistors with high thermosensitivity increased
it after lower exposure times than transistors
with lower thermosensitivity. The clear depen-
dence of thermosensitivity on radiation level
was not revealed. Annealing procedure didn’t
show the same influence on thermosensitivity
changes as well.

The changes of MIS-transistors parameters
under irradiation resulted from radioactive de-
fects in dielectric and on dielectric-semiconduc-
tor boundary [3]. Under irradiation exposure
positive charge is formed in dielectric of MIS
structure, which is collected close to dielectric-
semiconductor boundary under positive gate po-
tential and to dielectric-metal boundary under

Table 1

3 Thermosensitivity AU/AT, mV/K
g_ﬂ- Type of irradiation
E5 | radaton | radiagon | | Alter and dore
z treatment treatment annealinf

1 75 227 383 y-quants

2 25 360 496 D,=3-10" R

3 83.5 265 144 y- quants

4 25 216 186 D,=3-10" R

5 41.5 242 352 y-quants

6 133 148 156 D,=3-10® R

7 58.4 155 146 electrons

8 83.5 230 183 F,=10" ¢m—2

9 66.6 177 176 electrons

10 66.6 108 167 F,=5-10" ecm—2
11 31.6 78 183 electrons

12 41.6 177 188 F,=10"% cm—2
13 125 62 87 electrons

14 25 102 114 F,=5-10"%cm—2
15 41.6 158 181 neutrons

16 83.5 107 113 F,=5-10" cm—2
17 75 161 134 neutrons

18 66.6 455 436 F,= 10" c¢cm—2
19 83.5 159 140 neutrons

20 29.2 161 161 F,=5-10" cm—2

negative gate potential. The influence of positive
charge is stronger in case it is located close to
semiconductor surface, what is seen under pos-
itive gate potential. Degradation of MIS-transis-
tors at this type of connection is much higher
than at other kinds of commutation. Influence
of collected positive charge appears in chang-
es of gate voltage threshold U, , what leads
to the saturation current changes. The change
of U, dependently on radiation doze is much
drastically in case of sub gate dielectric, grown
in dry air atmosphere [2].

Sensitivity of MIS transistors to radiation
increases with the enhance of gate thickness
of metallic layer but doesn’t depend on Si con-
ductivity type and its dopant content [4]. Deg-
radation of MIS transistors has stable behavior
and relies on radiation influence, which has no
enough energy to form structural disorders. At
room temperatures /, ., ,, and other parameters
can not be restored and to restore it the addi-
tional annealing at 7> 620 K is needed.

At the present time there are only few the-
ories, which explain the main experimental re-
sults on radiation effects in MIS transistors.
However, numerical relations for saturation cur-
rent and radiation factors are absent.

For experiments KP305 MIS transistors
have been used. Thermosensitivity tests under
y-radiation with energy 5 MeV were performed.
Saturation current was measured at T=273 K
and at T=333 K. The obtained results are
shown in Table 2. It can be seen from the ta-
ble that exposure dose D, < 10° R led to the
increase of the saturation current. The doze
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Table

2

Parameters values
Before radiation treatment After radiation treatment
D, R
Ly caior BA Ty ot o A
Al /AT, pA/K Al s /AT, pA/K
T=273 K T=333 K T=273 K T=333 K

4720 4982 4.36 6881 6939 0.9 104
1192 12439 8.5 13393 13983 9.8 104
11.2 59.6 0.8 19.5 263.4 4.1 104
15.6 84.3 1.1 21.4 313.8 4.9 10°
4137 4161 0.4 6851 7230 6.3 10°
5077 4925 —2.5 5857 6290 7.1 10°
1.38 25.1 0.4 17.4 189 2.9 106
3397 3819 7.1 475 1091 10.3 108
5050 5300 —10.9 33.4 342.1 5.2 106
6.48 71.5 1.1 22.4 291.3 4.5 107
3.719 4.448 12.2 49.8 579 8.8 107
4.698 4.864 2.8 81.5 81.5 642 107
434 128.3 1.4 58.9 603.7 9.1 108
4664 4433 -3.8 32.2 439 6.8 108
3894 4235 5.5 29.8 415.7 6.4 108

D, < 10° R led to averaging I, ., ,, values to
narrow region. As result /; . ,, ol MIS transis-
tors after y-radiation treatment with D, = (10—
108) R had valued from the region 17—475 pA
at T=373 K, but before exposure the values
lied in the region of 1—5000) pA. Investiga-
tion of stability of radiated samples showed that
Iy ot pn value had no changes within few months.
Annealing at T~400 K within 3 hours didn’t
have any influence to /; o .

Besides the development of restore /[y .
value, y-radiation influence with D, = (10°—
108) R leads also to averaging of thermosen-
sitivity values. Before exposure Al ., /AT
values were in the range of —10.9 — 4122
wA/K but after y-radiation treatment with
D, = (105—108) R this region narrowed to
2.9..10.3 pA/K.

Investigation of y-radiation influence on
Iy .. o of another MIS transistors showed results
similar to the present work data. Analysis of
the results points to the fact that y-radiation
D, = (10°—107) R with energy 1.25 MeV leads
to good repeatability of saturation current of
MIS transistors. Under y-radiation D, < 10% R
repeatability of /; o ,, and A/, Sat_O/ATY decreas-

UDC 621.315.592
Sh. D. Kurmashev, 1. M. Vikulin, A. 1. Nimtsovich

es. Under y-radiation D, > 10% R repeatability
of I, o and Al ., o/AT doesn’t improve.

On the basis of the results the method to
fabrication of MIS transistors was proposed. It is
based on radiation treatment of the MIS struc-
tures by y-radiation D,= (10°—107) R. It im-
proves repeatability of /, ., ,- This method can
be used to form photosensitive MIS transistors.

It was shown, that the change of /, ,, , starts
with electron flux of F,> 10'* cm—? with ener-
gy 5 MeV, y-radiation D, > 10° R with energy
1.26 MeV, neutron flux ﬁn> 5-10'2 ecm—2 with
energy 1 MeV. These factors with high intensi-
tie lead to averaging of thermosensitivity.

REFERENCES

1. Hatuuku. B. M. lllapanos, E. C. [Tomumyxk, I'. I'. Mma-
HuH u 1p. — Kues: Bpama, 2008. — C. 430.

2. JleficTBHe MpOHMKAIOLIEH pagvalMU Ha M3AEJIHS K-
TponHo# Texuuku. B. M. Kynakos, E. A. Jlagerrun, B. W. Illa-
XOBLOB # ap., nox pen. E.A. Jlagpiruna. — M.: Panwo u
cBs3b, 2001. — C. 135.

3. Basunaos B. C., ¥xun H.A. Papuaumonnsie 3pQexTs
B TOJIYIIPOBOHUKAX U MOJYNPOBOAHUKOBLIX Npubopax. — M.:
Artomusnar, 2002. — C. 168.

4. Zaininger K. H. Electrical properties of electron
bombardment MOS-structures // IEEE Trans. — 2006. —
V. 16. — N. 6. — P. 146—148.

SATURATION CURRENT OF THE THERMOSENSITIVE FIELD FIELD-EFFECT TRANSISTORS

UNDER B-IRRADIATION

Abstract

The influence of p-radiation treatment to saturation current of thermosensitivity of field-effect transistors has been
investigated. It was shown that the change current saturation started from the electron flux F,> 10" ¢cm~2 with ener-
gy of 1 MeV. The influence of these factors leads to averaging of thermosensitivity.

Key words: saturation current, transistors, thermosensitivity.
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Ui /. Kypmawes, H. M. Bukyaun, A. H. Humyosuu
TOK HACBILEHUSI TEPMOYYBCTBUTEJIbHBIX MOJIEBbIX TPAH3UCTOPOB IMPU NEWCTBUU PAJIUALIMU

Pesiome

H3ydeHo BiusiHHe 0OJy4eHHS B NTaCCUBHOM peXKHMMe Ha TOK HACBILIEHHS ¥ TePMOUYYBCTBHTEJNBHOCTD IOJIEBBIX TPAH3HCTO-
poB. [TokasaHo, 4TO H3MEHEHHE TOKAa HACHIIEHHS HAauyMHAETCs MPH BO3AEHCTBHH MOTOKA 3/7eKTpoHOB F,> 103 cm—2? sHep-
rueii 5 M3sB, -KBaHTOB 35KCHO3WLMOHHOH mo30# D, > 10° R sueprueii 1.26 MsB, noroxa mefitponos F,>5-10'? cu—?
sHeprueir 1 M»sB. BospneficTBue ykasaHHBIX (AaKTOPOB OOJIbILIOH HHTEHCHBHOCTH MPUBONUT K YCPEeIHEHHIO 3HAYeHHH TepMo-
4yBCTBHTENBHOCTH.

KatoueBble ci0oBa: TOK HaCbILIEHHSI, TPAH3UCTOP, TEPMOUYBCTBUTENBHOCTD.
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1. 1. Kypmawes, I. M. Bikyain, A. . Hinyosuu
CTPYM HACHYEHHSI TEPMOYYTJIMBUX MOJIbOBUX TPAH3UCTOPIB MiJ BNJUBOM PALIALLIT

Pestome

BuBueHO BMJIMB ONPOMIHIOBAHHSI y MAacHBHOMY pPeXKHMi Ha CTPyM HACHYeHHS | TepMOUyHIHBICTb MONBOBHX TPaH3HCTO-
piB. IloBeieHo, 110 3MiHa TOKY HACHUYEHHsSI MMOYMHAETHCS MpPH. BIJIKBI MOTOKY ejeKTpoHiB F,> 10'3 cm—2 enepriero 5 MeB,
Y-KBaHTiB ekcmosiuifinoo nosoo D, > 10> R enepriero 1.26 MeB, motoxy ne#itponis F, > 5-10'? cm? enepriero 1 MeB.

Brnnue BKasaHUX (PaKTOpPiB BeJNHMKO! iHTEHCHUBHOCTI IPUBOAUTb N0 YCEPEIHEHHS 3HAaYeHb TePMOYYTJIUBOCTI.

KuolouoBi csioBa: cTpyMm HacHUeHHS, TPAH3HCTOD, TEPMOYYTJIHUBICTB.
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SPECTROSCOPY OF AUTOIONIZATION RESONANCES IN SPECTRA

OF THE LANTHANIDES ATOMS

We applied the generalized energy approach (Gell-Mann and Low S-matrix formalism)
to studying the autoionization resonances in heavy atoms, in particular, firstly predicted
parameters for the Yb autoionization resonances with accounting for exchange-correlation

and relativistic effects.

Traditionally an investigation of spectra,
spectral, radiative and autoionization charac-
teristics for heavy and superheavy elements
atoms and multicharged ions is of a great in-
terest for further development atomic and nu-
clear theories and different applications in the
plasma chemistry, astrophysics, laser physics,
etc. (see Refs. [1—10]). Theoretical methods
of calculation of the spectroscopic characteris-
tics for heavy atoms and ions may be divided
into a few main groups [1—6]. First, the well
known, classical multi-configuration Hartree—
Fock method (as a rule, the relativistic effects
are taken into account in the Pauli approxima-
tion or Breit hamiltonian etc.) allowed to get
a great number of the useful spectral informa-
tion about light and not heavy atomic systems,
but in fact it provides only qualitative descrip-
tion of spectra of the heavy and superheavy
ions. Second, the multi-configuration Dirac—
Fock (MCDF) method is the most reliable ver-
sion of calculation for multielectron systems
with a large nuclear charge. In these calcula-
tions the one- and two-particle relativistic effects
are taken into account practically precisely. In
this essence it should be given special atten-
tion to two very general and important comput-
er systems for relativistic and QED calculations
of atomic and molecular properties developed
in the Oxford group and known as GRASP
(“GRASP”, “Dirac”; “BERTHA”, “QED”) (look
[l—5] and references there). In particular, the
BERTHA program embodies a new formula-
tion of relativistic molecular structure theo-
ry within the framework of relativistic QED.
This leads to a simple and transparent formu-
lation of Dirac—Hartree—Fock—DBreit (DHFB)
sell-consistent field equations along with algo-
rithms for molecular properties, electron cor-
relation, and higher order QED effects. The
DHFB equations are solved by a direct meth-
od based on a relativistic generalization of the
McMurchie—Davidson algorithm for molecular
integrals that economizes memory requirements
and is not significantly more expensive computa-
tionally than comparable nonrelativistic calcula-
tions [4].

90

In this paper we applied the generalized
energy approach (Gell—Mann and Low S-ma-
trix formalism) [8—15] to relativistic calculation
of the autoionization characteristics of some
heavy atoms on the example of the Yb atom.
The generalized gauge-invariant QED version
of the energy approach has been further devel-
oped by Glushkov—Ivanov—Ivanova (see Refs.
[8—10]). The approach is based on the Gell-
Mann and Low S-matrix formalism and the
gauge-invariant QED PT with using the opti-
mized one-quasiparticle representation and an
accurate account of the relativistic, correlation,
nuclear, radiative effects. In relativistic case the
Gell—Mann and Low formula expressed an en-
ergy shift AE through the QED scattering ma-
trix including the interaction with as the pho-
ton vacuum field as the laser field [11, 12]. The
first case is corresponding to definition of the
traditional radiative and autoionization charac-
teristics of multielectron atoms and ions. The
wave function zeroth basis is found from the
Dirac equation with a potential, which includes
the ab initio (the optimized model potential or
DF potentials, the electric and polarization po-
tentials of a nucleus; the Gaussian or Fermi
forms of the charge distribution in a nucleus
are usually used) [5]. The correlation correc-
tions of the PT high orders are taken into ac-
count within the Green functions method (with
the use of the Feynman diagram’s technique).
All correlation corrections of the second order
and dominated classes of the higher orders di-
agrams (electrons screening, particle-hole inter-
action, mass operator iterations) are taken into
account [12—14].

Generally speaking, the majority of complex
atomic systems possesses a dense energy spec-
trum of interacting states with essentially rela-
tivistic properties. In the theory of the non-rel-
ativistic atom a convenient field procedure is
known for calculating the energy shifts AE of
degenerate states. This procedure is connected
with the secular matrix M diagonalization [8].
In constructing M, the Gell—Mann and Low
adiabatic formula for AE is used. A similar ap-
proach, using the Gell—Mann and Low formula

© A.V.Glushkov, A. A. Svinarenko, A. V. Ignatenko, 2011



with the electrodynamics scattering matrix, is
applicable in the relativistic atom theory [8]; the
approach is consistently electrodynamic. In con-
trast to the non-relativistic case, the secular ma-
trix elements are already complex in the second
order of the electrodynamic PT (first order of
the interelectron interaction). Their imaginary
parts are connected with the radiation decay
(radiation) possibility. The total energy shift of
the state is usually presented in the form:

AE =Re AE + iImAE, InAE = —T/2, (1)

where T' is interpreted as the level width, and
the decay possibility P=T.

In this approach, the whole calculation of
the energies and decay probabilities of a non-
degenerate excited state is reduced to the cal-
culation and diagonalization of the complex ma-
trix M. In the papers of different authors, the
Re AE calculation procedure has been general-
ized for the case of nearly degenerate states,
whose levels form a more or less compact group.
One of these variants has been previously [8]
introduced: for a system with a dense energy
spectrum, a group of nearly degenerate states
is extracted and their matrix M is calculated
and diagonalized. If the states are well sepa-
rated in energy, the matrix M reduces to one
term, equal to AE. The non-relativistic secular
matrix elements are expanded in a PT series
for the interelectron interaction.

The complex secular matrix M is represent-
ed in the form [9,10]:

M= MO 4+ MO 4+ MO 4+ M®), (2)

where M© is the contribution of the vacuum
diagrams of all order of PT, and MM, M® M®
those of the one-, two- and three- quasiparti-
cle diagrams respectively. M® is a real matrix,
proportional to the unit matrix. It determines
only the general level shift. We have assumed
M©® =0. The diagonal matrix MY can be pre-
sented as a sum of the independent one-quasi-
particle contributions. For simple systems (such
as alkali atoms and ions) the one -quasiparti-
cle energies can be taken from the experiment.
Substituting these quantities into (2) one could
have summarised all the contributions of the
one -quasiparticle diagrams of all orders of the
formally exact QED PT. However, the neces-
sary experimental quantities are not often avail-
able. The first two order corrections to Re M®
have been analyzed previously [5] using Feyn-
man diagrams. The contributions of the first-or-
der diagrams have been completely calculated.
In the second order, there are two kinds of di-
agrams: polarization and ladder ones. The po-
larization diagrams take into account the quasi-
particle interaction through the polarizable core,
and the ladder diagrams account for the im-
mediate quasiparticle interaction. Some of the
ladder diagram contributions as well as some
of the three-quasiparticle diagram contributions
in all PT orders have the same angular sym-

metry as the two-quasiparticle diagram contri-
butions of the first order. These contributions
have been summarized by a modification of
the central potential, which must now include
the screening (anti-screening) of the core po-
tential of each particle by the two others. The
additional potential modifies the one-quasiparti-
cle orbitals and energies. Then the secular ma-
trix is as follows:

M= A0 4 f1e, 3)

where M1 is the modified one-quasiparticle ma-
trix (diagonal), and M® the modified two-qua-

siparticle one. MM is calculated by substituting
the modified one-quasiparticle energies), and

M® by means of the first PT order formulae

for M®, putting the modified radial functions
of the one-quasiparticle states in the radial in-
tegrals.

Let us note that in the QED theory, the
photon propagator D(12) plays the role of this
interaction. Naturally (see above) the analyti-
cal form of D(12) depends on the gauge, in
which the electrodynamic potentials are writ-
ten. In general, the results of all approximate
calculations depended on the gauge. Natural-
ly the correct result must be gauge invariant.
The gauge dependence of the amplitudes of the
photoprocesses in the approximate calculations
is a well known fact and is in details investi-
gated by Grant, Armstrong, Aymar and Luc—
Koenig, Glushkov—Ivanov [1, 2, 5, 8]. Grant
has investigated the gauge connection with
the limiting non-relativistic form of the tran-
sition operator and has formulated the condi-
tions for approximate functions of the states,
in which the amplitudes of the photoprocess-
es are gauge invariant. These results remain
true in the energy approach because the final
formulae for the probabilities coincide in both
approaches. Glushkov-Ivanov have developed a
new QED version of the energy approach [9].
Here we applied the generalized version of the
energy approach (EA) in QED formulation with
using the gauge-invariant procedure for gener-
ating the relativistic orbital bases (abbreviator:
EA-QEDPT).

The autoionization width is defined by the
square of an electron interaction matrix element
having the form [8]:

Visa = [(71)(2)(73) ([ * X
_ his A
<D (1, L)) Re@.0230. (@
mn
The real part of the electron interaction ma-

trix element is determined using expansion in
terms of Bessel functions [5, 8]:

coslwln,  m %
ha o 2\/@
X LMl ), s (lolr )P (cos ). (5)
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The Coulomb part Q2" is expressed in terms
of radial integrals R,, angular coefficients S,:

Re Q™ = ~Re{R (1243)S, (1243) +
+ R,(1243)S,(1243) + R, (1243)S, (1243) +
+ R, (1243)S, (1243)}. (6)
As a result, the autoionization decay proba-

bility is expressed in terms of Re@,(1243) ma-
trix elements:

Re Rx(l 243) =
(R AR 2 ()20, (7)

where f is the large component of radial part
of single electron state Dirac function and func-
tion Z is

A+1/2

Jx+1/2(a|0313|r)

AT(L+3/2)

z} — ®)

|(013|aZ

The angular coefficient is defined by stan-
dard way as above [3]. The Breit part of @
is defined in the similar way as above, but
the contribution of our interest is a real part.
The Breit interaction is known to change con-
siderably the Auger decay dynamics in some
cases (see, for example, Rels. [8]). The cal-
culation of radial integrals ReR,(1243) is re-
duced to the solution of a system of differential
equations:

yi=FhZ (@la| )i,
o= hiZi (o r)r2?, (9)
Y3 =lybh + Y 1232 (]| r)r' .

In addition, y,(e0) = Re R,(1243), y,(0) = X, (13).
The system of differential equations includes
also equations for functions f/rl==1 g/rlel=1
zZWV, Z2. The formulas for the autoionization
(Auger) decay probability include the radial in-
tegrals R, (akyp), where one of the functions de-
scribes electron in the continuum state. When
calculating this integral, the correct normaliza-
tion of the function W, is a problem. The cor-
rectly normalized function should have the fol-
lowing asymptotic at r—0:

i }H(km)—l/Q {[w—|—(ocZ)2]1/2 sin(kr +9),

g [ —(xZ)~2]"2 cos(kr +0). (10)

When integrating the master system, the
function is calculated simultaneously:

N(r) = {moo, [f2 [0, + (@Z) 2] +

—1/2
+ gilw, + (@Z )]} (11)
It can be shown that at r— o, N(r)— N,
where N, is the normalization of functions f,,

g, of continuous spectrum satisfying the con-
dition (10).
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[t is important also to note that the calcu-
lation is carried out in the jj-coupling scheme
representation. The transition to the interme-
diate coupling scheme has been realized by
diagonalization of the secular matrix. Indeed,
only ReM should be diagonalized. The imagi-
nary part is converted by means of the matrix
of eigenvectors {C,,}, obtained by diagonaliza-
tion of ReM:

ImM,,=¥.C.; M, Cy.

if

(12)

M, are the matrix elements in the jj-coupling
scfleme, and M,, in the intermediate coupling
scheme representation. This procedure is correct
to terms of the order of ImM/ReM |[8].

In table 1 we present the experimental data
(Letokhov et al [16, 17]) and theoretical results
for energies and widths of the autoionization
states of the 7s6p configuration on YbI (account
from the ground state: 6s? Yb): E1, I'l — data
by Ivanov et al (EA-RPTMP method) [17, 18];
E2, T2 — EA-QED PT data. An analysis shows
quite physically reasonable agreement between
the values of energies El, E2, E. , however,
the values of the widths T'l, T, significantly
differ. In our opinion, this fact is explained by
insufficiently exact estimates of the radial in-
tegrals, using the non-optimized basises and
some other additional calculation approxima-
tions. The EA-QEDPT values for widths are
significantly closer to experimental data. It is
connected with using more optimized basises
of the orbitals and more accurate accounting
for the important multi-body exchange-corre-
lation effects. In table 2, 3 the autoionization
states energies and widths for Ybl with dou-
bly excited valent shell are listed [16—18]: E1,
I'l — data by Ivanov et al (EA-RPTMP method);
E2, T2 — EA-QED PT data.

The presented EA-RPTMP and EA-QEDPT
data for the energies are in the physically
reasonable agreement with experimental data.
However, comparison of the corresponding re-
sults for widths demonstrates again sufficient-
ly large discrepancy. Analysis shows too that
the state 5d;,0d;/, (/ = 1) is really autoioniza-
tive (hitherto this question remained opened).
[ts anormal smallness can be explained by the
fact that its decay is forbidden in the non-
relativistic limit.

Table 1

Energies E (cm™') and widths T' (cm™') of the YbI 7s6p
configuration states

Theory Experiment
Term
El 't E2 A2 E,, T,
3P | 59800 | 0,70 | 59450 | 1,25 |59130,5| 1,1
3PP | 60000 | 3,00 | 60315 | 1,10 |60428,7 | 0,95
3Py | 62600 | 0,70 | 62587 | 1,61 |62529,1 | 1,6
1Py | 63600 | 1,80 | 63613 | 2,48 | 636558 | 2,6




Table 2

Energies (in 102 cm™') of autoionization states for Yb with doubly excited valent shell

Theory Theory
Conf. 7 E Conf. J E.,
E1l E2 or El E2
6,5 0 —1067 | —1064 | —1062,7 65255 3 —963 | —962 —
6 0 —920 | —918 — 4 —1062 | —1061 —
P2 2 —987 | —1004 | —1008,9 5dyy° 0 —981 —982 —
. 1 —1054 | —1050 —1049 2 —1034 | —1032 | —101076
2 —1032 | —1036 | —1039,5 5ds),? 0 —961 | —963 —
1 —1077 | —1072 — 2 —970 | —968 —
071125452 2 | —1075 | —1069 — 4 | —861 | —859 —
- 2 —1007 | —1004 — 5dy55ds ), 1 —980 | —982 —
3 —1119 | —1115 — 2 —994 | —995 —99463
0 —1020 | —1017 — 3 —1030 | —1032 | —103247
_— 1 —1014 | —1012 — 4 —1024 | —1026 —
2 —914 | —913 — 75156015 0 —889 | —886,4 —
3 —1039 | —1035 — 1 —887 | —88%6 —
_— 1 —949 | —948 — 75,6P3) 1 —851 | —849 —
2 — 1118 | —1116 — 2 —861 | —860 —
Table 3 5. Glushkov A. V., Relativistic Quantum Theory. Quan-

The widths (cm™') of autoionization states for Yb with
doubly excited valent shell

Configurations
Term Tl r2
J
602 0 1S, 5.4 5.69
655455 1 P 5.7 5.95
3 IF0 1.60 1.98
52, 0 5p, 0.01 0.05
65555 2 1D 0.20 0.52
5d, 555, 1 3 1(-4) 8(-4)
5%, 0 1S, 3.30 3.63
52, 2 3p, 0.40 0.73
4 G, 0.90 1.74

Note: 0.0008 = 8(—4).
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SPECTROSCOPY OF AUTOIONIZATION RESONANCES IN SPECTRA OF THE LANTHANIDES ATOMS

Abstract

We applied the generalized energy approach (Gell—Mann and Low S-matrix formalism) to studying the autoioniza-
tion resonances in heavy atoms, in particular, firstly predicted parameters for the Yb autoionization resonances with ac-

counting for exchange-correlation and relativistic effects.

Key words: spectroscopy of autoionization resonances, relativistic energy approach.
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CINEKTPOCKOITHSI ABTOUMOHHU3ALUOHHBIX PE3BOHAHCOB B CIIEKTPAX ATOMOB JIAHTAHULOB

Pesiome

O0600611eHHbIH 3HepreTHiyecKnd nmoaxon (S-matpuunblil ¢opmanuaM [enn1—Mana u Jloy) npuMeHeH K M3YYeHHIO aBTOMO-
HM3aLMOHHBIX PE30HAHCOB B TSKEJbIX aTOMaxX, B YAaCTHOCTH, HAa €0 OCHOBE BIEPBBIE C y4eTOM OOMEHHO-KOPPEJSLHOHHBIX H
PeNATHBUCTCKUAX 3P (PEeKTOB NMpeacKasaHbl MapaMeTpbl aBTOMOHH3ALMOHHBIX PE30HAHCOB B HUTTEPOUH.

KatoueBble cioBa: CrieKTPOCKONHUSI aBTOMOHH3ALMOHHBIX PE30HAHCOB, PEJNSITUBUCTCKHH SHEPreTHUeCKHH MOIXOL.

YK 539.183

0. B. I'ywikos, A. A. Csunapenko, I'. B. [enamenko

CNEKTPOCKOMIiS ABTOIOHi3ALLIMHUX PE3OHAHCIB ¥ CNEKTPAX ATOMIiB JIAHTAHI/LiB

Pe3iome

Y3arasbHeHUl eHepreTHYHHH minxin (S-matpuunuit opmasnism 'eqm—Mana Tta Jloy) 3acTocoBaHO [0 BHBYEHHS aBTOi0-
Hi3aUiHUX Pe30HAHCIB y BaXKKUX aTOMax, 30Kpema, Ha HOro OCHOBi Brepile 3 ypaxyBaHHAM OOMiHHO-KOpeJsiiHHUX i peJsi-
TUBICTCHKUX e(eKTiB nependaueHi napameTpy aBTOIOHi3aliHHHUX pe3oHaHCIB y iTepbil.

KotouoBi cjoBa: crieKTpockorisi aBTOiOHI3aLiAHNX pE30HAHCIB, PeJsITHBICTCHKHH eHepreTHUHHH Miaxi.
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MICROWAVE IONIZATION OF LITHIUM RYDBERG ATOMS:
LINK OF QUASIDISCRETE STATES WITH CONTINUUM

A phenomenon of microwave ionization for the non-hydrogenic Rydberg atoms on ex-
ample of the lithium atom is studied within new version of the quasi-stationary, quasi-en-

ergy states method and model potential one.

1. INTRODUCTION

In last years a phenomenon of multiwave ion-
ization and photoionization of atomic systems in
low-frequency electromagnetic fields attracts a
great interest (c. f. [1—20]). Above many rea-
sons very essential moment is connected with a
possibility of realizing quantum chaos phenom-
enon in a system. It is obvious that a mani-
festation of this effect in photo-optical systems
may in a significant degree change a function-
al regime. Earlier it was shown that an ioniza-
tion process for highly excited hydrogen atom
states by a strong, low frequency, electromag-
netic field is realized through a mechanism of
diffusion on atomic states which are strongly
perturbed by a field. An important feature of
process is in a stochastic character of electron
vibrations. In order to describe a stochastic dy-
namics of hydrogen atom, several models were
developed. The most simplified model uses dif-
fusion like equation [14]. More comprehensive
approach must be based on the basis of the Fo-
cker-Plank equation [2, 15]. More sophisticat-
ed numerical calculations are presented in refs.
[7—15]. Experimental observation of chaotic ef-
fect was carried out for the H atom from the
state with ground quantum number n =60 in
a field of frequency w=19,9 GGz. In series of
papers by Casati et al (c. f. [15] a dynamical
chaos effect for hydrogen atom in a field was at
first correctly described by the non-linear clas-
sic mechanics methods. However, an adequate
description of the specific features of quantum
chaos requires a use of the quantum-mechanical
methods. If a hydrogen atom in a field problem
is studied in many details, the analogous prob-
lem for multi-electron highly excited atoms is
far from their adequate solution. In this aspect
an especial interest attracts studying the highly
excited dynamic Stark resonant states for alka-
li elements atoms in a electromagnetic field [1,
2]. This problem is also stimulated by experi-
mental discoveries of the near threshold reso-
nances in the photo ionization cross sections
for hydrogen and alkali atoms in a electric field
(c. . [1, 2, 15]). Here we study a phenome-
non of microwave ionization of the non-hydro-
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genic Rydberg atoms on example of the lithi-
um Li atom. All results are obtained by using
a new version of the consistent, quantum-me-
chanical approach — quasi-stationary, quasi-en-
ergy states method and the model potential
one [16—20].

2. THE COMPLEX ROTATION
COORDINATES METHOD:
NEW VERSION

Let us give the key momets of the our ap-
proach, which bases on the complex rotation
coordinates method. The latter is earlier suc-
cessiully used in solution of the quasi station-
ary states in static filed problems (c. f. [1, 2,
15, 16]) and connected with transformation of
coordinates: r'= arexp(i¢p) in Hamilton operator
of a system. Their eigen-values are correspond-
ing to the quasi stationary states, remain un-
changed; the eigen functions are transited into
a space of quadratically integrated functions. As
a result, a problem of defining the energies is
led to search of the eigen-values of non- hermit
matrice. Let us consider one-quasi-particle atom
(i. e. atom with one quasiparticle above the core
of closed electron shells) in an external electro-
magnetic field F(¢) = Fy(f)cos(w?) (for circular-
ly polarized wave: F(f)= Fy{coswt, sinwt, 0}).
Typical example of such system is an alkali
atom. Within the quasi stationary states prob-
lem solution, the equation on the quasi sta-
tionary states in a field has the following form
(atomic units are used):

(—1/2-V—r=' + V(1) + oL, + Fox)Wg(r) =
= EWg(r). (1)

Here all notations are standard; V.(r) is the
model potential, which describes an interac-
tion: “Core-Quasiparticle”. After the complex
transformation of coordinates the equation (1)
on the eigen-values and eigen-functions rewrit-
ten as follows:

(—1/2-V2e20 — r=le=io L V (r)e=® + wl, +
+ Foxe®)W(re®) = (E — E])Wg(re®) (2)
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Here E%= —1/2(n — ) is the non-perturbed
energy value; 6 is a quantum defect. The qua-
dratic integrality of the quasi-stationary state
functions is provided under values of the an-
gle for complex rotation of coordinates ¢, and
cited values are determined by the following
inequalities:

larg[—(E + Nw)]'2 < ¢ < /2 —
—arg{—[E + (N — D]}~

Here N — is the threshold number of photons
needed for ionization. Under choice of the finite
basis for diagonalization of (2) the complex ei-
gen-values are dependent upon the angle ¢ as
a parameter. Standard approach is in a choice
of the definitive exactness of calculation and in
further the basis size is chosen in such a way
that their variations do not change the exact-
ness of calculation. In our opinion, the most ef-
fective procedure is an use of the optimal basis
of the operator perturbation theory in the Stark
problem for the non hydrogen atom [7, 16, 17]
with application the well known Hellman poten-
tial as the potential V,(r). In further a problem
is resulted in stationary task on the eigen-val-
ues and eigen-vectors for the matrice A:

Ab= (E)—E,b (3)
Anlm,nlllm] = él,llém,m]{<nlm|nlllml> X

X [(n, 41, 4 1)/v-exp(—2i@) — exp(—i¢)] +
+ 8, (EY — 1/2v? +0m)} + Fyexp(—ig) X
X (nlm|x|n,,, ). (4)

Here |nlm) is a radial part of the basis func-
tions. A full diagonalization of the matrice (4)
is quite complicated task. As usually, it is possi-
ble to make a search for one eigen-value, which
is transited to the state E? under switching on
a field. A solution of determining the maximal
eigen-value and the corresponding eigen-vec-
tor is realized by usual iterative methods (c. f.
[2, 7, 10, 16, 17]). Naturally, it’s possible the
complicating in a case of availability of reso-
nance on atomic levels. Then matrice has sev-
eral nearest (on absolute value) eigen-values (to
separate ones, the g-p algorithm can be used).
The shift K and probability (width) P of ion-
ization of the atom are defined by the follow-
ing expressions:

K = aFg/4Re AE, P —=cF}/2ImAE,  (5)

In whole a solution of the task give a set
of the quasi-energies E; decay rates I, (energy
is the complex variable E — E-i[/2) ‘and cor-
responding eigen vectors |Ej). The characteris-
tics, which is usually measured in the experi-
ment, is ionization probability (after averaging
on the initial phase of an external AC field) in
dependence upon the time, if initially an atom
is in the state |ny/,m,). The cited parameter
looks as follows:

Ron(t) =1— Z wj exp(_lr/t) (6)
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with the values w, which define the overlapping
the initial state atom function with eigen vec-
tors |Ej) of the “atom-field” system. The sum-
mation in eq. (6) is naturally performed over
all states in th single Floquet zone. All neces-
sary calculations are performed with using the
PC atomic code “Superatom” (Stark blocks)
(2, 7, 16].

3. IONIZATION OF LITHIUM
RYDBERG ATOM
IN A MICROWAVE
ELECTROMAGNETIC FIELD

Here we present the results of our study-
ing the microwave ionization of the Li Ryd-
berg atoms. Let us note that detailed exper-
imental investigation of such atoms has been
fulfilled by the Virginia group [3—6]. Above
theoretical papers one should turn attention
on the refs. [7—15], especially numerical cal-
culation [10, 11]. In tables 1—3 we present
the results of calculation the ionization prob-
abilities for the lithium atom in the Rydberg
states in the microwave electromagnetic field
(frequency w/2m = 36 GHz) and different atom-
field interaction times ¢. Here the interaction
time is varied from ¢ =327 2n/w (circles) to
t = 2000 -27t/w (crosses). In table 1 we present
the calculated ionization probabilities values for
the lithium atom, which has been initially pre-
pared in the state (states) with the orbital an-
gle moment /,= 0, moment projection m,=0
and principal quantum number n=51,55,63
in dependence upon the field amplitude for the
atom-field interaction time ¢ = 327-2n/w. The
similar results of the ref. [10] are presented in
the table 1 too. In the table 2, 3 we present the
same data, however the atom-field interaction
times are as follows: t = 659 - 271/®, 2000 - 271/ .
Analyzing the numerical results one could note
quite closed agreement with the results of very
sophisticated calculations by Krug and Buchleit-
ner [10, 11] for the same atom, chosen state
and field amplitude. However, our method looks
more effective and simplified in comparison with
Krug-Buchleitner approach. The analysis of the
obtained data shows that the local violation of
the regular dependence of the probability P
upon the field amplitude occur for the princi-
pal quantum number values n,~ 51, 63 (in he
comparison with values for n,~ 51, namely, for
value ny,~ 55).

The physically reasonable explanation of this
phenomenon can be connected with the fact that
the Floquet spectrum structure becomes reso-
nantly more complicated. It is important that a
link between the quasi-discrete states set and
continuum is enhanced. In the recent paper [9]
it has been presented a consistent S-matrix the-
ory of similar effects, in particular, the Multipho-
ton resonances contributions to the ionization
parameters of the atom in an electromagnetic
field. Speech here is about the perturbative re-
gime, where the field which is experienced by



Table 1

lonization probabilities for the lithium in the quantum states with [, =0, m;=0, n,=51—63 for the field amp-
litude F = (2.0—3.1) - 10~ aatomic units (other parameters: ¢ =327 -2w/w; frequency: 0/2w =36 HHz)

Our data Our data Our data Our data Our data Our data [10]
N F=16 F=20 F=23 F=25 F=28 F=3.1 F=3.1
51 0,009 0,017 0,024 0,041 0,089 0,147 —
55 0,011 0,021 0,026 0,034 0,045 0,058 —
63 0,124 0,136 0,314 0,312 0,328 0,344 0,362
Table 2

lonization probabilities for the lithium in the quantum states with [,=0, my=0, n,=51—63 for the field amp-
litude F = (2.0—3.1)-10~° aatomic units (other parameters: t =659 -2w/w; frequency: ©/2w =T36 HHz)

Our data Our data Our data Our data Our data Our data
1, F=1.6 F=20 F=23 F=25 F=28 F=3.1
51 0,021 0,033 0,040 0,056 0,107 0,154
55 0,035 0,048 0,055 0,061 0,069 0,074
63 0,137 0,151 0,339 0,337 0,346 0,369
Table 3

lonization probabilities for the lithium in the quantum states with [, =0, m;=0, n,=51—63 for the field amp-
litude F = (2.0—3.1)-10~ aatomic units (other parameters: ¢t = 2000-2w/w; frequency: ©/2w =36 HHz)

Our data Our data Our data Our data Our data Our data [10]
1y F=16 F=20 F=23 F=25 F=28 F=3.1 F=3.1
51 0,063 0,076 0,089 0,106 0,123 0,164 —
55 0,072 0,085 0,102 0,114 0,131 0,148 —
63 0,149 0,178 0,425 0,418 0,448 0,584 0,590
39. — P. 4545—

the electron does not induce appreciable ion-
ization. For ny,> n,,, the ionization probability
increases quickly, then the field is sufficiently
strong in order to induce a strong coupling of
a large number of the atomic bound (discrete)
and continuum states. Beyond the perturbative
regime the external field (which has cylindri-
cal symmetry) destroys the spherical symmetry
of the unperturbed initial atomic state, leading
to a large ionization probability. Such a local
enhancement of the ionization probability of a
given initial state is caused by the complicat-
ed structure of the Floquet spectrum; near-de-
generacy’s between two (or more) atom-field
eigen states for the given field amplitude re-
flect multi-photon resonances between atomic
bound states. These enhances the coupling to
the atomic continuum and thus the observed
total ionization rate has very complicated, non-
regular feature (see refs. 20]).
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MICROWAVE IONIZATION OF LITHIUM RYDBERG ATOMS: LINK OF QUASIDISCRETE STATES

WITH CONTINUUM
Abstract

A phenomenon of microwave ionization for the non-hydrogenic Rydberg atoms on example of the lithium atom is
studied within new version of the quasi-stationary, quasi-energy states method and model potential one.
Key words: microwave ionization, lithium atom, quasi-stationary quasi-energy states method.
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MHUKPOBOJIHOBASI HOHU3ALUSA ATOMOB JIMTUSI B PUABEPIOBOM COCTOSIHHUU:
CBSI3b KBABUJHUCKPETHbIX COCTOSSHUU C KOHTUHYYMOM.

Pesiome

deHOMEH MHKPOBOJHOBOH HMOHM3ALMH /S HEBOLOPOMONOAOOHBIX aTOMOB B PHAOEPrOBCKOM COCTOSIHHM Ha TIpHMepe aTo-
Ma pyOMAHsSI H3ydaeTcst C HCIOJIb30BAaHMEM HOBOH BEPCHH MeTOfa KBA3HCTALMOHAPHBIX KBAa3WIHEPreTHUECKHX COCTOSIHHE U

MeToaa MOIEJbHOTrO ITOTEeHLHaJa.

KawoueBblie cioBa: MHUKPOBOJIHOBAasi UOHHU3allUs, aTOM JIUTUSA B pH,U,6epFOBCKOM COCTOSIHUHU,, METOH KBa3HUCTALlMOHAPHBIX

KBAa3U3dHEPTeTHYEeCKUX COCTOSTHHH.

YIK 551.515.1

A. B. [enamenko

MIiKPOXBUJIbOBA iOHI3ALLISI ATOMIB JIiTisl B PiJIBGEPIFiBCbKOMY CTAHi: 3B’130K KBA3iliCKPETHUX

CTAHIB 3 KOHTIHYYMOM

Pe3tome

deHoMeH MiKPOXBH/IBOBOI iOHi3awil A1 HEBOAHENOMIOHUX aTOMHHX CHCTEM Y pinOepriBCbKHX CTaHax Ha TMpUKJIAAi arto-
My JIiTiSl BUBUAETbCA Ha MiACTaBi HOBOI Bepcii MeTOAy KBa3iCTaliOHAapHUX KBas3ieHEePreTHUHMX CTaHIiB Ta METOAY MOJeJ/bHO-

ro MnoTeHLiaJy.

KoatouoBi cioBa: MiKpoxBu/bOBa ioHi3auisi, aToM JiTisi y pinOGeproBcbKOMy cTaHi, MeTOA KBasicTaLioHApHHX KBasieHep-

reTHYHUX CTaHiB.
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DETERMINATION OF THE RADIATIVE TRANSITION CHARACTERISTICS
IN SPECTRA OF HEAVY IONS: RELATIVISTIC SCHEME

On the basis of new relativistic scheme within the gauge-invariant relativistic multi-
body perturbation theory it has been carried out calculating the energies and probabilities
of some radiative transitions in spectrum of the complex heavy ion Hg*.

INTRODUCTION

The experimental and theoretical studying
of the radiation transition characteristics of a
whole number of atomic systems is of a great
importance and interest from the point of view
of as the quantum electronics and atomic phys-
ics as plasma physics and thermonuclear fis-
sion science [1—33]). It is also very important
for search the optimal candidates and condi-
tions for realization of the X-ray lasing. Be-
sides, the forbidden atomic transitions are at-
tracting from the point of view of sensing
new physics behind the well known standard
model.

The well known multi-configuration Dirac-
Fock (MCDF) approach is widely used in cal-
culations of the atoms and ions. It provides the
most reliable version of calculation for atomic
systems. Nevertheless, as a rule, detailed de-
scription of the method for studying role of the
relativistic, gauge-invariant contributions, nu-
clear effects is lacking. Serious problems are
connected with correct definition of the high-
order correlation corrections, QED effects etc.
The further improvement of this method is con-
nected with using the gauge invariant proce-
dures of generating relativistic orbitals basis’s
and more correct treating the nuclear and QED
effects [1—5].

In refs. [16, 20—24] it has been developed
a new ab initio approach to description of the
relativistic atomic systems with accurate con-
sistent treating the relativistic, exchange-cor-
relation, nuclear, QED effects, based on the
gauge-invariant QED PT [20] and new effec-
tive procedures for accounting the nuclear and
radiative corrections. This gauge-invariant QED
perturbation theory (PT) formalism been used
as a basis for development of a new simplified
relativistic scheme for determination and sens-
ing the atomic transitions characteristics (ener-
gies and probabilities of transitions). In result,
a new approach can be treated as the RMBPT
scheme. As object of studying here the heavy
ion Hg™ is considered. Earlier it has been car-
ried theoretical studying energy spectra, the-
oretical determination of the energies and os-
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cillator strengths ol some electric dipole and
forbidden radiative transitions in spectrum of
the rare-earth atom of Eu, Ne- and Zn-like mul-
ticharged ions [28—33].

1. RELATIVISTIC THEORY
OF THE ATOMIC TRANSITION
PROBABILITIES

Let us describe in brief the important mo-
ment of our theoretical approach. As usually,
the wave functions zeroth basis is found from
the Dirac equation solution with potential, which
includes the core ab initio potential, electric,
polarization potentials of nucleus (the gaussian
form for charge distribution in the nucleus is
used). All correlation corrections of the PT sec-
ond and high orders (electrons screening, parti-
cle-hole interaction etc.) are accounted for. The
wavefunction for a particular atomic state

NCF

WIPIM) = 3 ¢, @y, PIM) (1)

is obtained as the above described self-consis-
tent solutions of the Dirac—Fock type equa-
tions. Configuration mixing coefficients c, are
obtained through diagonalization of the Dirac
Coulomb Hamiltonian

Hpe = Xcoup; + (B; — 1)e> — V(r|nlj) +V,,—
_ Vnucl(r|R) + Zi>/eXp(i&)I’i/)(1 — GIGQ)/I’U, (2)

In this equation the potential:
V(r) =V (rnlj) + Vo, +Viua(rIR).  (3)

This potential includes the electrical and po-
larization potentials of the nucleus. The part V,,
accounts for exchange inter-electron interaction.
The main exchange effect are taken into account
in the equation. The rest of the exchange-cor-
relation effects are accounted for in first two
PT orders by the total inter-electron interaction
[2]. The effective electron core density (poten-
tial V,) is defined by iteration algorithm within
gauge invariant QED procedure [20].
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Consider the one-quasiparticle system.
A quasiparticle is a valent electron above the
core of closed electron shells or a vacancy in
the core. In the lowest second order of the
EDPT a non-zeroth contribution to the imagi-
nary part of electron energy ImdE (the radia-
tion decay width) is provided by relativistic ex-
change Fock diagram. In the fourth order of
the QED PT there are diagrams, whose contri-
bution into the ImOE accounts for the core po-
larization effects. It is on the electromagnetic
potentials gauge (the gauge non-invariant con-
tribution). Let us examine the multielectron
atom with one quasi-particle in the first excit-
ed state, connected with the ground state by
the radiation transition. In the zeroth QED PT
approximation we, as usually (c.{. [2, 20, 28]),
use the one electron bare potential

Vn(r) + Ve(r), (4)

with Vy(r) describing the electric potential of
the nucleus, Vi(r), imitating the interaction of
the quasi-particle with the core. The core po-
tential V.(r) is related to the core electron den-
sity pc(r) in a standard way. The latter fully
delines the one electron representation. More-
over, all the results of the approximate calcu-
lations are the functionals of the density pq(r).
In ref. [20] the lowest order multielectron ef-
fects, in particular, the gauge dependent radi-
ative contribution for the certain class of the
photon propagator calibration is treated. This
value is considered to be the typical represen-
tative of the electron correlation effects, whose
minimization is a reasonable criterion in the
searching for the optimal one-electron basis of
the PT. The minimization of the density func-
tional Imd&E,,, leads to the integral differen-
tial equation for the p, that can be solved us-
ing one of the standard numerical codes. In
ref. [20] authors treated the function p, in
the simple analytic form with the only vari-
able parameter b and substituted it to (6).
More accurate calculation requires the solution
of the integral differential equation for the p,
[2, 28].

The probability is directly connected with
imaginary part of electron energy of the system,
which is defined in the lowest order of pertur-
bation theory as follows [16]:

IMAEB) = —< 3 Ve, ()
a>n>f
la<n<f]
where Y, —for electron and Y, —for va-

a>n>f a<n<f

cancy. The potential V is as follows:

sino|r,

(I — 0,00 W (75) W ().
(6)

The separated terms of the sum in (5) rep-
resent the contributions of different channells
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and a probability of the dipole transition is:

— Lyl
Fon,,_ 45t ]/on,,oc,l . (7)

The corresponding oscillator strength: gf =
—=A2-T, /6.67-10 where g is the degenera-
cy dgegre"e, A is a wavelength in angstrems (A).
Under calculating the matrix elements (5) one
could use the angle symmetry of the task and
write the expansion for potential sin|w|r,y/7,s
on spherical functions as follows [2, 16]:

sin‘oo‘r12 7

N nry

X D, (M@l ), s (ol r) P (cosrry),  (8)
A=0

where J —is the Bessell function of first kind
and (A) =2\ + 1.

This expansion is corresponding to usual
multipole one for probability of radiative decay.
Substitution of the expansion (7) to matrix ele-
ment of interaction gives as follows:

Vigs =[0G G G %
W jlj3 A .
X % (—1) (m1 i u) X Im Q, (1234);
Q.= Q" + Q. 9

where j;, are the entire single electron momen-
tums, m, — their projections; Q' is the Cou-
lomb part of interaction, QP — the Breit part.
The Coulomb part Q'is expressed in terms of
radial integrals R,, angular coefficients S, [16]:

o — L{R,(1243)S, (1243) +

+ R, (1243)S,(1243) + R, (1243)S, (1243) +-
+ R, (1243)S, (1243)}. (10)

As a result, the Auger decay probability is
expressed in terms of Re@,(1243) matrix ele-
ments [2]:

ReR,(1243) =
— (S dnr R BB r)E(r) 20 ()20 (). (11)

where f is the large component of radial part
of single electron state Dirac function and func-
tion Z is:

MRV @)

) _
5= AT +3/2)

(12)

|ooys|aZ

The angular coefficient is defined by stan-
dard way [16]. The other items in (3) include
small components of the Dirac functions; the
sign «~» means that in (3) the large radial
component f, is to be changed by the small
g, one and the moment /; is to be changed by

[;=1,—1 for Dirac number 2, >0 and /,+1
for &, < 0. The Breat interaction is known to



change considerably the Auger decay dynamics
in some cases (c.f. [19]). The Breat part of @
can be defined as the sum:

{sr = Erx—l + Q}irx + Q{D’,rx+1v

where the contribution of our interest is de-
termined as:

QF = L Re{R, (1243)S}(1243) +
+ R, (1243)S!(1243) + R,(1243)S! (1243) +
+ R,(1243)S!(1243)}.

(13)

(14)

Radial parts F and G of two components of
the Dirac function for electron, which moves in
the potential V(r, R) + U(r, R), are delined by
solution of the Dirac equations (PT zeroth or-
der). All calculations are carried out using the
effective Dirac Superatom code developed by
Ivanov et al [16, 19—22].

2. RESULTS AND CONCLUSIONS

We have carried out sensing and calculating
energies and probabilities of the radiative transi-
tions for the comlex heavy single ionized atom
of Hg. This paper goes on our studying of this
ion (see ref. [29]). In all calculations we used
the Ivanov—Ivanova model potential [19] with
defining its parameter within above described
an initio QED procedure [20]. In fact this po-
tential imitated the self-consistent Dirac—Fock
potential. All details can be found in refs. [2,
20, 28]. In table 1, 2 we present the ener-
gies and probabilities of the 5d'°7p(P,/, Ps/y)—
5d'%6s(S, ), 5d'°7p(P, )y, P3/y)—5d!7s(S, ) tran-
sitions in the ions of Hg*. For comparison we
listed in this table the theoretical Hartree—
Fock (HF), Dirac—Fock (DF) and DF (with

fitting to experimental transition energies) val-
ues by Ostrovsky—Sheynerman and experimen-
tal data by Moore (NBS, Washington) [17, 34].
Analysis of the obtained data allows to make
the following conclusions. Firstly, one can see
that our approach provides physically reasona-
ble agreement with experiment and significant-
ly more advantagable in comparison with stand-
ard Dirac—Fock method and the Hartree—Fock
approximation approach.

Secondly, we have checked that the re-
sults for oscillator strengths, obtained with-
in our approach in different photon propagator
gauges (Coulomb, Babushkon, Landau gauges)
are practically equal, that is provided bu using
an effective QED energy procedure [2]. Third-
ly, calculation has confirmed the great role of
the interelectron correlation effects of the sec-
ond and higher QED PT orders, namely, effects
of the interelectron polarization interaction and
mutual screening.
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On the basis of new relativistic scheme within the gauge-invariant relativistic multi-body perturbation theory it has
been carried out calculating the energies and probabilities of some radiative transitions in spectrum of the complex

heavy ion Hgt.
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ONPEAEJIEHUE XAPAKTEPUCTUK PAJUALHOHHBIX MEPEXOJ0OB B CIEKTPAX TSI)KEJIbIX WOHOB:
PEJISITUBUCTCKASl CXEMA

Pesiome

BoinosiHeH pacuer sHepruil M BepOSITHOCTEH pPaJHALMOHHBIX MEPEeXOJOB B CIIEKTPe CJOXKHOro Tsikesoro vona Hg™ Ha
OCHOBE HOBOH PEJSITUBUCTCKOH CXeMbl B paMKax KaluOpOBOUHO-WHBAPHAHTHOH pPesSITUBUCTCKOH MHOrOYaCTHUYHOH TEOpHUM
BO3MYLUEHHH.

KiroueBbie cjoBa: pannaLOHHBIE MEPeXOAbl, TsKeJble HOHBI, HOBAs PeJSITUBHCTCKAs CXeMa.
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BU3HAUYEHHSI XAPAKTEPUCTUK PALIALLIMHUX MEPEXO/IB ¥ CMEKTPAX BAXKKMX iOHiB:
PEJIITUBICTCbKA CXEMA

Pesiome

BukonaHo po3paxyHOK eHepriil, iMOBipHOCTEH pamiauifiHUX MepexoliB y CreKTpi cKIamHoro Baxkkoro iony Hg* na ocHo-
Bi HOBOI peJIITUBICTCbKOI CXeMM B MexXax Ka/JiOpoBOUHO-iHBapiaHTHOI pesIsiTUBICTCbKOi 6araTo4acTHHKOBOI Teopil 30ypeHb.

KatodoBi cioBa: paxiauifini mepexomau, Bakki iOHH, HOBa pesITHBICTCbKA cxeMa.
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RESONANT AUGER SPECTROSCOPY OF THE ATOMS

OF INERT GASES

The results of determination and analysis of the resonant Auger transition spectra char-
acteristics for atoms of the inert gases are obtained within the relativistic multi-body the-
ory and compared with available experimental and other theoretical data. A number of the
Auger transition parameters have been firstly presented.

1. INTRODUCTION

The Auger electron spectroscopy remains an
effective method to study the chemical compo-
sition of solid surfaces and near-surface layers
[1—8]. Sensing the Auger spectra in atomic
systems and solids gives the important data for
the whole number of scientific and technological
applications. So called two-step model is used
most widely when calculating the Auger decay
characteristics [1—>5]. Since the vacancy lifetime
in an inner atomic shell is rather long (about
10-'7to 10— s), the atom ionization and the
Auger emission are considered to be two inde-
pendent processes. In the more correct dynam-
ic theory of the Auger effect [2, 3] the process-
es are not believed to be independent from one
another. The fact is taken into account that the
relaxation processes due to Coulomb interaction
between electrons and resulting in the electron
distribution in the vacancy field have no time
to be over prior to the transition.

In fact, a consistent Auger decay theory has
to take into account correctly a number of corre-
lation effects, including the energy dependence
of the vacancy mass operator, the continuum
pressure, spreading of the initial state over a
set of configurations etc [1—19]. The most wide-
spread theoretical studying the Auger spectra
parameters is based on using the multi-config-
uration Dirac—Fock (MCDF) calculation [2, 3].
The theoretical predictions based on MCDF cal-
culations have been carried out within different
approximations and remained hitherto non-sat-
isfactory in many relations. Earlier [8—13] it
has been proposed relativistic perturbation the-
ory (PT) method of the Auger decay character-
istics for complex atoms, which is based on the
Gell-Mann and Low S-matrix formalism energy
approach) and QED PT formalism [4—7]. The
novel element consists in an using the optimal
basis of the electron state functions derived from
the minimization condition for the calibration-
non-invariant contribution (the second order PT
polarization diagrams contribution) to the imag-
inary part of the multi-electron system energy
already at the first non-disappearing approxima-
tion of the PT. Earlier it has been applied in
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studying the Auger decay characteristics for a
set of neutral atoms, quasi-molecules and sol-
ids. Besides, the ionization cross-sections of in-
ner shells in various atoms and the Auger elec-
tron energies in solids were estimated. Here
we present new results of determination and
analysis of the resonant Auger transition spec-
tra characteristics for atoms of the inert gases
(Ne, Xe), which are obtained within the rela-
tivistic multi-body theory [8—13] and compared
with available experimental and other theoreti-
cal data. A number of the Auger transition pa-
rameters has been firstly presented.

2. THEORETICAL APPROACH
TO DETERMINATION
OF THE AUGER DECAY
CHARACTERISTICS

Within the frame of QED PT approach the
Auger transition probability and the Auger
line intensity are defined by the square of an
electron interaction matrix element having the
form [5]:

1/2

I/1(5)34 = [(]1)(]2)(]3)(]4)[ X
xR 0r(, 1B ) xRe, 1230

m, —
Q= Q'+ Q. (1)

The terms QR and @QFr correspond to sub-
division of the potential into Coulomb part
cos|wl|ry/r;, and Breat one, cos|w|r,o,0/r .
The real part of the electron interaction ma-
trix element is determined using expansion in
terms of Bessel functions:

coslwlr,  m

o NS
X 3, el )l (ol )P (cos ), (2)
rA=0

where J is the 1%t order Bessel function,
(A)=2A+ 1. The Coulomb part Q" is ex-
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pressed in terms of radial integrals R,, angu-
lar coefficients S, [4]:

Re Q' — %Re {R,(1243)S, (1243) +

+ R, (1243)S, (1243) + R, (1243)S, (1243) +
+ R, (1243)S, (1243)}. (3)

As a result, the Auger decay probability is
expressed in terms of Re@,(1243) matrix ele-
ments:

Re R, (1243) =
= (St DR EDRDR )2 200, (4)

where f is the large component of radial part
of single electron state Dirac [unction; func-
tion Z and angular coefficient are defined in
refs. [4—7]. The other items in (3) include
small components of the Dirac functions; the
sign «~» means that in (3) the large radial
component f, is to be changed by the small
g, one and the moment /; is to be changed by

[;=1,—1 for Dirac number &, > 0 and [, + 1 for
e, <0.

The Breat interaction is known to change
considerably the Auger decay dynamics in some
cases. The Breat part of @ is defined in [4, 5].
The Auger width is obtained from the adiabat-
ic Gell—Mann and Low formula for the ener-
gy shift [5]. The direct contribution to the Au-
ger level width with a vacancy n,l,j,m, is as
follows:

Z (K)(/a)

while the exchange diagram contribution is:

(@0, o (= 7 521, (6)

a

Y, Y, Q(akyB)Q (Brka),  (5)

pr<rk>J

(f ) & By=/ k= /

The partial items of the .Y, sum answer
pr *
to contributions of a=! — (By)~'K channels re-
sulting in formation of two new vacancies EV
and one free electron & 0, = 0, + wy — @,. T
final expression for the width in the represen
tation of jj-coupling scheme of single-electron
moments has the form:
T(2jele,2j5is;0) = 2 D2ty 27815511, kP (7)

Tl

Here the summation is made over all possible
decay channels.

Contribution of the main polarization dia-
grams (the particle-hole interaction) of the sec-
ond and higher orders of the PT to the energy
can be presented as follows:

E(A) = SSd’ld’b '91("1)'1/;;%1(”1"2)'92("2) (8)

with effective two-quasiparticle interaction [3]:

Vi) = X [ LLONE0)

Irl—r’l-lr'—rzl
/< 0) 1/3)’

(p)*)= S dr(p(”(r))"/*6(r), 9)
1/2

"] ’ ’

o) — 14 Bl

{4t o) o ¢ 4ot

rn—r| Ir” —rI

where ¥ is the core (“Fermi sea”) electron den-
sity (without quasiparticles), X is the numerical
coelficient, ¢ is the velocity of light. The simi-
lar potential representation can be obtained for
the exchange polarization quasiparticle interac-
tion (see details in ref. [3, 11, 13]).

The basis of the particle state functions is
defined by the solution of the Dirac—Fock equa-
tion (integrated numerically using the Runge—
Cutt method). Novel element is connected with
using ab initio paoptimized Dirac—Fock poten-
tial with the formal parameter which is deter-
mined on the basis of the QED optimization
procedure (see details in refs. [4—6, 11, 13]).

The calculation of radial integrals Re R, (1243)
is reduced to the solution of a system of differ-
ential equations [5]:

yi=hZ" (ale|rr
ys = Ffi Z{V (alw|r)r? % (8)
s =y Fof+ wafi 1 22 (|l et =7

In addition,

Re R, (1243), y (o) = X,(13).

The formulae for the Auger decay probability
include the radial integrals R,(akyp), where one
of the functions describes electron in the contin-
uum state. The energy of an electron formed due
to a transition jk! is defined by the difference be-
tween energies of atom with a hole at j level and
double-ionized atom at &/ levels in final state:

Eq(kL, 2 HL,) = E; (j) — E2+ (k1 25+1L)). (10)

To single out the above-mentioned correlation
effects, the equation (12) can be presented as

8, 9J:
E,(jRL*SHTIL)) = E(]) — E(k) — E(I) —
—A(k, [;TIL)),

Ys(0) =

(11)

where the item A takes into account the dy-
namic correlation effects (relaxation due to hole
screening with electrons etc.) To take these el-
fects into account, the set of procedures elabo-
rated in the atomic theory [8—13] is used.

3. RESULTS AND CONCLUSIONS

In tables 1 we present the data on the tran-
sition energies and angular anisotropy param-
eter B (for each parent state) for the resonant
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Auger decay to the 2s'2p5('*P) np and 2s%®2S
np (n=3,4) states of Ne™. There are listed the
experimental data by De Fanis et al [18] and
Pahler et al [15], theoretical ab initio Hartree-
Fock results [18] and our data, obtained with-
in the relativistic many-body PT with using the
gauge-invariant QED PT method for generating
relativistic functions basis’s. In table 2 we the
data on the widths (meV) for the 2s!2p>(!*P)np
and 2s%® (!S) np (n = 3,4) slates of Ne*t. There
are listed the experimental data by [18], theo-
retical ab initio multi configuration Hartree—
Fock results by Sinanis et al [16], single-config-
uration Hartree-Fock data by Armen—Larkins

[17] and our data, obtained within the relativ-
istic many-body PT.

In table 3 we present data on the initial and
final states of  the most intense
4d—? — 4d—! — 5p~—2% and 4d—'5p—2 — 5p—* Auger
transitions in the neutral xenon. The calculat-
ed intensities are given relative to the creation
of one 3d hole, and only intensities = 0.005 are
listed. Our theoretical data (the relativistic ma-
ny-body PT) and the theoretical pseudorelativ-
istic Hartree Fock data by Jonauskas et al [19],
semiempirical (with using the Cowan code) [20]
and experimental [19] kinetic energies of the
Auger transitions are also given.

Table 1

Transition energies E,, angular anisotropy parameters p (for each parent state for the resonant Auger decay to
the 2s'2p®('3P) np and 2s%p%2S np (n=3,4) states of Net: the experimental data [18, 15], theoretical ab initio
Hartree—Fock results [18] and our data, obtained within the relativistic many-body PT

P T L I
2512p5('P)3p 778.79 776.43 778.52 1.7+0.3 2.000 1.832
2512p('P)3p 778.54 776.40 778.27 —0.94 = 0.06 —0.99 —0.959
2512p5('P)3p 2D 778.81 776.66 778.57 0.20 = 0.06 0.200 0.202
2512p5('P)3p 28 788.16 786.51 787.88 1.5 0.1 1.998 1.678
2512p5('P)3p 2P 788.90 787.52 788.69 —0.91 = 0.06 —0.928 —0.916
2512p5('P)3p 2D 789.01 787.64 788.82 0.06 = 0.05 0.156 0.074
2512p5('P)4p 2S 773.60 773.48 0.96 = 0.28 0.972
2512p5('P)4p 2P 773.48 773.25 —0.92 £ 0.06 —0.928
2512p5('P)4p 2D 773.56 773.33 0.15 = 0.06 0.156
2512p5(°P)4p S 783.72 783.54 1.97 = 0.40 2.045
2512p5(P)4p 2P 783.95 783.78 —0.43£0.09 —0.444
2512p5(P)4p 2D 784.01 783.82 0.09 = 0.20 0.102
2592p5('S)3p — 754.93 0.05==0.14 0.061
2592p5('S)4p — 749.85 0.07 +0.18 0.082

Table 2

Widths (meV) for the 2s'2p>('3P)np and 2s°p®

('S) np (n=23,4) slates of Net: the experimental data [18], theo-

retical ab initio multi configuration Hartree—Fock results by Sinanis et al [16], single-configuration Hartree—
Fock data by Armen—Larkins [17] and our data, obtained within the relativistic many-body PT

it sat X i Thesry Theery ey,

2s12p%('P)3p 2S 530 =+ 50 410 =50 687 510 524
2s'2p°('P)3p 2P 42 +3 — 20.7 — 38
2512p5('P)3p 2D 34414 — 402 — 32
2s'2p°(*P)3p 2S 120 =10 110 =40 18.8 122 118
2s'2p°(°P)3p 2P 19+5 — 10.3 — 16
2s'2p°(°P)3p °D 80+ 10 — 62.3 — 72
2s'2p%('P)4p 2S 135+ 20 — — — 121
2s'2p°('P)4p 2P — — — 3

2s'2p°('P)4p 2D — — — — 8

2s'2p5(°P)4p S — — — — 27
25%2p5(1S)3p 2P 80 =+5 — — — 78
2s%2p8('S)4p 2P 20 + — — — 18
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Table 3

Calculated and experimental intensities I, kinetic energies E, for Xe (see fext)

Initial state Final state 1[19] 1, our T'ﬁ‘;{] E Theor E, Th[ez‘;{] E F]"é’]'
a 4d?'G,— 4d! 5p*('D) Fs 0.005 0.006 31.5 31.3 }
a 442 1G,— 4d1 5p® (°P) °F 0.013 | 0.014 31.2 31.0 1 30.8
a 4d?'G,— 4d! 5p? ('D) Gy 0.009 0.010 30.9 30.6 }
b 4d? 'D’>— 4d! 5p? (°P) *Ds) 0.005 0.006 30.5 30.3 30.3
c 4d?'G,— 4d! 5p? (°P) Dy 0.007 0.007 30.1 30.0 29.9
d 4d?'G,— 4d"! 5p? ('D) *Dj) 0.005 0.006 29.3 29.2 }
d 4d? 'Dy— 4d?! 5p? (D) Fyp 0.008 0.009 29.1 29.1 }29.1
d 4d?'G,— 4d! 5p? (D) *F;p 0.008 0.009 29.1 29.1 }
d 4d? 3F ,— 4d' 5p? (°P) *Fyp 0.006 0.007 29.1 29.1 }
e 4d? 5F,— 4d! 5p? (°P) *Fs) 0.007 0.006 28.4 28.3
e 4d? 3F,— 4d! 5p? (°P) Fp 0.005 0.005 28.1 28.0 } 28.3
i 4d? 'G,— 4d" 5p2 ('S) Dy, 0.018 0.019 27.8 27.8 27.9
g 4d? °F,— 4d" 5p? (D) %Gy, | 0.005 | 0.006 27.4 27.3 V27,1
g 4d? 3P, — 4d! 5p? (1S) Dj) 0.005 0.006 27.0 26.9
h 4d? 3F ,— 4d! 5p? (°P) Fp 0.008 0.009 26.5 26.5 126.5
h 4d? 'Dy— 4d! 5p? (1S) Dy 0.009 0.010 26.1 26.2
h 4d? 1G,— 4d1 5p? (1S) Dy, 0.008 | 0.008 26.1 26.2
h 4d? 3Py— 4d! 5p? (1S) *D;) 0.006 0.006 25.9 26.0
i 442 F — 4d" 5p® (D) Gy, | 0.008 | 0.008 25.6 25.9 —
i 447 F, 4d" 5p? (1S) D, | 0005 | 0.006 243 246 247
K 4d? F — 4d" 5p? (1S) D, 0.006 | 0.007 225 22.9
1 4d1 5p2(!S) 2Dy, 5p* 'D, 0.010 0.010 20.8 20.9 20.9 21.0
m | 4d" 5p%('S) Dy, 5p¢ D, 0.021 0.022 19.2 19.3 195 119.3
m 4d1 5p*('D) 28, 5p* 'D, 0.005 0.006 189 19.0 189
n | 4d5p%('S) Dy, 5p* 1S, 0014 | 0015 18.3 18.7 18.9 18.9
) 4d1 5p?('D) 2Py, 5p* D, 0.009 0.009 179 18.3
o | 4d'5p2(P) Dy, 5p* 9P, 0017 | 0018 17.9 183
0 4d"' 5p?(°P) °F; 5p* 3P, 0.005 0.005 17.8 18.2 } 18.6
o | 4d'5p%CP) °F,, 5p* 9P, 0.011 0.012 17.7 18.1
0 4d"' 5p?('D) 2Dy 5p* D, 0.009 0.009 17.6 18.0 18.4
p | 4d'5p2(P) %, 5p* 9P, 0.006 | 0.007 17.1 17.6
q | 4d15p2('s) D), 5pt 1S, 0.017 0.017 16.7 17.3 17.5 V175
q | 4d'5p2(P) D, 5p* D, 0.009 | 0.009 16.4 17.0
r 4d" 5p?('D) 2Ggy, 5p* 1D, 0.020 0.021 16.0 16.6 16.6 16.6
s | 4d'5p2(P) °F,), 5p* D, 0.008 | 0.009 15.7 16.3
s | 4d15pX('D) %, 5p 1S, 0.005 | 0.005 15.4 15.9
s | 4d'5p(P) °F,), 5p¢ D, 0.005 | 0.005 15.2 15.7
t | 4d'5p2(P) Dy, 5p 1S, 0.005 — 14.9
u | 4d'5p('D) Gy 5p* 1S, — 0.006 — 14.1

The analysis of the presented results in ta-
bles 1—3 allows to conclude that the précised
description of the Auger processes requires the
detailed accurate accounting for the exchange-
correlation effects, including the particle-hole
interaction, screening effects and iterations of
the mass operator. The relativistic many-body

PT approach provides more accurate results that
is due to a considerable extent to more correct
accounting for complex inter electron exchange-
correlation effects. It is important to note that
using the more correct gauge-invariant proce-
dure of generating the relativistic orbital basis’s
directly linked with correctness of accounting
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for the correlation effects. The same is regard-
ing the procedure of accounting the relativistic
effects (especially for Xe).

REFERENCES

1. Kulekshov V. F., Kukharenko Yu. A., Fridrikhov S. A.
et al. Spectroscopy and Electron Diffraction in Solid Sur-
faces Studies. Nauka: Moscow, 1985.

2. Aberg T., Hewat G. Theory of Auger effect. Sprin-
ger-Verlag: Berlin, 1999.

3. Aglitsky E. V., Safronova U. I. Spectroscopy of Au-
toionization states of atomic systems. Energoatomizd.: Mos-
cow, 1992.

4. Glushkov A. V., Relativistic Quantum Theory. Quan-
tum, mechanics of Atomic Systems. — Odessa: Astroprint,
2008. — 900 P.

5. Glushkov A. V., Ivanov L. N., [vanova E. P., Gener-
alized energy approach to radiation and autoionization de-
cay of the atomic states // Autoionization Phenomena in
Atoms. — Univ. Press, Moscow. — 1986. — P. 58—160.

6. Glushkov A. V., Ivanov L. N. Radiation decay of ato-
mic states: Atomic residue and gauge non-invariant con-
tributions // Phys. Lett. A. — 1992. — Vol. 170, N 1. —
P. 33—37.

7. Glushkov A. V., Khetselius O. Yu., Gurnitskaya E. P.,
Loboda A. V., Lovett L., et al, Gauge-invariant QED pertur-
bation theory approach to calculating nuclear electric quad-
rupole moments, hyperline structure constants for heavy
atoms and ions // Frontiers in Quantum Systems in Chemis-
t5r5ysand Physics (Springer). — 2008. — Vol. 18. — P. 505—

8. Nikola L. V., Quantum calculation of Auger spectra
for Na, Si atoms and solids // Photoelectronics. — 2007. —
N 16. — P. 102—105.

9. Ambrosov S. V., Glushkov A. V., Nikola L. V., Sens-
ing the Auger spectra for solids: New quantum approach
// Sensor Electr. and Microsyst. Techn. — 2006. — N 3. —
P. 46—50.

10. Tjurin A. V., Nikola L.V., Khetselius O. Yu., Su-
kharev D. E., Sensing the finite size nuclear effect in cal-
culation of the Auger spectra for atoms and solids //

UDC 535.42
L. V. Nikola

Sensor Electr. and Microsyst. Techn. — 2007. — N 1. —
P. 18—21.

11. Glushkov A. V., Svinarenko A.A., Malinovska-
ya S. V., Khetselius O. Yu., Loboda A. V., Lopatkin Yu. M.,
Nikola L. V., Perelygina T. B., Generalized energy approach
to calculating electron collision cross-sections for multichar-
ged ions in a plasma: Debye shielding model // Internat.
Journal of Quantum Chem.— 2011. — Vol. 111, N 2. —
P. 288—296.

12. Svinarenko A.A., Nikola L. V., Prepelitsa G.P.,
Tkach T., Mischenko E., The Auger decay of excited
states in spectra of multicharged ions: relativistic theory
//Spectral Lines Shape (AIP, USA). — 2010. — Vol. 16. —
P. 94—98.

13. Nikola L. V., Ignatenko A. V., Shakhman A. N., Re-
lativistic theory of the auger (autoionization) decay of ex-
cited states in spectrum of multicharged ion // Photoelec-
tronics. — 2010. — N19. — P. 61—64.

14. Osmekhin S., Fritzsche S., Grum-Grzhimailo A. N.,
Huttulal M., Aksela H., Aksela S., Angle-resolved study of
the Ar 2p~',,3d resonant Auger decay // J. Phys. B: At.
Mol. Opt. Phys. — 2008. — Vol. 41. — P. 145003.

15. Pahler M., Caldwell C. D., Schaphorst S. J., Krau-
se M., Intrinsic linewidths of neon 2s2p5('*P)nl’L correla-
tion satellites // J. Phys. B. At. Mol. Opt. Phys. — 1993. —
Vol. 26. — P. 1617—1622.

16. Sinanis C., Aspromallis G., Nicolaides C., Elec-
tron correlation in the Auger spectra of the Net K
2s2p5(31P%)3p?S satellites // J. Phys. B. At. Mol. Opt.
Phys. — 1995. — Vol. 28. — P. 1423—428.

17. Armen G. B., Larkins F.P., Valence Auger and
X-ray participator and spectator processes for neon and ar-
gon atoms // J. Phys. B. At. Mol. Opt. Phys. — 1991. —
Vol. 24. — P. 741—760.

18. De Fanis A., Tamenori Y., Kitajima M., Tanaka H.,
Ueda K., Doopler-free resonant Auger Raman spectrosco-
py on atoms and molecules at Spring-8 // Journ. of Phys.
CS. — 2004. — Vol. 183. — P. 63—72.

19. Jonauskas V., Partanen L., Kucas S., Karazjia R.,
Huttula M., Aksela S., Aksela H., Auger cascade satellites
following 3d ionization in xenon // Journ. of Phys. B. Atom.
Mol. Opt. Phys. — 2003. — Vol. 36. — P. 4403—4416.

20. Cowan D., Methods of atomic structure calcula-
tions. — N.Y., 1999. — 280 P.

RESONANT AUGER SPECTROSCOPY OF THE ATOMS OF INERT GASES

Abstract

The results of determination and analysis of the resonant Auger transition spectra characteristics for atoms of the
inert gases are obtained within the relativistic multi-body theory and compared with available experimental and other
theoretical data. A number of the Auger transition parameters have been firstly presented.

Key words: Auger spectroscopy, atom of inert gas, relativistic theory
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JI. B. Hukonra

PE3OHAHCHAS O)XE CHEKTPOCKOIIHSl ATOMOB MHEPTHbIX TI'A30B

Pe3iome

[IpencraBneHbl pe3y/bTaThl TEOPETHUECKOrO ONpeeJ]eHUs] B paMKax PesTUBUCTCKOH MHOIOYACTHUHOH TEOpPUH U aHa/Iu3a
XapaKTePUCTHK pe30HaHCHBIX creKTpoB Oke MepexofoB s aTOMOB HHEPTHBIX Ta30B M IIPOBEIEHO HX CpaBHEHHe C
UMEIOLIUMHUCS SKCIIePUMEHTAIbHBIMU U albTePHATHBHBIMU TeOpeTHYeCKUMHU AaHHbIMU. a5 pspa Oxe mepexonoB XapakTepHble

nmapaMeTphl TIOJy4eHbl BIIEPBHIE.

Kaouesbie caosa: Oxe CIIEKTPOCKOIHA, aTOM HHEPTHOrO rasa, peJIATUBUCTCKasA TEOpHUsd.

YK 535.42
JI. B. Hikoaa

PE3OHAHCHA O)KE CNEKTPOCKOMIifl ATOMiB iHEPTHUX TA3iB

Pesiome

HaBeneni pesy/ibraTv TeOpeTHYHOTO BU3HAUEHHS Y MeKax peJssiTHBICTCbKOI GaraTouacTHHKOBOI Teopii Ta aHasi3dy xapakre-
PUCTHK pe3oHaHCHUX creKTpiB Oxke mepexomiB /s aTOMiB iHEPTHUX rasiB i mpoBeneHo iX MOPiBHAHHSA 3 HASIBHUMHU €KCIIEPUMEH-
TaJlbHAMU Ta aJbTEPHATUBHUMH TeOpeTHUHHUMH naHuMu. s psipy Oxke mepexoliB XapaKkTepHi MapaMeTpH OTpPHUMaHi BIeplie.

KatouoBi caoBa: Oxxe CHeKTPOCKOMNisl, aTOM iHEPTHOro rasy, pessTHBiCTCbKa TeOpis.
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ELECTROMAGNETIC AND STRONG INTERACTIONS EFFECTS
IN X-RAY SPECTROSCOPY OF PIONIC ATOMS

it is given an analysis of the electromagnetic and strong interactions contributions to
the transitions energies in the X-ray spectra of the pionic atomic systems. It is consid-
ered an advanced approach to redefinition of the meson-nucleon phenomenological opti-
cal model potential parameters and increasing an accuracy of the hadronic transitions en-

ergies definition.

In this paper we give an analysis of the elec-
tromagnetic, hyperfine, electroweak and strong
interactions contributions to the transitions en-
ergies in the X-ray spectra of hadronic atomic
systems and discuss the X-ray standards status.
Besides, mt is considered an advanced approach
to redefinition of the pion-nucleon phenomeno-
logical optical model potential parameters and
increasing an accuracy of the hadronic X-ray
transitions energies definition As it is known,
one of the fundamental questions in the mod-
ern hadron’s physics is that the hadron mass-
es being much higher than the mass of their
quark content. The current mass of the up (u)
and down (d) quarks is two orders of magnitude
smaller than a typical hadron’s mass of about
1 GeV. This extraordinary phenomenon is pro-
posed to originate from spontaneous breaking of
chiral symmetry of massless quarks in strong in-
teraction physics [1—5]. At present time one of
the most sensitive tests for the chiral symmetry
breaking scenario in the modern hadron’s phys-
ics is provided by studying the exotic hadron-
atomic systems. One could turn the attention
on the some differences between the pionic and
kaonic systems. In the kaonic case one deals
with the strangeness sector, and, for example,
the strong interaction effect amounts to a very
small shift and width in pionic hydrogen of 7
and 1 eV respectively, Nowadays the transition
energies in pionic (kaonic, muonic etc.) atoms
are measured with an unprecedented precision
and from studying spectra of the hadronic at-
oms it is possible to investigate the strong in-
teraction at low energies measuring the ener-
gy and natural width of the ground level with
a precision of few meV [1—20].

The mechanism of creation of the hadron-
ic atoms is well known now (e.g. [1, 2]). Re-
ally, such an atom is formed when a negative
pion enters a medium, looses its kinetic ener-
gy through ionization and excitation of the at-
oms and molecules and eventually is captured,
replacing the electron, in an excited atomic or-
bit. The further de-excitation scenario includes
the different cascade processes such as the
Auger transitions, Coulomb de-excitation, scat-
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tering etc. When a pion reaches a low-n state
with the little angular momentum, strong in-
teraction with the nucleus causes its absorp-
tion. The strong interaction is the reason for
a shift in the energies of the low-lying levels
from the purely electromagnetic values and the
finite lifetime of the state corresponds to an in-
crease in the observed level width. The possi-
ble energy shifts caused by the pion-induced
fluorescence X-rays were checked in the mea-
surement of the pion beams at PSI in Switzer-
land. The systematic error of the fit functions
is found to be 2 eV.

The most known theoretical models to treat-
ing the hadronic atomic systems are presented
in refs. [9—11, 16—20]. In refs. [6, 20] there
were developed an effective ab initio schemes to
the Klein—Gordon equation solution and further
definition of the X-ray spectra for multi-electron
kaonic atoms with the different schemes for ac-
count for the nuclear, radiative, correlation el-
fects. The theoretical studying the strong inter-
action shifts and widths from X-ray spectroscopy
of kaonic atoms (U, Pb etc) was fulfilled. The
most difficult aspects of the theoretical model-
ing are reduced to the correct description of
the kaon (pion)-strong interaction as the elec-
tromagnetic part of the problem is reasonably
accounted for in models [16—20]. Besides, quite
new aspect is linked with the possible, obvi-
ously, very tiny electroweak and hyperfine in-
teractions.

All available theoretical models to treating
the hadronic (kaonic, pionic) atoms are natural-
ly based on the using the Klein—Gordon equa-
tion (e. g. [2]):
m2c?W(x) =

S liho, + eVy(r)P + 7292} (x), (1)

where ¢ is a speed of the light, % is the Planck
constant, and Wy(x) is the scalar wave function
of the space-temporal coordinates. Usually one
considers the central potential [V,(r), 0] approxi-
mation with the stationary solution:

W(x) = exp(—iEt/h)p(x), (2)
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where @(x) is the solution of the stationary
equation.

Ci2[.15+evo<r)]2 1292 — m2e? L g(x)=0. (3)

Here E is the total energy of the system (sum
of the mass energy mc? and binding energy
g,). In principle, the central potential V, nat-
urally includes the central Coulomb potential,
the vacuum-polarization potential, the strong in-
teraction potential. Standard approach to treat-
ing the last interaction is provided by the well
known optical potential model (c. g. [11]). Prac-
tically in all works the central potential V, is
the sum of the following potentials. The nucle-
ar potential for the spherically symmetric den-
sity p(r|R) is:

r

Ve r| R) = —((1/r) S dr'r?p(r'| R) 4 Sdl"r'p(r’| R).
' ’ (4)

The most popular Fermi-model approxima-
tion the charge distribution in the nucleus p(r)
(c. f. [1, 2]) is as follows:

o(r) = po/{1 + expl(r — c) /a)]}, (5)

where the parameter a = 0.523 fm, the param-
eter ¢ is chosen by such a way that it is true
the following condition for average-squared radi-
us: (r2y12=10.836-AY3 4 0.5700)im. The effec-
tive algorithm for its definition is used in refs.
[7, 18—20] and reduced to solution of the fol-
lowing system of the differential equations:

Viwalr, R) = (/) drrp(r, R) = (1/r)y(r, R),

y'(r, R) =r?p(r, R), (6)
p'(r) = (po/@)expl(r—c)/al{l + exp[(r—c)/a)]}*

with the boundary conditions:

Vnucl(ov R) - —4/(7[1’), y(ov R) - 0,
p(0) = po /{1 + exp[—c/al}. (7)

Another, probably, more consistent approach
is in using the relativistic mean-field (RMF)
model, which been designed as a renormaliz-
able meson-field theory for nuclear matter and
finite nuclei [21—24]. To take into account the
radiation corrections, namely, the effect of the
vacuum polarization there are traditionally used
the Ueling potential and its different modifica-
tions such as [1—7]. The most difficult aspect
is an adequate account for the strong inter-
action.

In the pion-nucleon state interaction one
should use the following pulse approximation
expression for scattering amplitude of a pion
on the “i” nucleon [1, 2]

fi(r) = {bG 4 bi(tv) 4 [c; + ci(tT)]kk} X
XO(r—r), (10)
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where ¢ and t are the isospines of pion and
nucleon. The nucleon spin proportional terms
of the kind o[kk’] are omitted. The constants
in (10) can be expressed through usual s-wave
(otyr) and p-wave (ay; o) scattering length (7 and
J-isospin and spin of he system mN. The cor-
responding parameters in the Compton wave
length &, terms are as follows:

by = (o, + 2a3)/3 = —0.0017 A,
by = (a;— a,)/3 = —0.086 1.

co= (4033 + 203+ 205 + all)/3 =
= —0.208 (1,,)3.

c1 = (2033 — 20015+ 03 — OL“/S =
= —0.184 (1,3

The scattering amplitude for pin on a nu-
cleus is further received as a coherent sum of
the mN-scattering lengths. paccesnus. In ap-
proximation of the only s-wave interaction the
corresponding potential can be written in the
Dezer form [1, 2]

Vy(r)=—2mh*u;'|ZA 'a, + (A — Z)A~'a, |o(r).
(11)

The s-wave lengths of the m—!p-scattering
a,= (20, + a;)/3 u m'n-scattering a,= a;
scattering are introduced to Eq. (11). Be-
cause of the equality between a,= bj+ b] and
a,= b, + by (with an opposite sign) the theo-
retical shift of the s-level with T=0 (A =22)
from Eq. (12) is much less than the observed
shift. So, the more correct approximation must
take into account the effects of the higher or-
ders.

In whole the energy of the hadronic atom
is represented as the sum:

ENEKG+EFS+EVP+EN;

here Ey; — is the energy of a pion in a nucle-
us (Z,A) with the point-like charge (domina-
tive contribution in (12)), Es is the contribu-
tion due to the nucleus finite size effect, E»
is the radiation correction due to the vacuum-
polarization effect, E, is the energy shift due
to the strong interaction V. The last contribu-
tion can be defined from the experimental en-
ergy values as:

Ey=E — (Ex¢ + Ers+ Eyp).

From the other side the strong pion-nucleus
interaction contribution can be found from the
solution of the Klein—Gordon equation with the
corresponding meson-nucleon potential. In this
case, this contribution E, is the function of the
potentials (8)—(11) parameters.

Let us further to analyse some theoreti-
cal and experimental results and present some
proposals on the further improvement of the
available theoretical approaches. In tables 1
the data on the transition energies in some pi-
onic atoms (from. Refs. [1—3]): the measured

(12)

(13)



Transition energies (keV) in the spectra of some pionic atoms

Table

Epxpr keV
Element Exer EY, Efl
Berkley CERN Virdginia
Transition 2p — s
He* 10,69 = 0,06 10,731 10,70 10,68
Li¢ 23,9 +0,2 24,18 == 0,06 24,472 24,09 24,06
Li” 23,8 +0,2 24,06 = 0,06 24,538 23,95 23,85
Transition 3d — 2p
Cl 150,55 +0,15 24,18 == 0,06 149,051 150,38 150,46
K 188,6 = 0,3 188,77 + 0,18 24,06 =+ 0,06 186,445 188,43 188,53
Cu 446,1 == 2,0 437,424 444 24 445,03
Transition 4f — 3d
Cs! 560,5 + 1,1 562,0+=1,5 | 553,330 561,47 562,12
Transition bg — 4f
Tl 561,67 == 0,25 556,562 560,93 561,63
Pb 575,56 =+ 0,25 570,614 575,21 575,78
y2s 7314 = 1,1 732,004 730,88 == 0,75 724,317 729,80 730,52

values form the Berkley, CERN and Virdginia
laboratories, theoretical values for the 2p — s,
3d — 2p, 4f — 3d, 5g — 4f pionic transitions
(E%, — values from the Klein—Gordon—Fock
equation with the pion-nucleus potential [3, 9,
17]; Exgr — values from the Klein—Gordon—
Fock equation with the finite size nucleus poten-
tial (our data), E%, — values from the Klein—
Gordon—Fock equation with the generalized
pion-nucleus potential [20]: our data). It is eas-
ily to understand that when there is the close
agreement between theoretical and experimental
shifts, the corresponding energy levels are not
significantly sensitive to strong nuclear.
interaction, i. e the electromagnetic contri-
bution is dominative. In the opposite situation
the strong-interaction effect is very significant
The analysis of the presented data indicate on
the necessity of the further more exact experi-
mental investigations and further improvement
of the pion-nuclear potential modelling. Really,
under availability of the “exact” values of the
transitions energies one can perform the com-
parison of the theoretically and experimentally
defined transition energies in the X-ray spec-
tra in order to make a redefinition of the pion-
nucleon model potential parameters using Egs.
(8)—(11). Taking into account the increasing
accuracy of the X-ray pionic atom spectroscopy
experiments, one can conclude that the such a
way will make more clear the true values for
parameters of the pion-nuclear potentials and
correct the disadvantage of widely used param-
eterization of the potentials (8)—(11). The im-
portance of the presented energy parameters
is provided not only its great role in the X-ray
spectroscopy of the hadronic systems. The high
accuracy of the theoretical modelling and new
experimental results can give an important infor-

mation about properties of the nuclei and had-
rons (see below), in particular, masses, magnet-
ic moments, spins and parity of some hadrons.
Sensing the key parameters of the hyperfine,
electromagnetic and strong interactions is of a
great importance too.

In conclusion, the author would like to thank
anonymous referee for invaluable comments and
advices.
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ELECTROMAGNETIC AND STRONG INTERACTIONS EFFECTS IN X-RAY SPECTROSCOPY

OF PIONIC ATOMS
Abstract

It is given an analysis of the electromagnetic and strong interactions contributions to the transitions energies in

the X-ray spectra of the pionic atomic systems. It is considered an advanced approach to redefinition of the meson-nu-
cleon phenomenological optical model potential parameters and increasing an accuracy of the hadronic transitions en-
ergies definition.

Keywords: X-ray spectra, pionic atoms, relativistic theory.
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9dPEKTbHI JIEKTPOMATHUTHOIO U CUJILHOIO B3AMMOIEMCTBUA B PEHTTEHOBCKOW CIEKTPOCKOIUM
MUOHHbIX ATOMOB

Pe3iome

[Ipoananu3upoBaHbl BKJIAAbl 3J€KTPOMATHUTHOIO W CHJIBHOTO B3aWMOIEHCTBHU B SHEPTHH II€PEXONOB B PEHTTEHOBCKHX
CIEeKTpPax MHUOH-aTOMHBIX cHcTeM. PaccMoTpeH 3(p@eKTHBHBIH MOAXOA K MepeornpeneeHdto napaMeTpoB ONTHYECKOrO MOMEJb-
HOTO TMHOH-HYKJOHHOTO TOTEHIHa a ¥ YBEJWUEHHIO TOYHOCTH OIpEeNeseHHs] SHEPrUil TepeXofoB B PEHTIEHOBCKHUX CIEKTPax
aIpOHHBIX aTOMOB.

KaloueBbie cJ0Ba: PEHTreHOBCKHE CIEKTPbl, MHOHHbIE aTOMBI, PEJISITUBUCTCKAS TEOPHS.

YK 539.17

I. M. Cepea

E®EKTU EJIEKTPOMATHITHOT i CUJIbHOI B3AEMOJLiA ¥ PEHTTEHIBCbKi CIEKTPOCKOMIi
NIOHHUX ATOMIB

Peslome

[IpoaHanizoBaHi BHECKH eJIEKTPOMArHiTHOI Ta CHUJbHOI B3aeMOAiIH B eHeprii nepexomiB y pEeHTTeHiBCbKUX CIEKTpax
MiOH-aTOMHHUX cHCTeM. PosrisHyTo egeKTHBHMH NigXin A0 mepe- BHU3HAYEHHS NapaMeTpiB ONTHYHOIO MOIEJBHOTO IiOH-
HYKJIOHHOTO TNOTeHLjasy i 30iJblUEeHHI0 TOYHOCTi BH3HAUEHHS €Hepriil nepexoniB y PEHTTeHiBCbKHUX CIEKTPax aJpOHHUX
aToMiB.

KaouoBi cnoBa: peHTreHIBCbKi CIEKTPH, MiOHHI aTOMH, PeJSTUBICTCbKA TeOpis.
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RELATIVISTIC THEORY OF THE BETA DECAY: ENVIRONMENT
AND FINAL STATE INTERACTION EFFECTS

Theoretical schemes for estimating the atomic chemical environment effect and final
state interaction on the B decay characteristics are considered. As method of calculation
of the relativistic atomic fields and electron wave functions, the gauge invariant Dirac-Fo-
ck type approach is used. The numerical results for B decay parameters for a number of

nuclei are presented.

Though in a modern nuclear physics there
is a number of principally new problems, con-
nected with an unprecedented progress in the
physical experiment, nevertheless the classical
problems, including the beta decay or low en-
ergy nucleus-nucleus collision etc. are remained
under intensive theoretical and experimental in-
terest (c. f. [I—12]). This paper is devoted to
carrying out new schemes for estimating the
beta decay characteristics and sensing an in-
fluence of the chemical environment on the
P decay parameters with using new theoretical
schemes (c. f. [I—5, 11—18]). In last years a
calculating the  decay processes and sensing
an influence of the chemical environment on the
beta P characteristics attracts a great interest
especially due to the new experimental studies
of the p decay for a number of nuclei [1—5].
A number of experimental and theoretical pa-
pers appeared where the different aspects of the
P decay theory and accounting for different fac-
tors are considered. One of the important top-
ics is problem to get the data about the neu-
trino mass from the beta decay spectra shape.
An exact value of the half-decay period for the
whole number of heavy radioactive nuclei is im-
portant for standardisation of data about their
properties. Disagreement between different ex-
perimental data regarding the B-decay in heavy
radioactive nuclei is provided by different chem-
ical environment radioactive nucleus. For exam-
ple, such disagreement in data on the half-decay
period for the 2*'Pu (see, for example, ref. [4,
9, 8, 9]) is explained in some papers by special
beta decay channel. The beta particle in this
channel does not transit into Iree state, but it
occupies the external free atomic level. Accord-
ing to ref. [1—5], differences in population of
these levels are to be a reason of an influence
of the chemical environment on the beta decay.
So, a sensing the chemical environment effect
on the beta decay is very important to be stud-
ied as within a consistent, high accurate theo-
retical calculation scheme as experimental high
precise measurement. Under theoretical consid-
eration of the problem, one has to consider the
following effects: i.). A changing electron wave
functions because of the changing atomic elec-

© Yu. V. Dubrovskaya, D. E. Sukharev, L. A. Vitavetskaya,
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tric field due to the difference in the valence
shells occupation numbers in different chemical
substances; ii). A changing up limit of integra-
tion under calculating the Fermi integral func-
tion in different chemical substances [5]. As a
rule, the beta particle and neutrino bring away
the difference between energies of the moth-
er and daughter atoms. This difference energy
is equal to sum of values, provided by atom-
ic nucleus reconstruction and atomic electron
shell reconstruction. The entire energy of elec-
tron shell of an atom in the different chemical
compounds is different. Due to the changing
the nuclear charge Z on unite during the beta
decay, this entire energy of electron shell of an
atom changes in different chemical compounds
by different way; iii). Together with beta decay
and ejection of the beta particle out atom it is
possible additional channel when the beta elec-
tron occupies non-occupied place on the bond-
ed external orbitals of atom. As a rule, special
tables [9] for the Fermi function and integral
Fermi function is used for calculating the beta
spectrum shape. In ref. [9] calculation scheme
is based on the non-relativistic Hartree—Fock—
Slater approach, but the finite size of nucleus
is taken into account. In paper [4] the relati-
vistic Dirac—Fock (DF) method was used. Note
that the DF approach is the most wide spread
method of calculation, but, as a rule, the cor-
responding orbitals basis’s are not optimized.
Some problems are connected with correct def-
inition of the nuclear size effects, QED correc-
tions etc. We are applying below the gauge in-
variant DF (GIDF) type approach [10—12] for
estimating the atomic chemical environment ef-
fect and linal state interaction on the P decay
characteristics

As it is well known a distribution of the f
particles on energy in the permitted transitions
is as follows [9]:

dW,(E)/dE =
— L G2FE 2)-E-p-(E,— Ex-|MP. (1)

273

Here G is the weak interaction constant; E and
p=(E?>—1)"2 are an entire energy and pulse
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of beta particle; E,=1 4 (E,,/m.?), E,, is the
boundary energy of B-spectrum; |M| is a matrix
element, which is not dependent upon an ener-
gy in a case of the permitted p-transitions.

As usually for calculation of the B decay
shape and decay half period one should use the
tables of the Fermi function and integral Fer-
mi function. The Fermi function F and integral
Fermi function f are defined as follows:

(g2, + f?H),

1
2p?

F(E,Z) = (2a)

HE,, Z) = SF(E, Z)-E-p-(E,— E)*dE.  (2b)

1

Here f,, and g _, are the relativistic electron
radial functions; the indexes =4[ =7y, where
x = (l —{)/(2j +1). Two schemes of calculation
are usually used: i). the relativistic electron radi-
al wave functions are calculated on the boundary
of the spherical nucleus with radius R, (it has
done in ref. [4]); ii). the values of these func-
tions in the zero are used (see ref. [9]).

The normalisation of electron radial func-
tions f; and g; provides the behaviour of these
functions for large values of radial valuable as
follows:

gir) — r='[(E +1)/E]"*sin(pr + 8,), (3a)
fi(r) = r=(i/|iD[(E—1)/E]"*cos(pr+-6,). (3b)

An effect of interaction in the final state be-
tween beta electron and atomic electrons with
an accuracy to (aZ/v)? is manifested and further
accounted for in the lirst non-vanishing approx-
imation [8]. This contribution changes the en-
ergy distribution of the beta electron on value:

dW,(E)/dE ) z

W =1 (OCE/P) <lpm;,(a3/|fj |)|qjm>-
Here 1,, — the wave function of atom initial
state, z is a number of electrons, a; is the Bohr
radius. As method of calculation of the relativ-
istic atomic fields and electron wave functions,
we have used the GIDF approach [10, 11]. The
potential of Dirac equation includes also the
electric and polarization potentials of a nucle-
us (the gaussian form of charge distribution in
the nucleus was used). All correlation correc-
tions of the PT second and high orders (elec-
trons screening, particle-hole interaction etc.)
are accounted for [5]. The GIDF equations for
N-electron system are written and contain the
potential: V(r) = V(r|nlj) + V., 4+ V(r|R), which
includes the electrical and polarization poten-
tials of the nucleus. The part V,, accounts for
exchange inter-electron interaction. Note that a
procedure of the exchange account in the GIDF
scheme is similar to one in the usual DF ap-
proach. Regarding the GIDKS scheme, it is si-
milar to usual DKS scheme. The optimization
of the orbital basises is realized by iteration al-
gorithm within gauge invariant QED procedure
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(look its application in the beta-decay theory
[5]). Approach allows calculating the continu-
um wave functions, taking into account fully
an effect of exchange of the continuum electron
with electrons of the atom. Note that this is one
of the original moments of the paper. Another
original moment is connected with using the
consistent QED gauge invariant procedure for
optimization of the electron functions basises.
Numerical calculation and analysis shows that
used methods allow getting the results, which
are more precise in comparison with analogous
data, obtained with using non-optimized basis-
es. The details of the numerical procedure are
presented in ref. [10—12].

Firstly, we present the results of estimat-
ing the final state interaction effects on the
B decays for super allowed transition Ot — Ot
(nuclei: *2Se, V). In table 1 we present our
results for corrections ff to probability of the
super allowed transitions Ot— O+ due to the
final state interaction effect (FSI).

Table 1

Corrections to probability of the super allowed tran-
sitions Ot — Ot due to the final state interaction ef-

fect (FSI)

Compilated Caleulati Calculation

Nucleus daégl()w[n]g(iut witﬁ CFusi} 1[01112] »(\)/Ltr dFaﬂ
“Se 3089,3 = 7,5 3097,8 3095,2
6y 3088,6 + 4,3 3098,4 3095,9

There are also presented the compilated data
(without accounting for the final state inter-
action effect) and the estimates from ref. [8]
within the Durand approach. The FSI correc-
tion may not be directly defined in the heavy
nuclei due to the great indefiniteness in nucle-
ar matrix elements. Exception is the super al-
lowed transition Ot — O+. These transitions
are used for definition of the weak interaction
constant G, (ft ~ G2). As one can see there is
quite significant difference between presented
values for different nuclei. One can suppose
that there is systematic defect of existing the-
ory of accounting corrections, which increase
with the growth of Z. As an analysis shows,
our data can be considered as the most correct
ones.

In table 2 we present some data on the atom-
ic chemical environment effect on the f decay
probability ?'Pu — ?*'!Am. Analysis shows that
it has taken a place the significant changing of
the T,/ value for **'Pu. According to our calcu-
lation, the Fermi function under double ioniza-
tion is less on 0,33—0,90 %. Let us note that
our results are in reasonable agreement with
data of refs. [4, 5]. It means, naturally, that
the decay of 2!'Pu runs more slowly. The typi-
cal example of the Pu compounds is pair PuO,
and PuO. The detailed analysis shows that an
account of the possible channel of the B de-
cay with occupying external atomic orbitals, in



The atomic chemical environment effect on the

Table 2

decay probability *'Pu — *'Am. Changing the half-period T,

IDF calculation)

Decay of neutral atom Decay of ionized atom AJJj AT,/
=_0 1/2
Atom E,, eV HE,, Z) E,, eV HE,, Z) v
20800 1,72164(-3) Pyt 20783 1,71596(-3) —0,33
20817 1,72522(-3) 20800 1,71953(-3) —0,33
P 20800 1,72164(-3) P+ 20767 1.71148(-3) —0,59
20833 1,72952(-3) 20800 1,71931(-3) —0,59
20800 1,72164(-3) Pu+ 20748 1,70615(-3) —0,90
20852 1,73403(-3) 20800 1,71842(-3) —0,90

our opinion, gives a reasonable explanation of
dependence of the plutonium half decay peri-
od upon the chemical composition than version
without account of this channel.
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RELATIVISTIC THEORY OF THE BETA DECAY: ENVIRONMENT AND FINAL STATE INTERACTION

EFFECTS
Abstract

Theoretical schemes for estimating the atomic chemical environment effect and final state interaction on the p de-
cay characteristics are considered. As method of calculation of the relativistic atomic fields and electron wave functions,
the gauge invariant Dirac—Fock type approach is used. The numerical results for B decay parameters for a number of

nuclei are presented.

Key words: f decay probability, relativistic theory, environment effect.
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PEJISTUBUCTCKASI TEOPUS B-PACIIAJIA: 3PPEKTbI XUMUUYECKOIO OKPY)KEHWUS U B3AUMOJIEMCTBUS

B KOHEYHOM COCTOSHUH

Pe3iome

PaccMoTpeHsl TeopeTHuecKkHe CXeMBl ONpefie/IeHHs] XapaKTepPUCTHK [} pacrajga M OLEHKH BJIUSHUS (p(peKTa XUMHIeCKOTo
OKDY?KEeHHUs] U B3aUMOIEHCTBUS B KOHEUHOM COCTOSIHUHM. B KauecTBe MeTOna BBIYMC/IEHHS PEJNSTHBUCTCKOIO ATOMHOTO MOJS
W BOJIHOBBIX (DYHKLUHMH HCMOJb30BaHa 06001leHHass KaauOpoBOYHO-UHBapuaHTHasi Bepcusi Merona Jlupaka—®Poka. [IpuBenens

OLIEHKH XapaKTepucTHK OGeTa pacrajga Aas psiaa siuep.

KatoueBble cioBa: BeposiTHOCTb -pacmaja, pesiiTHBHCTCKAast Teopusi, 3(PHEKT XUMHUECKOTO OKPYXKEHHS.
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PEJIAITUBICTCbKA TEOPiSl p-PO3MAJLY: E®EKTU XiMIUHOTO OTOUYEHHSI TA B3AEMOJT
Y KIHLLIEBOMY CTAHi

Peslome

PosrsisiHyTi TeopeTHuHi cxeMH pPO3PaxyHKy XapaKTepUCTHK [} posnaay Ta OLiHKM BIIUBY e(eKTy XiMi4YHOro OTOYEHHS Ta
B3aemonii y KiHueBOMy cTaHi. $IK MeTON PO3PaxyHKY PeNsTHBICTCbKMX ATOMHHMX TOJIB i €JeKTPOHHHUX XBUJIBbOBHUX (PYHKLIH
BUKOPHUCTAH| y3arajbHeHi KanibpoBouHo- iHBapiaHTHi cxemu [ipaka—®oxa i Hipaka—Kona—Illema. HaBeneni uucesbHi pe-
3y/JbTATH XapaKTePUCTHK OeTa po3nany A HHU3KH s1ep.

KatouoBi cioBa: iMoBipHiCTb B posnany, pesnsiTHBICTCbKA Teopis, epeKT XiM{YHOro OTOUEHHS.
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NON-LINEAR ANALYSIS METHODS OF SIGNAL’S TEMPORAL SERIES
IN MODELING OF INTERACTIONS IN THE NON-LINEAR
VIBRATIONAL SYSTEMS OF THE QUANTUM GENERATORS TYPE

The actual problem of the modern quantum electronics is studying a dynamics of the
coupled quantum generators and identifying the presence of chaotic dynamics in this time
(frequency) series. Here we review the elements of advanced techniques of using the non-
linear analysis methods to dynamics, such as the wavelet analysis, multi-fractal formalism,
mutual information approach, correlation integral analysis, false nearest neighbour algo-
rithm, Lyapunov exponent’s analysis, and surrogate data method.

1. INTRODUCTION

As it is well known in the modern quantum
electronics, photoelectronics etc there are many
physical systems (multielement semiconductors
and gas lasers, different radiotechnical devices
etc), which should be considered in the first
approximation as set of autogenerators, cou-
pled by different way (c. I. [1, 2]). The typical
schemes of different autogenerators (semicon-
ductor quantum generators, coupled by means
optical waveguide etc) are presented in refs.
[1, 2]. The key aspect of studying the dynam-
ics ol these systems is analysis of the tempo-
ral set for characteristic signals. In refs. [1—4]
it has been numerically studied a regular and
chaotic dynamics of the system of the Van-
der—Poll autogenerators with account of finite-
ness of the signals propagation time between
them and also with special kind of inter-oscilla-
tors interaction forces. Chaos theory establish-
es that apparently complex irregular behaviour
could be the outcome of a simple determinis-
tic system with a few dominant nonlinear inter-
dependent variables. The past decade has wit-
nessed a large number of studies employing
the ideas gained from the science of chaos to
characterize, model, and predict the dynamics
of various systems phenomena (c. f. [1—23]).
The outcomes of such studies are very encour-
aging, as they not only revealed that the dy-
namics of the apparently irregular phenomena
could be understood from a chaotic determin-
istic point of view but also reported very good
predictions using such an approach for differ-
ent systems. Here we review the elements
of advanced techniques of using the non-line-
ar analysis methods to dynamics, such as the
wavelet analysis, multi-fractal formalism, mu-
tual information approach, correlation integral
analysis, false nearest neighbour algorithm, Lya-
punov exponent’s analysis, and surrogate data
method.

© N. G. Serbov, V. Kuzakon, O. Yu. Khetselius,
G. P. Prepelitsa, E. P. Solyanikova, 2011

2. INVESTIGATION OF CHAOS
IN THE VIBRATION DYNAMICS

In ref. [2—4, 19] it has been studied a reg-
ular and chaotic dynamics of the system of the
autogenerators. Figure 1 illustrates the typical
vibration dynamics time series for a grid of au-
togenerators [4]. As it can be seen in Fig. 1, the
systems exhibits significant variations without
any apparent cyclicity. It is clear that a visual
inspection of the (irregular) amplitude level se-
ries does not provide any clues regarding its dy-
namical behaviour, whether chaotic or stochas-
tic. To detect some regularity (or irregularity) in
the time series, the Fourier power spectrum is
often analyzed, however it often fails too. Cha-
otic signals may also have sharp spectral lines
but even in the absence of noise there will be
continuous part (broadband) of the spectrum.
The broad power spectrum falling as a power
of frequency is a first indication of chaotic be-
haviour, though it alone does not characterize
chaos [5, 15, 18]. From this point of view, the
corresponding series analyzed in this study is
presumably chaotic [8] However, more well-de-
fined conclusion on the dynamics of the time
series can be made after the data will be treat-
ed by methods of chaos theory.

3 T T T T T T T T T T T T T " T T T T T T T 1
62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02 04

Fig. 1. The typical vibration dynamics time series for a grid
of autogenerators
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2.1. Introducing remarks

Let us consider scalar measurements
s(n) =s(t, + nAt) = s(n), where ¢, is the start
time, At is the time step, and is n the number
of the measurements. In a general case, s(n)
is any time series, particularly the amplitude
level. Since processes resulting in the chaotic
behaviour are fundamentally multivariate, it is
necessary to reconstruct phase space using as
well as possible information contained in the
s(n). Such a reconstruction results in a cer-
tain set of d-dimensional vectors y(n) replac-
ing the scalar measurements. Packard et al. [7]
introduced the method of using time-delay co-
ordinates to reconstruct the phase space of an
observed dynamical system. The direct use of
the lagged variables s(n + 1), where 1 is some
integer to be determined, results in a coordi-
nate system in which the structure of orbits
in phase space can be captured. Then using a
collection of time lags to create a vector in d
dimensions,

y(n) =[s(n), s(n 4 1), s(n + 21), ...,
s(n+ (d —=1)7)], (1)

the required coordinates are provided. In a non-
linear system, the s(n 4 jt) are some unknown
nonlinear combination of the actual physical var-
iables that comprise the source of the measure-
ments. The dimension d is called the embedding
dimension, d,. Example of the Lorenz attractor
given by Abarbanel et al. [5, 6] is a good choice
to illustrate the efficiency of the method.

2.2. Choosing time lag

According to Mafié [13] and Takens [12],
any time lag will be acceptable is not terribly
useful for extracting physics from data. If t is
chosen too small, then the coordinates s(n + jt)
and s(n 4 (j +1)1) are so close to each oth-
er in numerical value that they cannot be dis-
tinguished from each other. Similarly, if t is
too large, then s(n+jt) and s(n—4 (j+1)7)
are completely independent of each other in a
statistical sense. Also, if T is too small or too
large, then the correlation dimension of attrac-
tor can be under- or overestimated respective-
ly [8, 18]. It is therefore necessary to choose
some intermediate (and more appropriate) posi-
tion between above cases. First approach is to
compute the linear autocorrelation function

R - -
sz‘, (m+0)—5][s(m)—5]
1< -

v 2 [sm)—

N
where S=N2:‘s(m)

C, () = . (2

and to look for that time lag where C,(d) first
passes through zero (see [18]). This gives a
good hint of choice for t at that s(n + jr) and
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s(n + (j 4+ 1)1) are linearly independent. Howev-
er, a linear independence of two variables does
not mean that these variables are nonlinearly
independent since a nonlinear relationship can
differs from linear one. It is therefore prefera-
bly to utilize approach with a nonlinear concept
of independence, e. g. the average mutual infor-
mation. Briefly, the concept of mutual informa-
tion can be described as follows. Let there are
two systems, A and B, with measurements g,
and b,. The amount one learns in bits about a
measurement of g, from a measurement of b,
is given by the arguments of information theo-

ry [9] as
Pys(a, b,
n(a,b) = log, (2201 ) (g

where the probability of observing a out of the
set of all A is P,(a;), and the probability of find-
ing b in a measurement B is Pg(b;,), and the
joint probability of the measurement of a and
b is P,g(a;, b,). The mutual information I of two
measurements a; and b, is symmetric and non-
negative, and equals to zero if only the sys-
tems are independent. The average mutual in-
formation between any value a; from system A
and b, from B is the average over all possible
measurements of /,4(a;, b,),

=2 Pusla

a;, b,

b ) 45(;, by). (4)

L45(7)

To place this definition to a context of ob-
servations from a certain physical system, let
us think of the sets of measurements s(n) as
the A and of the measurements a time lag t
later, s(n+ 1), as B set. The average mutu-
al information between observations at n and
n -+t is then

= Pusla

a;, by

) a5(a;, by). ()

L45(7)

Now we have to decide what property of /(7)
we should select, in order to establish which
among the various values of t we should use
in making the data vectors y(n). In ref. [11] it
has been suggested, as a prescription, that it
is necessary to choose that t where the first
minimum of /(t) occurs. On the other hand,
the autocorrelation coefficient failed to achieve
zero, i. e. the autocorrelation function analysis
not provides us with any value of . Such an
analysis can be certainly extended to values ex-
ceeding 1000, but it is known [15] that an at-
tractor cannot be adequately reconstructed for
very large values of t. The mutual information
function usually [4] exhibits an initial rapid de-
cay (up to a lag time of about 10) followed
more slow decrease before attaining near-satu-
ration at the first minimum.

One could remind that the autocorrelation
function and average mutual information can be
considered as analogues of the linear redundan-
cy and general redundancy, respectively, which



was applied in the test for nonlinearity. If a
time series under consideration have an n-di-
mensional Gaussian distribution, these statistics
are theoretically equivalent as it is shown by
Palu$ (see [15]). The general redundancies de-
tect all dependences in the time series, while
the linear redundancies are sensitive only to lin-
ear structures. Further, a possible nonlinear na-
ture of process resulting in the vibrations am-
plitude level variations can be concluded.

2.3. Choosing embedding dimension.
Grassberger and Procaccia
algorithm

The goal of the embedding dimension deter-
mination is to reconstruct a Euclidean space R?
large enough so that the set of points d, can
be unfolded without ambiguity. In accordance
with the embedding theorem, the embedding di-
mension, dz must be greater, or at least equal,
than a dimension of attractor, d,, i.e. d;> d,.
In other words, we can choose a fortiori large
dimension dg, e. g. 10 or 15, since the previous
analysis provides us prospects that the dynam-
ics of our system is probably chaotic. Howev-
er, two problems arise with working in dimen-
sions larger than really required by the data
and time-delay embedding [5, 6, 18].

First, many of computations for extracting
interesting properties from the data require
searches and other operations in R? whose com-
putational cost rises exponentially with d. Se-
cond, but more significant from the physical
point of view, in the presence of noise or oth-
er high dimensional contamination of the obser-
vations, the extra dimensions are not populat-
ed by dynamics, already captured by a smaller
dimension, but entirely by the contaminating
signal. In too large an embedding space one is
unnecessarily spending time working around as-
pects of a bad representation of the observations
which are solely filled with noise. It is therefore
necessary to determine the dimension d,.

There are several standard approaches to re-
construct the attractor dimension (see, e. g., [5,
6, 15]), but let us consider in this study two
methods only. The correlation integral analysis
is one of the widely used techniques to inves-
tigate the signatures of chaos in a time series.
The analysis uses the correlation integral, C(r),
to distinguish between chaotic and stochastic
systems. To compute the correlation integral,
the algorithm of Grassberger and Procaccia [10]
is the most commonly used approach. According
to this algorithm, the correlation integral is

Y, Hr—ly:—y; ®)
b

(I<i<j<N)

. 2
C(r) = Jim N(n—1)

where H is the Heaviside step function with
Hu)=1 for u=>0 and H(u)=0 for u<O0,
r is the radius of sphere centered on y; or vy,
and N is the number of data measurements.
If the time series is characterized by an attrac-

tor, then the integral C(r) is related to the ra-
dius r given by

1. logC(r)
d_l,?lt? logr ’ (7

where d is correlation exponent that can be
determined as the slop of line in the coordi-
nates log C(r) versus log r by a least-squares
fit of a straight line over a certain range of r,
called the scaling region. If the correlation ex-
ponent attains saturation with an increase in
the embedding dimension, then the system is
generally considered to exhibit chaotic dynam-
ics. The saturation value of the correlation ex-
ponent is defined as the correlation dimension
(dy) of the attractor. The nearest integer above
the saturation value provides the minimum or
optimum embedding dimension for reconstruct-
ing the phase-space or the number of variables
necessary to model the dynamics of the system.
On the other hand, if the correlation exponent
increases without bound with increase in the
embedding dimension, the system under inves-
tigation is generally considered stochastic. As
the characteristic illustration in figure 2, 3 we
present the characteristic behaviour of the ioni-
zation probability for the hydrogen atom in the
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Fig. 2. Characteristic behaviour of the ionization probabi-
lity for the hydrogen atom in the microwave electromag-

netic field [23]
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Fig. 3. The relationship between the correlation exponent
and embedding dimension values the hydrogen atom in the
microwave electromagnetic field)
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microwave electromagnetic field and correlation
dimension results for chaotic dynamics (the re-
lationship between the correlation exponent and
embedding dimension values) [23].

As it can be seen, the correlation exponent
value increases with embedding dimension up
to a certain value, and then saturates beyond
that value. The saturation of the correlation ex-
ponent beyond a certain embedding dimension
is an indication of the existence of determinis-
tic dynamics. The saturation value of the cor-
relation exponent, i. e. correlation dimension of
attractor, for the amplitude level series is about
1.8 and occurs at the embedding dimension val-
ue of 6. The low, non-integer correlation dimen-
sion value indicates the existence of low-dimen-
sional chaos in the dynamics of the hydrogen
atom in the microwave electromagnetic field.
the same picture has been found for the vibra-
tions dynamics of the autogenerators [4]. The
nearest integer above the correlation dimension
value can be considered equal to the minimum
dimension of the phase-space essential to em-
bed the attractor. The value of the embedding
dimension at which the saturation of the cor-
relation dimension occurs is considered to pro-
vide the upper bound on the dimension of the
phase-space sufficient to describe the motion of
the attractor. Furthermore, the dimension of the
embedding phase-space is equal to the number
of variables present in the evolution of the sys-
tem dynamics. The results of such studying can
indicate that to model the dynamics of process
resulting in the amplitude level variations the
minimum number of variables essential is equal
to 4 and the number of variables sufficient is
equal to 6. Therefore, the amplitude level at-
tractor should be embedded at least in a four-
dimensional phase-space.

The results can indicate also that the upper
bound on the dimension of the phase-space suf-
ficient to describe the motion of the attractor,
and hence the number of variables sufficient to
model the dynamics of process resulting in the
level variations is equal to 6.

There are certain important limitations in
the use of the correlation integral analysis in
the search for chaos. For instance, the selec-
tion of inappropriate values for the parameters
involved in the method may result in an un-
derestimation (or overestimation) of the attrac-
tor dimension [8]. Consequently, finite and low
correlation dimensions could be observed even
for a stochastic process [18]. To verify the re-
sults obtained by the correlation integral anal-
ysis, we use surrogate data method.

The method of surrogate data [16] is an ap-
proach that makes use of the substitute data
generated in accordance to the probabilistic
structure underlying the original data. This
means that the surrogate data possess some
of the properties, such as the mean, the stan-
dard deviation, the cumulative distribution func-
tion, the power spectrum, etc., but are other-
wise postulated as random, generated according
to a specific null hypothesis. Here, the null hy-
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pothesis consists of a candidate linear process,
and the goal is to reject the hypothesis that the
original data have come from a linear stochastic
process. One reasonable statistics suggested by
Theiler et al. [16] is obtained as follows.

If we denote Q,,, as the statistic computed
for the original time series and @, for the ith
surrogate series generated under the null hy-
pothesis and let u, and o, denote, respectively,
the mean and standard deviation of the distri-
bution of Q,, then the measure of significance
S is given by

S _ ‘Qongiu‘s|. (8)

o

s

An S value of ~ 2 cannot be considered very
significant, whereas an S value of ~ 10 is highly
significant [16]. The details on the null hypothe-
sis and surrogate data generation are described
in ref. [18]. To detect nonlinearity in the ampli-
tude level data, the one hundred realizations of
surrogate data sets were generated according
to a null hypothesis in accordance to the prob-
abilistic structure underlying the original data.
The correlation integrals and the correlation ex-
ponents, for embedding dimension values from
1 to 20, were computed for each of the sur-
rogate data sets using the Grassberger—Pro-
caccia algorithm as explained earlier. Figure 2
shows the relationship between the correlation
exponent values and the embedding dimension
values for the original data set and mean val-
ues of the surrogate data sets as well as for
one surrogate realization.

Often, a significant difference in the esti-
mates of the correlation exponents, between
the original and surrogate data sets, can be ob-
served. In the case of the original data, a sat-
uration of the correlation exponent is observed
after a certain embedding dimension value (i. e.,
6), whereas the correlation exponents comput-
ed for the surrogate data sets continue increas-
ing with the increasing embedding dimension.
The high significance values of the statistic in-
dicate that the null hypothesis (the data arise
from a linear stochastic process) can be rejected
and hence the original data might have come
from a nonlinear process.

It is worth consider another method for de-
termining d, that comes from asking the basic
question addressed in the embedding theorem:
when has one eliminated false crossing of the
orbit with itself which arose by virtue of having
projected the attractor into a too low dimension-
al space? By examining this question in dimen-
sion one, then dimension two, etc. until there
are no incorrect or false neighbours remaining,
one should be able to establish, from geometri-
cal consideration alone, a value for the neces-
sary embedding dimension. Such an approach
was described by Kennel et al. [6]. In dimen-
sion d each vector

y(k) =[s(k), s(k + 1), s(k + 21), ..,
s(k =+ (d — 1)7)] 9)



has a nearest neighbour y*¥(k) with nearness
in the sense of some distance function. The Eu-
clidean distance in dimension d between y(k)
and y™(k) we call R (k):

Ri (k) = [s(k) — s"M(R)* +[s(k 4-1) —
—sW(k+ )P+ ...+
+ [s(k + t(d — 1)) — s"(k + t(d — 1))]. (10)

R,(k) is presumably small when one has a
lot a data, and for a dataset with N measure-
ments, this distance is of order 1/NVe In di-
mension d + 1 this nearest-neighbour distance
is changed due to the (d+ 1)st coordinates
s(k + dt) and sM(k 4 drt) to

71(R) =Ry (k) + [s(k + dv) —
— sW(k + du)]. (11)

We can define some threshold size R; to de-
cide when neighbours are false. Then if

|s(k 4 dt)— s¥ (k4 d)]|

Ry(k) (12)

>R,

the nearest neighbours at time point & are de-
clared false. Kennel et al. [6] showed that for
values in the range 10 < R;< 50 the number
of false neighbours identified by this criterion
is constant. In practice, the percentage of false
nearest neighbours is determined for each di-
mension d. A value at which the percentage is
almost equal to zero can be considered as the
embedding dimension. In ref. [4] under study-
ing the chaotic dynamics of the quantum gen-
erators was shown that the percentage of false
neighbours drops to almost zero at 4 or 5, i.e.
a four or five-dimensional phase-space is neces-
sary to represent the dynamics (or unfold the
attractor) of the amplitude level series. From
the other hand, the mean percentage of false
nearest neighbours computed for the surrogate
data sets decreases steadily but at 20 is about
35 %. Such a result seems to be in close agree-
ment with that was obtained from the correla-
tion integral analysis, providing further support
to the observation made earlier regarding the
presence of low-dimensional chaotic dynamics
in the amplitude level variations.

2.4. Lyapunov exponents

Lyapunov exponents are the dynamical in-
variants of the nonlinear system. In a gen-
eral case, the orbits of chaotic attractors are
unpredictable, but there is the limited predict-
ability of chaotic physical system, which is de-
fined by the global and local Lyapunov expo-
nents. A negative exponent indicates a local
average rate of contraction while a positive
value indicates a local average rate of expan-
sion. In the chaos theory, the spectrum of Ly-
apunov exponents is considered a measure of
the effect of perturbing the initial conditions
of a dynamical system. Note that both posi-
tive and negative Lyapunov exponents can co-

exist in a dissipative system, which is then
chaotic.

Since the Lyapunov exponents are defined as
asymptotic average rates, they are independent
of the initial conditions, and therefore they do
comprise an invariant measure of attractor. In
fact, if one manages to derive the whole spec-
trum of Lyapunov exponents, other invariants
of the system, i. e. Kolmogorov entropy and at-
tractor’s dimension can be found. The Kolmog-
orov entropy, K, measures the average rate at
which information about the state is lost with
time. An estimate of this measure is the sum
of the positive Lyapunov exponents. The inverse
of the Kolmogorov entropy is equal to the av-
erage predictability. The estimate of the dimen-
sion ol the attractor is provided by the Kaplan
and Yorke conjecture (see [15, 18]):

e
d, =j+*=—, 13
L ]+ |7“i+1| ( )
j il
where j is such that Y A,>0 and YA, <0,
a=1 a=l1

and the Lyapunov exponents A, are taken in
descending order.

There are several approaches to computing
the Lyapunov exponents (see, e. g., [5, 6, 18]).
One of them [18] is in computing the whole
spectrum and based on the Jacobin matrix of
the system function [14]. To calculate the spec-
trum of Lyapunov exponents from the amplitude
level data, one could determine the time delay
1 and embed the data in the four-dimensional
space. In this point it is very important to de-
termine the Kaplan—Yorke dimension and com-
pare it with the correlation dimension, defined
by the Grassberger—Procaccia algorithm.

The estimations of the Kolmogorov entro-
py and average predictability can further show
a limit, up to which the amplitude level data
can be on average predicted. Surely, the impor-
tant moment is a check of the statistical sig-
nificance of results. It is worth to remind that
results of state-space reconstruction are highly
sensitive to the length of data set (i. e. it must
be sufficiently large) as well as to the time lag
and embedding dimension determined. Indeed,
there are limitations on the applicability of cha-
os theory for observed (finite) time series aris-
ing from the basic assumptions that the time
series must be infinite. A finite and small data
set may probably results in an underestimation
of the actual dimension of the process. The sta-
tistical convergence tests, described here, to-
gether with surrogate data approach that, was
above applied, can provide the satisfactory sig-
nificance of the investigated data regarding the
state-space reconstruction.

3. CONCLUSIONS AND DISCUSSION

Thus, we have considered the elements of
advanced techniques of using the non-linear
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analysis methods to dynamics, such as the
multi-fractal formalism, mutual information ap-
proach, correlation integral analysis, false near-
est neighbour algorithm, Lyapunov exponent’s
analysis, and surrogate data method. Their us-
ing allows to study in details an existence of
chaotic behaviour in the non-linear vibrational
systems on the basis of temporal series. The
mutual information approach provided a time
lag which is needed to reconstruct phase space.
Such an approach allowed concluding the pos-
sible nonlinear nature of process resulting in
the amplitude level variations. The correlation
dimension method provided a low fractal-dimen-
sional attractor thus suggesting a possibility of
the existence of chaotic behaviour. The meth-
od of surrogate data, for detecting nonlinearity,
provided significant differences in the correla-
tion exponents between the original data series
and the surrogate data sets. This finding indi-
cates that the null hypothesis (linear stochas-
tic process) can be rejected. The main conclu-
sion is that the system exhibits a nonlinear
behaviour and possibly low-dimensional chaos.
Thus, a short-term prediction based on nonlin-
ear dynamics is possible. The Lyapunov expo-
nents analysis usually can support this conclu-
sion. In any case the hypothesis of chaos in is
reasonable and can provide an alternative ap-
proach for characterizing and modelling the dy-
namics of processes resulting in the vibrations
processes in the complicated system such as
different semiconductors and quantum electron-
ics devices, corresponding nano-devices, classi-
cal and quantum systems in an electromagnetic
field etc.
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SENSING ELECTROMAGNETIC AND STRONG INTERACTIONS EFFECTS
IN SPECTROSCOPY OF KAONIC ATOMS

The theoretical studying the transition energies widths from X-ray spectroscopy of ka-
onic atoms is fulfilled. Sensing the electromagnetic and strong interaction effects and the-
oretical estimating spectra of kaonic atomic systems can be considered as a new tool for

studying nuclear structure.

1. INTRODUCTION

Studying the exotic hadronic atomic sys-
tems such as kaonic atoms is of a great as
theoretical as practical interest for further de-
velopment of atomic and nuclear theories as
well as new tools for sensing the nuclear struc-
ture and fundamental kaon-nucleus strong in-
teractions. Besides, studying these systems is
very important for further check of the Stand-
ard model [1—16]. In the last few years tran-
sition energies in the kaonic atoms [1—7] have
been measured with an unprecedented precision.
The spectroscopy of kaonic hydrogen allows to
study the strong interaction at low energies by
measuring the energy and natural width of the
ground level with a precision of few meV [6,
7]. Besides, light kaonic atoms can additional-
ly be used to find new low-energy X-ray stand-
ards and to evaluate the kaon (pion) mass using
high accuracy X-ray spectroscopy. The collabo-
rators of the E570 experiment [6, 7] measured
X-ray energy of a kaonic helium atom, which
is an atom consisting of a kaon (a negatively
charged heavy particle) and a helium nucleus.
Batty et al [5] had performed theoretical and
experimental studying the strong- interaction ef-
fects in spectra of high Z kaonic atoms. These
authors had presented the na ve phenomeno-
logical optical model estimates. Now new ex-
citing experiments are been preparing in order
to make sensing the strong interaction effects
in other hadronic atoms. Studying the low-ener-
gy kaon-nuclear strong interaction with strange-
ness have been performed by measurements of
the kaonic atom X-rays with atomic numbers
Z=1-—92 [1]. It is known that the shifts and
widths due to the strong interaction can be
systematically understood using phenomenolog-
ical optical potential models. Nevertheless, one
could mention a large discrepancy between the
theories and experiments on the kaonic helium
2p state. A large repulsive shift (about —40
eV) has been measured by three experimental
groups in the 1970’s and 80’s, while a very
small shift (<1 eV) was obtained by the op-
tical models calculated from the kaonic atom
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X-ray data with Z> 2 [1—6]. This significant
disagreement (a difference of over 5 standard
deviations) between the experimental results
and the theoretical calculations is known as the
“kaonic helium puzzle”. A possible large shift
has been predicted using the model assuming
the existence of the deeply bound kaonic nu-
clear states. However, even using this model,
the large shift of 40 eV measured in the ex-
periments cannot be explained. A re-measure-
ment of the shift of the kaonic helium X-rays
is one of the top priorities in the experimen-
tal research activities. In the theory of the ka-
onic and pionic atoms there is an important
task, connected with a direct calculation of the
X-ray transition energies within consistent rela-
tivistic quantum mechanical atomic and nucle-
ar theory methods. The standard way is based
on solution of the Klein—Gordon equation, but
there are many important problems connected
with accurate accounting for as kaon-nuclear
strong interaction effects as QED radiative cor-
rections (firstly, the vacuum polarization effect
etc.) [11, 12]. This topic has been a subject of
intensive theoretical and experimental interest
(see [1, 3]). In the present paper an effective
ab initio approach to quantum Klein—Gordon
equation calculation of X-ray spectra for multi-
electron kaonic atoms with an account of the
nuclear, radiative effects [13—16] is used and
the theoretical studying the X-ray electromag-
netic transitions energies in the kaonic atoms
is performed.

2. THE KLEIN—GORDON EQUATION
APPROACH IN THE KAONIC
ATOMS THEORY

Let us describe the key moments of our new
approach to quantum calculation of the spectra
for multi-electron kaonic atoms with an account
of nuclear and radiative effects (more details
applying to the multi-electron heavy atoms can
be found in refs. [13—16]). It is well known
that the relativistic dynamic of a spinless par-
ticle can be described by the Klein—Gordon
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equation. The electromagnetic interaction be-
tween a negatively charged spin-0 particle with
a charge equal to g = —e and the nucleus can
be taken into account introducing the nuclear
potential A, in the KG equation via the minimal
coupling p, — p, — gA,. The wave functions of
the zeroth approximation for kaonic atoms are
found from the Klein—Gordon equation:

m2c?W(x) = C%[iﬁdt + eV, (P + ﬁ2v2}1p(x), (1)

where £ is the Planck constant, ¢ the velocity
of the light and the scalar wavefunction W(x)
depends on the space-time coordinate x = (ct, r).
Here it is considered a case of a central Cou-
lomb potential (Vy(r), 0). A usually, We consid-
er here the stationary solution of Eq. (1). In
this case, we can write:

W(x) = exp(—iEt/h)p(x) (2)
and Eq. (1) becomes:

(L E+ Vo) + 572 — meet o) = 0, (3)

where E is the total energy of the system
(sum of the mass energy mc? and binding en-
ergy gy). In principle, the central potential V,
should include the central Coulomb potential,
the vacuum-polarization potential as well as the
kaon-nucleus strong interaction potential (opti-
cal model potential). Earlier we have calculat-
ed some characteristics of hydrogen-like and
other multi-electron ions with using the nu-
clear charge distribution in the form of a uni-
formly charged sphere and Gaussian form (c. f.
[10, 12]). The advantage of the Gaussian form
nuclear charge distribution is provided by using
the smooth function instead of the discontinu-
ous one as in the model of a uniformly charged
sphere [16]. It is obvious that it simplifies the
calculation procedure and permits to perform a
flexible simulation of the real distribution of the
charge in a nucleus. In last years to define the
nuclear potential it is usually used the Fermi
model for the charge distribution in the nucle-

us p(r) (c. f. [12]):
o(r) = po/{1 4 exp[(r — ¢)/a)l}, (4)

where the parameter a = 0.523 fm, the param-
eter ¢ is chosen by such a way that it is true
the following condition for average-squared ra-
dius: (r?)!/2 = (0.836 - A3 + 0.5700) fm. Further
let us present the formulas for the finite size
nuclear potential and its derivatives on the nu-
clear radius. If the point-like nucleus has the
central potential W(R), then a transition to the
finite size nuclear potential is realized by ex-
changing W(r) by the potential [12]:

W(r| Ry=W(r) § dr ro(r| R+ dr W (r)p(r|R). (5)

0 r

We assume it as some zeroth approxima-
tion. Further the derivatives of various charac-
teristics on R are calculated. They describe the
interaction of the nucleus with outer electron;
this permits recalculation of results, when R
varies within reasonable limits. The Coulomb
potential for the spherically symmetric densi-
ty p(r|R) is:

Vasalr| Ry = —(/r)§dr'rp(r| R) + §drriotr| R)
0 , (6)

It is determined by the Iollowing system of
differential equations [19]:

Viua(r, R) = (r){ drr2p(r, R) = (fr*)y(r, R),

y’(l’, R) = f2p(f, R)’ (7)
0'(r) = (po/@)exp[(r—c)/al{l + exp[(r—c)/a)]}?

with the boundary conditions:

Vou(0, R) = —4/(mtr), y(0, R)=0, (8)
p(0) = po /{1 + exp[—c/al}.

The new important topic is connected with
a correct accounting the radiation QED cor-
rections and, first of all, the vacuum polariza-
tion correction. Procedure for an account of the
radiative QED corrections in a theory of the
multi-electron atoms is given in detail in refs.
[11, 12]. Regarding the vacuum polarization ef-
fect let us note that this effect is usually tak-
en into account in the first PT order by means
of the Uehling potential:

U(r)=— %?dt exp(—2rt/aZ)(1+1/2£2) V’;_l —
1

C(g), 9

_ 20

~

3mr

where g :LZ' In our calculation we usually

a.

use more exact approach [12]. The Uehling po-
tential, determined as a quadrature (9), may be
approximated with high precision by a simple
analytical function. The use of new approxima-
tion of the Uehling potential [12] permits one
to decrease the calculation errors for this term
down to 0.5—1 %. Besides, using such a sim-
ple analytical function form for approximating
the Uehling potential allows its easy inclusion
into the general system of differential equations
(12, 14, 15].

3. RESULTS AND CONCLUSIONS

In ref. [13—16] we have presented some re-
sults of calculation for a selection of kaonic atom
transitions. The kaon mass was assumed to be
493.677 == 0.013 MeV [1]. In table 1 we present
the calculated electromagnetic (EM) X-ray en-
ergies of kaonic atoms for transitions between
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Table 1

Calculated electromagnetic (E.) and measured (E,) energies (keV) of the X-ray transitions in the KA: the Bat-
ty et al theory EMI, 2 [5] with using simple cascade Fermi—Teller model (Leon—Seki code), data by Indeli-
cato et al (theory EM3) [3, 4] and our data (theory EM4)

KA Transition Eo ooy theEJ}y[SE]rvn th(%}ywﬁ]m ﬂfébr[y&l-:% En [1, 5]
Li 3—2 15.335 15.392 15.319 15.330 15.320 (24)
15.00 (30)
K 5—4 105.962 105.970 — 105.952 105.86 (28)
w 8—7 346.586 346.54 — 346.571 346.624 (25)
Y% 7—6 535.180 535.24 — 535.240 534.886 (92)
Pb 8—7 426.1748 426.15 426.201 426.180 426.221 (57)
U 8—7 538.520 538.72 538.013 537.44 538.315 (100)

circular levels. The transitions are identified by
the initial (n;) and final (n;) quantum numbers.
The calculated values of transition energies are
compared with available measured (E,) and
other calculated (E.) values [1—7].

In a case of the close agreement between
theoretical and experimental data, the corre-
sponding levels are less sensitive to strong nu-
clear interaction. In the opposite case one could
point to a strong-interaction effect in the ex-
ception cited above. Then it is of a great im-
portance to determine correctly the strong-in-
teraction contribution. It requires determination
of the proton and neutron densities [17, 18].
In ref. [13] it has been shown that our theory
allows to reproduce quite correctly the measured
strong interaction parameters. To understand
further information on the low-energy kaon-nu-
clear interaction, new experiments to determine
the shift and width of kaonic atoms are now in
preparation in J-Parc and in LNF, respectively
(look, for example, refs. [1, 8]).
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OF KAONIC ATOMS

Abstract

The theoretical studying the transition energies from X-ray spectroscopy of kaonic atoms is fulfilled. Sensing the
electromagnetic and strong interaction effects and theoretical estimating spectra of kaonic atomic systems can be con-
sidered as a new tool for studying nuclear structure.
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B CIMEKTPOCKOINHWHU KAOHHBIX ATOMOB

Pe3siome

BrinosiHeHO TeopeTHueckoe H3yueHHe SHEPruil MepexogoB B CHEKTPAX KAOHHBIX aTOMOB B paMKax PEHTTeHOBCKOH CIIEK-
TPOCKOIIMU KAOHHBIX cucTeM. JleTekTupoBaHHe 3P(PEKTOB 3/JEKTPOMATHUTHOIO U CHUJBHOTO B3aUMOJEHCTBHUS U OLIEHKA CIIeK-
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JNETEKTYBAHHSI E®EKTTIB EJIEKTPOMATHITHOI TA CHJIbHOI B3AEMOJLiA ¥ CNEKTPOCKOMIi
AJIPOHHUX ATOMIiB

Pesiome

BukonaHo TeopeTHuHe BUBUEHHS eHEpriii MepexofiB y CIEKTPaX KAOHHHX aTOMiB y MeKax PEeHTreHiBCbKOI CIIEKTPOCKO-
nii KaoHHUX cucteM. JleTeKTyBaHHS e(eKTiB eJeKTPOMArHiTHOI Ta CHJIbHOI B3aeMO.il i OLiHKA CIeKTPiB KAOHHHUX aTOMIB €
OJHUM 3 HOBHX MiAXOHiB 10 BHUBYEHHS CTPYKTYPH slep.

KuatouoBi cioBa: edexkTn esleKTpOMarHiTHOi Ta CHJIBHOI B3a€MOJil, CHEKTPOCKOIMisl, KAOHHI aTOMH.
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QUANTUM-CHEMICAL SIMULATION OF THE OXIDATION PROCESS
OF ETHYLENE GLYCOL TO GLYOXAL AT PRESENCE

OF COPPER NANOCATALYSTS

Within the methods of electron density functional and ab initio pseudopotential we
have obtained the distributions of the density of valence electrons and the electron energy
spectra for Cu nanocatalysts with the adsorbed on him molecule of ethylene glycol with
the participation of the adsorbed in different position oxygen atoms. Position of the ethy-
lene glycol molecule on the top atom of cube fragment of the catalyst has the least energy.

INTRODUCTION AND STATEMENT
OF THE PROBLEM

Among various nanostructure materials, me-
tallic nanostructures of the Cu group have re-
ceived great interest primarily due to their
unique properties and possible applications in
catalysis, photonics, electronics, information
storage [1—5]. Nanocatalysts are interesting
objects of fundamental researches in catalysis.
Comprehensive study of the structure of cat-
alytically active materials, chemisorptions phe-
nomena, kinetics and mechanisms of catalytic
processes are necessary components of optimi-
zation of catalysts. The catalysis act starts with
the binding of reagents (substratum), then with
they are occurred a row of the change and, fi-
nally, a product appears. Herewith, a catalyst
organizes the process, alters the potential en-
ergy of components, and moves atoms. Never-
theless, as an inorganic catalyst works, as it
attacks the substratum, as it moves electrons,
these facts remain not understood. Researches of
the catalyst activity are carried out by using a
simplified model experiments (for instance, such
experiments present consequent transition from
faces of single crystal to different surface de-
fects and, finally, to the appropriate additives).
In the case of physical adsorption with its rel-
atively small interaction energies and, hence,
a small violation of the molecular structure of
adsorbent, the efficiency of the catalyst, obvi-
ously, mainly depends on the joint transfer of
reagents to the surface, on which a weak trans-
formation of molecular structure can be. Simi-
lar mechanisms probably are bases of the bio-
logical reactions when enzyme and substratum
in the adsorbed state are in close proximity to
each other (complementarities). In the case of
chemisorptions that differs by strongly interac-
tion molecules with a rigid surface of the cata-
lyst, the situation is different. As follows from
the results of mass spectrometry, the interme-
diates (intermediate compounds) of these reac-
tions play an important role in the formation of
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required products. Different crystallographic fac-
es of catalyst have different catalyst reactivity,
that of them in which the surface atoms weakly
interact with substratum are most catalytically
active. Studies show that the steps of the grow-
ing and the lattice defects, which leave on sur-
face, have high catalytic activity by comparison
with the atomic-smooth surface of the catalyst.

Significantly, that there is possibility to in-
fluence upon the nanocatalysts properties, im-
proving their varied applications, by controlling
their size, shape, compositeness and porosity.
For example, the authors of the study [6] dem-
onstrated a relationship between the catalytic
activity of Au particles and their morphology,
that is to say the particles with a more open
structure and thin walls had a higher catalytic
activity than Au nanoparticles with the contin-
uous crystalline structure. The objects of their
study were Au-based nanocages of 50 nm in
edge length and 5nm in wall thickness as new
catalysts for the reduction of p-nitrophenol by
sodium borohydride (NaBH,).

In a number of works in which were used
various physic-chemical (e. g., [7]) and comput-
ing (e. g. [8, 9]) methods, the mechanisms of
the interaction of the silver surface (and oth-
er catalysts of group of copper) with molecu-
lar and atomic oxygen (and other molecules as
the participants processes) were studied. Un-
derstanding an essence of the processes, which
occur at the interaction, is important since it
allows predicting the behavior of systems with
adsorbed atomic oxygen in the presence of oth-
er components of the process (gas phases mol-
ecules, active intermediate particles, etc.). It al-
lows also getting information on the interaction
energy of the participants of the adsorption pro-
cess with the active centers on the catalyst sur-
face and the structure of the arising intermedi-
ates and the transition states. One of the ways
to study such interactions there are a theoreti-
cal quantum-chemical calculations that use the
electron density functional theory and ab ini-
tio pseudopotential.
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MODELS AND METHODS
OF CALCULATION

Direct partial oxidation of ethylene glycol al-
lows to get glyoxal which is a valuable product
used in a number of organic syntheses, but this
process in industry is not implemented due to
lack of efficient catalytic systems [10]. Search-
ing for of the active catalysts of glyoxal synthe-
sis brings about nanoparticles which contains
metals of copper subgroup [11] and which be-
come the objects of our study. With provision
for the experimental data on the composition of
products, as well as based on representations
about the mechanism of the synthesis process
of glyoxal by means of the ethylene glycol oxi-
dation on the catalysts of copper group [2—5],
this mechanism can be described by the deter-
mined set of reactions. The first of them is:

(CH,OH), + 2Z = Z,(CH,OH),,

Z marks the active center of the catalyst sur-
face, Z,(CH,OH), marks the two-center adsorp-
tion of ethylene glycol.

Adsorption of the symmetrical oxygen-con-
taining compounds with two carbon atoms (such
as ethylene glycol) is accompanied destructive
chemisorption and oxidation of adsorbed mol-
ecules on the mechanism of dehydrogenation.
Accumulation of single-carbon adsorbate, which
formed because ol destruction of organic mol-
ecules on the C—C or C—O—C bonds, is ob-
served in all studies on the collapse of the
symmetrical oxygen-containing compounds with
two carbon atoms. Copper is the perfect cat-
alyst for dehydrogenation, which is the initial
stage of oxidation of organic molecules, but for
the oxidation of organic molecules to the out-
going products must also present at the sur-
face of oxygen-containing particles (reactive ox-
ygen species).

In this work, the catalytic influence of Cu
nanostructures investigated in calculations from
first principles. The results were obtained with
the help of the authors’ program code [12] which
realizes the Car—Parrinello quantum-mechani-
cal dynamics with the use of a local approxi-
mation in the formalism of the electron den-
sity functional and ab initio norm-conserving
pseudopotential [13]. The ground state of elec-
tron-nucleus systems were determined by the
algorithm of quantum dynamics if variables of
electron and nuclear subsystems are simulta-
neously optimized or by means of the diago-
nalization of the Kohn—Sham matrix of a sys-
tem if only electron variables are determined at
fixed atomic cores. Following Kohn-Sham ide-
ology the electron density recorded in terms
of occupied orthonormalized one-particle wave
functions:

n(r) = Y () (1)

In the Born—Oppenheimer approximation, a
point on the potential energy surface was deter-

mined by a minimum with respect to the wave
functions of the energy functional:

E[{wt}»{é/},{av}]=zSdSrmpf(F) _27%_;VQIIPZ(F)_|_
+ Ui} AR ) fa ], 2)

where {éj} are the coordinates of cores and

{a,} stands for all possible external influences
on the system.

In the commonly accepted approach, the
minimization of an energy functional (2) with
respect to one-particle orbitals ¢,(7) under addi-
tional conditions of orthonormalization imposed
on Y,(r) leads to the Kohn—Sham self-consis-
tent one-particle equations:

h2

2m

2 oU = -
VZ+ on(r) P (r) = e ;(r). (3)

We expand the one-particle wave function
P,(7) in a series in plane wave. The series
length was chosen to be such that about 20
plane waves correspond to one atom (the num-
ber of waves was limited by the power of a
computer). The valence electron-core interac-
tion has been modeled by ab initio norm-con-
serving pseudopotential. Artificial super lattice
was created for use accounting advantage of
inverse space. The atomic basis of the primi-
tive tetragonal unit cell of the super lattice re-
flected features of the investigating system. In
the case where only the electron variables were
sought at fixed atomic cores, we calculated the
Kohn—Sham matrix for equation (3) at a cer-

tain value of the wave vector £ from the Brill-
ouin zone of the artificial super lattice. The ma-
trix is composed from elements on the operators
of the kinetic energy and the ion pseudopoten-

tial, which is screened dielectric function &(G)
in the Thomas-Fermi approximation. The diago-
nalization of the Kohn—Sham matrix allows us
to obtain coefficients in the expansions of the

wave function and the energy spectrum E;(k).
The authors’ computer programs dispose of the
possibility of visualization of the electron densi-
ty (1) in the manner of the space projection or
the cross section. Furthermore, they have pos-
sibility for display of the electron density par-
ticulars in the neighborhood of any atom with
any resolution

To reproduce a wall of copper nanocages
from 5 and 7 atomic layers and surfaces (100)
which is covered the adsorbed molecules of eth-
ylene glycol in the presence of oxygen it was
created the atomic basis of the primitive tet-
ragonal cell of the artificial superlattice. The
atomic basis comprised to 200 atoms. The pa-
rameters of the primitive cell were chosen such
that in the directions X, Y and Z, the surfac-
es of the wall of copper nanocages simulated
as free. In addition, the sizes of the primitive
cell were chosen such that the translational-
ly repeated atomic systems do not influence
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on one another. The Cu (100) surface was not
used reconstructed.

On results of our calculation were defined the
ground state energy, the spectral characteristics
of systems including cluster Cu and adsorbed
molecules, the distribution of electron density,
and the positions on the surface of the cata-
lyst for the most best for ethylene glycol ad-
sorption with the participation of the adsorbed
in different position oxygen atoms.

THE RESULTS OF CALCULATIONS
AND DISCUSSION

In Fig. 1 and Fig. 2 the spatial distribution
of the density of valence electrons for fragments
of the walls of the copper nanocages containing
five (seven) atomic layers (62 or 172 atoms)

(100)

section

1 (110) atom with an edge (100)

al
(110) (110)atom of another edge(100)

R TR

Fig. 1. The density distribution of valence electrons in the

62 atomic Cu fragment: spatial distribution of electron den-

sity for izovalue 0.7 of the maximum and the cross sec-

tion in the (100) plane and (110) plane of spatial distri-

bution of the whole fragment and in the vicinity of the
surface atoms

i %

(110) atom with an edge (100)

surface atom  (100) am top (100|

Fig. 2. The distribution of valence electron density of

172 atomic Cu fragment: the spatial distribution of elec-

tron density for izovalue 0.6—0.7 from the maximum and

the cross-sections in the (100) plane and (110) plane of

the spatial distribution of the whole fragment and in the
vicinity of the surface atoms

surface atom (100)

(100)

section

(110)
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presents. These fragments differ in surface lay-
ers, as follows, the 62-atom fragment contains
no atom at the top, whereas the 172-atom
fragment contains such atom, and that it has
the most attenuated connection with the frag-
ment.

To be able to determine what changes occur
in current of the adsorption of ethylene glycol
molecules on the catalyst the density distribu-
tions of valence electrons of isolated molecules
were calculated (Fig. 3). It is seen that the
bonds O—N, O—C are more crucial for the
molecule than the bond C—C.

-

I

'
Fig. 3. The density distribution of valence electrons in
the ethylene glycol molecule: spatial distribution of elec-
tron density for izo-value 0.9—1.0 from the maximum, for
izovalue 0.7—0.8 from the maximum, for izo-value 0.6—0.7
from the maximum, for izo-value 0.5—0.6 from the maxi-
mum (left to right, from top to bottom) and the cross sec-

tions in the (100) plane and (110) plane of spatial distri-
bution (lower row)

Following calculations were carried out for
the nanocatalysts fragments with molecules in
different positions and in the presence of the
oxygen atoms on which was decomposed the
oxygen molecule. So from Fig. 4 possible to get
information on possible position of adsorbents
to atoms of Cu nanoclasters and also research
change an the electron density at adsorptions
of the oxygen atoms by the catalysts surface.
As follows, the formation of the general elec-
tron cloud is seen from Fig. 4.

On Fig. 4 they are shown adsorptions in the
A positions and the B positions (determination
of positions are realized on left part drawing).
About the C positions, possible say that it on
the electron distribution and energy is befitted
to the B positions. As to the D positions that
it is characterized more low energy then rest
positions have an alike energies. From above
said possible to draw aconclusion that adsorp-
tions of the oxygen atoms in the A, B, C posi-
tions there is physical, but in the D positions
there is chemical. Consequently, the oxygen
atom in the D positions follows to consider be-
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ing lost for the following interaction
organic molecules.

.j—

Fig. 4. Positions of the location of the molecules on cat-
alyst surface: A — “top”, B — “brld ge”, C— “hollow” on
distances not less 1,4 A D — “in plane” (at location of
the ethylene glycol molecule was defined position of its
centre, more exactly centre of the C—C bound) (on the
left); the spatial distribution of electron density for izo-val-
ue 0.9—1.0 from the maximum and for izo-value 0.7—0.8
in vicinity of the oxygen atom in the B position on the
catalyst surface (on the right at the top) and the oxygen
atom in the A position on the catalyst surface (on the
right at the bottom)

Fig. 5 shows fragments of the density space
partial distributions of valence electrons in the
5-monoatom layer catalyst with the ethylene
glycol molecule that adsorbed in the C posi-
tions without presence the free oxygen. On
Fig. 6 and Fig. 7 the ethylene glycol molecule
is oriented comparatively atom of the catalyst
in the A positions and comparatively edge of
the Cu nanocage fragments accordingly. Com-
paring these results possible to draw a conclu-
sion that location of the molecule by its centre
on the between atomic emptiness (the C posi-
tions) and near edge of the Cu nanocage frag-
ments more effectively destroys the C—C bound
of molecule under its decomposition than under
the location of the molecule in the A positions
(on Cu atom). As can be seen from Fig. 6 in
the last case on the line of the C—C bound is
saved significant electron density.

Fig. 5. The density distribution of valence electrons in
62 atomic Cu fragment with the ethylene glycol mole-
cule on surface in the C position: a) spatial distribution of
electron density for izovalue 0.9—1.0 from the maximum;
b) look at molecule from above with the electron densi-
ty for izovalue 0.9—1.0; ¢) look at molecule from the side
with the electron density for izovalue 0.6—0.7; d) the cross
section in the (110) plane of spatial distribution in the vi-
cinity of the surface atoms

(110)

(100)

Cc

d
Fig. 7. The density distributions of valence electrons in
62 atomic Cu fragment with the ethylene glycol molecule
near edge of the Cu fragment: a), b) the cross sections in
the (110) plane and the (100) plane of spatial distribution
in the vicinity of the C and O atoms of molecule; c) the
cross sections in the (100) plane of spatial distribution of
the whole atomic composition and in the vicinity of the C
from edge (magnified scene of the area, which is marked

around); d) look at molecule from above with the electron
density for izovalue 0.9—1.0

On Fig. 8 and Fig. 9 the calculation results
for atoms system consisting of catalysts with
the ethylene glycol molecule that adsorbed in
the C positions in presence the free oxygen that
adsorbed in the A positions (“top”) on distance
1,7 A before centre of the molecule presents.

Oxygen adsorptions on the A positions
(“top”), that which are considered on Fig. 8 and
Fig. 9, are realized on miscellaneous Cu atoms
between which is located a centre of the ethyl-
ene glycol molecule. Whereas, molecule is not
flat and is oriented for catalysts surfaces under
corner, that its atoms are found in different po-
sitions to atoms of catalysts surfaces, but sig-
nifies and to oxygen atom, which on them are
located (adsorbed).

On Fig. 10—11 the calculation results for
atoms system consisting of the 7-monoatom
layer catalysts (the 172 Cu atom fragment of
nanocage wall) with the ethylene glycol mol-

Fig. 8. The cross sections in the (110) plane and the (100)
plane of spatial distribution in the 62 atomic Cu fragment
with the ethylene glycol molecule in the C position and
the oxygen atom in the A position which is found on dis-
tance 1,7 from molecule: a) in the vicinity of the Cu
atom from the catalyst surface on which is located the free
oxygen atom (radius of the area of the survey is 2,7 A);
b) in the vicinity of the C atom from the ethylene glycol
molecule; ¢) in the vicinity of the Cu atom from the cata-
lyst surface near which is located the ethylene glycol mol-
ecule; d) in the vicinity of the free oxygen atom (Cu atom

from the catalyst surface and O atom, H atom of the ethy-
lene glycol molecule get in area of the survey)
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(100)

Fig. 9. The density distributions of valence electrons and
its the cross sections distribution in the 62 atomic Cu frag-
ment with the ethylene glycol molecule in the C position
and the oxygen atom in the A position which is found on
distance 1,7 A from molecule: @), e) in the vicinity of the
Cu atom from the_ catalyst surface (radius of the area of
the survey is 2,7 A); b), d) in the vicinity of the C atom
from the ethylene glycol molecule; ¢) in the vicinity of the
Cu atom from the catalyst surface near which is located
the ethylene glycol molecule; ¢) in the vicinity of the O
atom from the ethylene glycol molecule; f) in the vicinity
of the free oxygen atom

ecule which differently for catalyst is oriented
or near edge or on surface in the C position or
near atom of the top of cube fragment of cat-
alysts presents. Follows to note that above-de-
scribed system contains completely 192 atoms

(110) (100)

H
Cu

Fig. 10. The density distributions of valence electrons and
its the cross sections distribution in the 172 atomic Cu
fragment with the ethylene glycol molecule near edge of
the catalyst fragment: a) in the vicinity of the Cu atom
from the catalyst edge (radius of the area of the survey

is 2,7 A); b) in the vicinity of the C atom from the ethyi-
ene glycol molecule; ¢) in the vicinity of the O atom from
the ethylene glycol molecule; d), e) the spatial distribution
of electron density of whole atomic composition for izoval-
ue 0.7—0.8 from the maximum and 0.9—1.0, accordingly
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. . .“ .
a C
Fig. 11. The cross sections in the (110) plane and the
(100) plane of spatial distribution in the 172 atomic Cu
fragment with the ethylene glycol molecule in the C po-
sition and the oxygen atom in the A position which is
found on distance 1,7 A from molecule: a), ¢) in the vi-
cinity of the Cu atoms from the catalyst surface on which
is located the the ethylene glycol molecule (radius of the
area of the survey is 2,7 A); b) in the vicinity of the free

oxygen atom d) in the vicinity of the O atom from the
ethylene glycol molecule

and 1892 electrons, but this vastly enlarges
arrays data and amount accounting operation.
Therefore, under limited power of the comput-
ing machinery, which was in our use, we hap-
pened to reduce the amount of the plane waves
in decomposition of the wave function of the
system that has influenced upon separate ability
of the maps to density of the electronic charge
and has done the complex comparison results.
The comparison to full energy last variant, for
massive fragment of the catalyst allows to se-
lect the position of the molecule on top atom
of fragment as the least energy as to smaller
fragment for size, that such characteristic has
a position of the molecule near edge.

CONCLUSIONS

Within the methods of electron density func-
tional and pseudopotential with ab initio we
have obtained the distributions of the density of
valence electrons and the electron energy spec-
tra for Cu nanocatalysts with the adsorbed on
him molecule of ethylene glycol with the par-
ticipation of the adsorbed in different position
oxygen atoms.

dsorptions of the oxygen atoms in the dif-
ferent positions on Cu nanocatalysts can be
physical or chemical.

Location of the organic molecule by its cen-
tre on the between atomic emptiness of sur-
face of Cu nanocatalysts and near edge of the
Cu nanocage fragments more effectively de-
stroys the C-C bound of organic (ethylene gly-
col) molecule under its decomposition than un-
der the location of the molecule on Cu atom of
surface of nanocatalyst.

Position of the ethylene glycol molecule on
the top atom of massive fragment of the cat-
alyst has the least energy in contrast with
smaller fragment for size, also such character-
istic has a position of the molecule near edge
of cube fragment.
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QUANTUM-CHEMICAL SIMULATION OF THE OXIDATION PROCESS OF ETHYLENE GLYCOL
TO GLYOXAL AT PRESENCE OF COPPER NANOCATALYSTS

Abstract

Within the methods of electron density functional and ab initio pseudopotential we have obtained the distributions
of the density of valence electrons and the electron energy spectra for Cu nanocatalysts with the adsorbed on him mol-
ecule of ethylene glycol with the participation of the adsorbed in different position oxygen atoms. Position of the ethyl-
ene glycol molecule on the top atom of cube fragment of the catalyst has the least energy.

Key words: the ab initio pseudopotential, the electron density functional, the valence electron density, nanocata-
lysts, copper, adsorption, the ethylene glycol molecule, the oxygen atom.

YK 539.142; 539.184
P. M. Barabaii, O. M. Yepuikosa

KBAHTOBO-XUMHYECKOE MOJEJHWPOBAHUE MPOLLECCOB OKUCJIEHHUSI 9TUJIEHIJIMKOJISI B INVIMOKCAJIb

HA HAHOKATAJIU3ATOPAX TI'PYNIlbl MEOWU

Pesiome

Metogamu (byHKLLHOHaJIa SJIGKTPOHHOP'I TJIOTHOCTH U MCEBAOINOTEHIHAMa U3 MEePBbIX NMPUHUKIIOB IMOJYyY€Hbl paclpeneJeHus
TMJIOTHOCTH BAJIEHTHBIX 3JE€KTPOHOB U dHEPreTHYECKHEe CIIEKTPBI 3JIEKTPOHOB [Js1 HAHOKATAAU3aTOPOB Cuc aI[COp6I/IpOBaHHbI-
MU MOJIEKYJ/JAMH 3TUJIEHIJIMKOJIA U KHUCJA0POAA B PA3JIUYHBIX [MO3HULHKAX Ha MOBEPXHOCTU KaTajaudartopa. Onpe}leneHo, 4TO OpH-
€HTalUuA MOJIEKYJbl 3TUJICHTJIUKOJIA Yy BEPIUIHUHBI Ky6I/I'-IECKOI‘O (pparMeHTa KaTanau3atopa UMeeT HAUMEHBLIYI0 3HEepPTHIO.

KuoueBbie chaoa: [lceBmonorenuuan us NepBbIX TNMPUHIHKIIOB, prHKLlI/IOHaJ'I 3JI€KTPOHHOI';I MJIOTHOCTH, IJIOTHOCTb BaJI€HT-
HUX 3JEKTPOHOB, HAHOKATaJAMW3aTOp, MeIb, aﬂCOp6L[I/IH, MOJIEKYJ/J1a 3THUJAEHIVIUKOJA, aTOM KHUCJ0pOoaa.

YK 539.142; 539.184
P. M. Barabaii, O. M. Yepnikosa

KBAHTOBO-XiMiYHE MOJEJIFOBAHHS TMPOLIECIB OKWUCJIEHHS ETUJIEHTJIIKOJIIO ¥ IJ1iIOKCAJIb

HA HAHOKATAJII3ATOPAX TPYIU MiJLi

Pesiome

Metonamu (yHKUiOHATY €JeKTPOHHOI T'YCTHHM Ta ITICEBAONOTEHUiany i3 MepLIMX MPUHLMIIB OTPUMAHi PO3MOMAIMU TYCTH-
HYM BaJIeHTHHUX €JIeKTDPOHIB i iX eHepreTWuHi CreKTpHW I/is HaHoKaragdizaTopiB Cu i3 amcopOOBaHMMH MOJEKYJIaMH €THJEHIJI-
KOJII0O Ta aTOMiB KHCHIO Yy pI3HHX MO3ULisiX HA MOBepXHi KartasizaTopy. BuaHaueHo, 110 opieHTalis MOJEKYJH €THJEHTJIKO-
g0 6iss BeplIMHU KyOiuHOro (hparMeHTy KartasizaTopa Mae HalMeHLIY eHepriio.

KuatouoBi cioBa: mnceBponoTeHuian i3 mepiuiux NPUHLMIIB, (PYHKLiOHAJ eJeKTPOHHOI I'yCTHHH, TYCTHHH BaJIeHTHHX eJIeK-
TPOHIB, HaHOKAaTaJsi3aTOpH, Milb, aacopOlis, MoJeKy/a eTHJIEHIJIIKOJII0, aTOM KHCHIO.

133



INFORMATION FOR CONTRIBUTORS OF “PHOTOELECTRONICS” ARTICLES

“Photoelectronics” Articles publishes the papers which
contain the results of scientific research and technical de-
signing in the following areas:

- Physics of semiconductors, hetero- and low-di-
mensional structures;

- Physics of microelectronic devices;

+ Quantum optics and spectroscopy of nuclei, atoms,
molecules and solids;

- Optoelectronics, quantum electronics and sensorics;

- Photophysics of nucleus, atoms and molecules;

- Interaction of intense laser radiation with nuclei,
atomic systems, substance.

“Photoelectronics” Articles is defined by the decision of
the Highest Certifying Commission as the specialized edi-
tion for physical-mathematical and technical sciences and
published and printed at the expense of budget items of
Odessa 1. I. Mechnikov National University.

“Photoelectronics” Articles is published in English. Au-
thors send two copies of papers in English. The texts are ac-
companied by 3.5” diskette with text file, tables and figures.
Electronic copy of a material can be sent by e-mail to the
Editorial Board and should meet the following requirements:

1. The following formats are applicable for texts — MS
Word (rtf, doc).

2. Figures should be made in formats — EPS, TIFF,
BMP, PCX, JPG, GIF, WMF, MS Word I MS Gial, Micro
Cale Origin (opj). Figures made by packets of mathema-
tical and statistic processing should be converted into the
foregoing graphic formats.

The papers should be sent to the address:

Kutalova M. 1., Physical Faculty of Odessa I.I. Mech-
nikov National University, 42 Pastera str, 65026 Odessa,
Ukraine, e-mail: wadz@mail.ru, tel. 4 38-0482-7266356.

Information is on the site:

http://www.photoelectronics.onu.edu.ua

The title page should contain:

1. Codes of PACS.

2. Surnames and initials of authors.

3. TITLE OF PAPER.

4. Name of institution, full postal address, number of
telephone and fax, electronic address.

Equations are printed in MS Equation Editor.

References should be printed in double space and should
be numbered in square brackets consecutively throughout
the text. References for literature published in 1999—2011
years are preferential.

lllustrations will be scanned for digital reproduction.
Only high-quality illustrations will be taken for publication.
Legends and symbols should be printed inside. Neither neg-
atives, nor slides will be taken for publication. All figures
(illustrations) should be numbered in the sequence of their
record in text.

An abstract of paper should be not more than 200 words.
Before a text of summary a title of paper, surnames and
initials of authors should be placed.

For additional information please contact with the
Editorial Board.

MHOOPMALUSIA AAST ABTOPOB HAYYHOI'O CBOPHMKA «PHOTOELECTRONICS»

B c6opuuke «Photoelectronics» meuatatooTcsi cTaTbH, KO-
TOpBIE COLEPKAT Pe3yJabTaThl HAYUHBIX MCCJIEIOBAHUH U TeEX-
HHYeCKHX pa3pabOTOK B CJEAYIOLINX HalpaBJeHHsX:

« du3uKa noJynpoBOAHUKOB, reTepo- U HU3KOpa3mep-
Hble CTPYKTYpbI;

« ®U3UKa MUKPOIJIEKTPOHHBIX MPUOOPOB;

- KBaHTOBasi onTMKa M CNEKTPOCKONUS siiep, aTOMOB,
MOJIEKYJl U TBEPAbIX Ted;

« OnTO3JeKTPOHUKA, KBAHTOBASl 3JEKTPOHUKA M CeH-
copuKa;

. ®oTodusuka siapa, aTOMOB, MOJIEKYJI;

- B3aumopeiicTBMe MHTEHCHMBHOIO Ja3epHOro HM3Jjyue-
HUS C SIAPAMH, ATOMHBIMU CHCTEMaMH, BELIECTBOM.

Coopuuk «Photoelectronics» wnsnmaércsi Ha aHrIMiACKOM
A3BbIKE. pyKOHHCb nogaeTrcsd aBTOpOM B IBYX 3K3€MHJIHan
Ha aHIVIMUCKOM U PYCCKOM si3bikaX. K pykomucu npujararor-
Csl IUCKeTa C TEKCTOBBIM (aH/JOM M PHUCYHKAMH. DJIEKTPOH-
Hasi KOMHsI MaTepHasa MOXKeT OBbITb TpHC/JIaHA B pPeNaKLHUio
MO 3JIEKTPOHHOH IouTe.

DJIeKTPOHHAsT KOMHUS CTaTbW NOJ/KHA OTBeUaThb CJEdyIo-
UM TPeOOBaHUSM:

1. DnekTpoHHAsi Komnusl (MM JAUCKeTa) Marepuana MpH-
ChlIaeTCsl OOHOBPEMEHHO C TBEpHOH KOMHMEH TeKCTa U pH-
CYHKOB.

2. Jlng TekcTa DONMyCTUMBIE caenylomue gopmatel — MS
Word (rtf, doc).

3. Pucynkn mnpunumarorcs B ¢opmarax — EPS, TIFF,
BMP, PCX, JPG, GIF, CDR, WMF, MS Word 1 MS Giaf,
Micro Calc Origin (opj). PucyHku, BBITONHEHHblE NaKeTa-
MM MaTeMaTHYeCKOH W CTaTUCTHYECKOH 0OpabOTKH MOJIK-
Hbl OBITb KOHBEPTHPyeMBle B BBILIEYKa3aHHblE IpadHyecKue
(hopmaThl.

Pykomnucu mpuchlIaloTcs B amgpec:

OrtB. cekp. Kyranosoir M. W., ya. Macrepa, 42, ¢us.
pakyabrer OHY um. U. U. MeunukoBa, r. Opecca, 65026.
E-mail: wadz@mail.ru, Tea. (0482) 726-63-56.

AnHoTauuu crareit c6. «Photoelectronics» naxonsarcs Ha
caiite: http://photoelectronics.onu.edu.ua

K pykomucu mpunaraercs

Tumyavras cmpanuya:

1. Koget PAC u YIK.

2. ®amuausg U MHULMAIBL aBTOPA(OB).

134

3. Yupex/eHHe, MOJNHBIH MOYTOBBIH axpec, HOMep TeJe-
(ona, Homep (pakca, azpeca 3J€KTPOHHOH MOYTHI AJIST KaxK-
JIOTO U3 aBTOPOB.

4. HasBaHue craTbu
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JIMYMH, KOTOpPble MOSIBASIIOTCS B TEKCTE BIIEPBBIE.
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4. Hasga crarrti

Texcm moBHMHEH ApyKyBaTHCs WPH(TOM 14 yHKTIB uepes
nBa iHTepBajaM Ha Oinmomy namepi ¢opmary A4. Hassa crat-
Ti, @ TaKOXK 3aroJ/IOBKH MifPO3/iJiB APYKYIOTbCS MPONUCHUMH
JiTepaMH i BiI3HAYalOTbCS HAMiBXXKUPHUM LIPU(TOM.
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MS Equation Editor. Heo6xinHo naBaTé BH3HAueHHs BesH-
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Hi ¢opmaru:

Krnueu. Asrop(u) (iniuianu, noTim npisBHiLa), Ha3Ba KHU-
Tl KypCHBOM, BUAABHULTBO, MicTO i pik Bumauus. )Kypraau.
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csl 10 IPYKYy HeraTWBH, cJaiiay, TpPaHCIapaHTH.

Pucynky noBuHHI MaTH BimmoBimHHE mo (opmarty Xyp-
Hanxy poamip He OGinbue 160x200 mm. TexcT Ha pHCyHKax
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iHiLianmM BCiX aBTOpiB, Ta Ha3Ba CTATTi.
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