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Multiphonon processes of defect creation in surface 
regions of semiconductors, initiated by electron 

excitations decay 

L.G.Grechko, V.G.Levandovskii and GE.Chaika* 

Institute for Surface Chemistry, National Academy of Sciences of Ukraine, 
31 Nauki Ave., 252028 Kiev, Ukraine 

♦Kiev Branch of Odessa Communication Institute, 
7 Solomenskaya St., 252022 Kiev, Ukraine 

The probability of lattice site-intersite transition of an impurity atom initiated by heated-up exciton 
plasma in surface layers of semiconductors with non-homogeneous electrical field is calculated by 
quantum mechanical methods. This transition is accompanied by exciton decay and the hole capture 
onto the level of the created defect. The final result shows that heating of exitons may stimulate to a 
significant measure the formation of electrically active centers in materials. 

3 BHKopncraHH3M KBaHTOBO-MexaHiiHoro niaxoay po3paxoBaHO HMOBipHicTb nepexoay aoMiunco- 
Boro a-roMa y Mi5KBy3JW, iHiuißoBaHoro po3irpiT0K> eKCHTOHHOio njia3MOK> y noBepXHeBHX o6jiacrax 
naniBiipoBiaiiHKiB 3 HeoÄHopiaHHM ejieKTpHHHHM nojieM.IJeH nepexia Moace cynpoBoaacyBaTHCb 
po3iiaaoM eKCHTOHa Ta 3axonjieHnaM aipKH Ha eHeprerHHHHH piBeHb yTBopeHoro aecJ)eKTy. B pe3yjib- 
raTi npoBefleHHx aocjiia>KeHb noica3aHO, uio po3irpiB eKCHTOHiB Mq*e 3HaHHO CTHMyjjioBaTH 
({)opMyBaHHa ejieierpuHno aKTHBHHX qeHTpiB y MaTepiani. 

Introduction 

It was noted in number of recent papers [1] 
that an electric field £«105 to 107 V/crn promotes 
essentially the formation of new local electron 
states. One can observe this effect both in the 
dark and (in a more pronounced form) in the 
presence of ionizing radiation, particularly near 
the surface region of the crystal or at the inter- 
face. There are several energy dissipation chan- 
nels of electron excitations decay leading to 
formation of electrically active centers in non- 
metallic materials as it is known from [1-5]. One 
must differ in multithermic [1,2] and mul- 
tiphonons [3-5] types of processes. The last one is 
essentially nonlinear because it is accompanied by 
self-consistent electron (or hole) capture at the 
energy level of created electrically active defect. 
Mechanisms of such phenomena have been pro- 
posed in [3]. They are based on the polyaron the- 
ory which is a conceptual theory where the system 

with many degrees of freedom is phonons subsys- 
tem. It was shown that some probability exists for 
an electron in the conduction band of giving rise 
to a defect generation associated with electron 
transition from conduction band to a lower en- 
ergy level ofthat defect, so that free energy of the 
system «crystal having a defect plus an electron» 
would reach its minimum value. The probability 
of the elementary act of defect creation assisted 
by electron excitation depends particularly on the 
quantum number labelling of such excitations 
and on the wave vector for nonlocalized excita- 
tions. Thus, external factors (electrical field, light 
exposure, etc.) acting on the excitation partition 
function must change also the observed efficiency 
of defect creation. But, as far back as in [3], it was 
noted that electrons (holes) are not the sole 
«light» subsystem for effective process of defect 
formation. Exciton gas is the other such one. We 
have already analyzed in [6] the inhomogeneous 
electrical field influence on exciton plasma heat- 
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ing up in surface layers of semiconductors. That 
is why we think it would be expedient to estimate 
the excitons heating-up influence on defect for- 
mation in inhomogeneous regions of nonmetalic 
crystals. 

Approximate quantum mechanical 
treatment 

In the present report, we calculate transition 
probability between two following states of the 
system «nonmetallic crystal plus exciton»: 1) all 
the host crystal atoms are located in lattice sites, 
more.light-weight impurity atom is substitutional 
(/-state), exciton has the wave vector kt; 2) impu- 
rity atom is located in a lattice intersite (/"-state), 
the lattice site occupied by it before is now, empty 
exciton decays into a hole, localized at the va- 
cancy quantum level, and an electron that moves 
to a conduction band. To calculate the transition 
probability Wy, we use the following coordinates: 
q% - normal coordinates for description of the lat- 
tice vibrations, coordinates R for impurity atom/ 
which transition is accompanied by wave of dis- 
placements of surrounding atoms, r?f\, /^-co- 
ordinates of the exciton, electron, and hole, 
respectively. The probability of the process is cal- 
culated by nonadiabatic operator for electron and 
defect atom introduced in [4]. 

k Ulf IM 
0) 

w dR* 

Here, Ysi(ff), cp,(if), Y, „ (q) - are eigenfunc- 
" x A 

tions of exciton, the impurity atom in the initial 
state and normal vibrations with quantum num- 
ber n%, respectively. The eigenfunction of exciton 
in the initial state is defined as the product 

YSi = X(r)V\(ri2)> where V\(r\2) is hydrogen-like 
exciton eigenfunction in bound state, %(T*) de- 
scribes the exciton translation movement, 
r^{mj*+mpr*)/(mp+rnn), rn = F\-f$,mn and 
mp are effective masses of the electron and the 
hole. In the final state, the exciton eigenfunction 
has also the form of a product *Fy = yjfR) yjffi, 

where v)/^) is the hydrogen-like eigenfunction 

for electron localized at the defect, and y$?) is a 
Bloch function for electron in conduction band 
with wave vector k. Eigenfunctions of the displac- 
ing atom are harmonic oscillator type and vary in 
q£i and ^equilibrium positions for;' and/states. 
Transition probability into new quantum state is 
calculated by summation with respect over all 

changes of states, when energy conservation law 
being satisfied: 

k 

(2) 

where p = (s, - zk + sg - W)/h~®, Tira is phonon en- 

ergy, zs is exciton energy including energy of 
translation movement and an interior energy, s 
is energy of the bound electron the localized at 
the defect, ek is the electron kinetic energy in con- 
duction band, W is the height of potential barrier 
for electron transition between states, nk are the 
quantum numbers for normal oscillations of the 
host crystal atoms. 

With the help of results from [4,5], one can 
transform the expression for transition prob- 
ability to the following form: 

Wt 
«r 

tr '(l + l/nfx 
(3) 

'2Mo| % «■*.',*,'_ 

x Ip(z) exp( - a (n + V2)) 

Here, Ij-, /,- are the quantum numbers of transit- 
ing atom, g is the quantum number of hole been 
localized, s is the quantum number of exciton 
state, / is the first-kind Bessel function of 
imaginary argument, 

z = a[n(n+l)f/i a = X(%-<?x/)2; hi' Iff are 
coordinates for atomic normal vibrations, n is 
the number of equilibrium phonons. 

It is necessary to note that the preexponential 
integral G in (3) depends on sk also but, as the 
estimations that based on [5] demonstrate, this 
dependence is less strong than exponential. In this 
report, we are interested first of all in the depend- 
ence of defect formation efficiency on the electri- 
cal field E, therefore, we assume this integral to 
be constant. 

Field influence on quantum 
transition probability 

For comparison our results with experimental 
ones, we must average (3) over vectors kt and k: 

y = If Wifftftd *k?d3l? When the free electron 

has energy near the conduction band bottom, and 
exciton partition function is the equilibrium one, 
we obtain 

y « C cxp[-(W- As +Pm)/kT0], (4) 

wherepm = (z/2) ln(l + \/n), T0 is the equilibrium 

temperature of exciton gas, As is the difference in 
bound energy between the hole at local level and 
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Fig.l. The natural logarithm (lnfr/Yo)) dependence on 
the electric field parameter ß for (W-ev)/kT0 = 20 

(1), 30 (2) andtia/kT0 = 0.1 (a), 0.5 (b). 

the exciton. Now we account properly for the in- 
fluence of factors distorting the exciton partition 
function on the defect creation probability. Let 
an external nonuniform electrical field will be one 
of such factors. We have considered in [6] the 
heating-up of exciton gas by inhomogeneous elec- 
trical field E. It had been shown that exciton par- 
tition function may be written as 

/e.ß): 
/t(x)(ß+(e/^r0))  exp(-s/*r0)    (5) 

(iTWikT^1 ßß+3/2 v|/(3A ß+5/l ß) 

where n(x) is excitons concentration and 
ß = (a£(dE/dx)) l*/%, a is the exciton po- 
larizability, lx is an exciton free path length. Ac- 
cording to [6] the heating-up of exciton plasma 
byelectrical field leads to increasing of exciton 
concentration in regions where ß tends to maxi- 
mal value; that can change the exciton lumines- 
cence intensity. At the same time, the defect 
creation process may be initiated also. 

Substituting the partition function obtained in 
[6] into expression for y, and calculating the inte- 
gral approximately, we obtain 

1 + 
ßj 

.2\ 

1 + 

-P 

x exp 

where 

-h~ 
(W-Ae-^7'0) (6) 

t, = 
W * Ae - Ha 

kTn 
1 + 

2hakT0 

fro(Ef-Se) 
(W-te + kT0-n<i>)kT0j 

t2=l/4[l+(l+8ß)1/2]. Cß is the constant in- 
cluding all preexponential factors which are 
weakly dependent on ß. 

The result of numerical integration in expres- 
sion for Y for nonequilibrium partition function 
(5) is shown at Fig.l for {W- Ae)/fcT0 = 20 (1), 

30 (2) and /to/A:T0 = 0.1 (a), 0.5 (b). One can see 
that formula (6) is qualitatively valid for y(ß) de- 
pendence. The final result shows that y/Yo =/(ß) 
(y = y0 when ß = 0) is an abrupt function for ß 
values from 1 to 100. Increasing of the defect for- 
mation probability by the factor 102 to 103 in this 
interval requires ß to be magnified by 10 times 
only. Thus, the heating by nonuniform electrical 
field, causing the increase of exciton density in the 
high energy tail region, may enhance appreciably 
the defect creation efficiency. 

Conclusion 

The probability of lattice site-intersite transition 
of impurity atoms initiated by exciton plasma heat- 
ing-up in semiconductors is calculated by quantum 
mechanical methods. Such defect may be due to 
impurity atoms capable of occurring at intersites, 
the latter being accq>tors. This transition is accom- 
panied by capture the electron at the level of the 
created defect. When calculating by quantum me- 
chanical methods, the impurity atomic mass is sup- 
posed to be smaller than those of the host atoms. 
Such an assumption makes it possible to apply the 
double-adiabatic approximation for the system host 
atoms - impurity atom - exciton and to calculate- 
the probability of multiphonon transition process. 
As a result, the upper value of the above transition 
probability corresponds to higher exciton energy. 
Thus, the activating of exciton subsystem by an 
electric field or by radiation causing the exciton 
density to increase in the high energy tail region 
may stimulate the defect formation in material. The 
results of the investigation make it possible to pre- 
dict the dependence of defect formation probability 
on some parameters of subsystems taking part in 
the transition and electrical field (ß). 
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MHorocJwHOHHbie nponeccbi co3naHHH ,qe<peKTOB B 

noBepxHocTHbix cjionx nojiynpcmo/iHHKOB, HHnnnnpoBaHHbie 
pacna^oM 3JieKTpoHHbix B036yiK,aeHHH 

JI.r.rpeHKO, H.r.JleBaHflOBCKHH, r.E.^aHKa 

C npHMeHeHHeM KBaHTOBO-MexaHHHecKoro noaxo^a paccHHTaHa BepoHTHoen. nepexo.ua npiiMec- 
Horo aTOMa B Me»caoy3JiHe, HHHqHHpoBaHHoro pa3orpeTofl SKCHTOHHOH njia3MOH B noBepxHocTHbix 
o6nacTHX nonynpoBoflHHKOB c Heo^HopoaHbiM aneicrpHHecKHM nojieM. 3TOT nepexoa MOJKCT conpoBO»- 
aaTbcsj pacnaflOM 3KCHTOHa H 3axBaTOM abipKH Ha SHepreniHecKHH ypoBeHb o6pa30BaBmeroc3 ae^eKTa. 
B pe3ynbTaTe npoBefleHHbix HCCjieflOBaHHH noKa3aHO, HTO pa3orpeB SKCHTOHOB MOJKCT cruMynnpoBaTb 
3HaHHTejibHbiM o6pa30M (j)opMHpoBaHHe 3JieKTpimecKH aKTHBHbix qeHTpoB B MaTepnajie. 
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Surface spin-reorientational transition in rare-earth 
orthoferrites and orthochromites 

E.A.Gan'shina, G.S.Krinchik and E.A.Balykina 

M.V.Lomonosov Moscow State University, 
117234 Moscow, Russian Federation 

Magnetooptical effects of reflection were investigated in rare-earth orthoferrites and «*°dir°£to £ 
thetonperature range 10-295 K. In some orthoferrites and LuCrOS, the character of phase SRT is foundto 
I" SSomTat observed by magnetic experiments. Decreasing the temperature to 50 K for JbFeO 
m SK for SmFeO,, magnetooptical effects were found to fall to zero sharply. This fact indicates that 
*e weak faromagnetism vector disappears in a surface layer (the Morin transition). Temperature of he 
SRT o^seTr?7e surface of SmFeO, is found to shift to the high-tempera'ure region as compared to the 
bS. H^ thteKtrLitional surface .aye.-similar to the domain boundary with the gradual reonenta- 
tion of the antiferromagnetism vector about 90 °. 

HDHBeneHO peayjibxaxH «ocjiiflaceHH* MarHixoonxHHHHX e^KxiB Bi«6Hxxs y piaKoseMejibHHX 
OPTSPHTTX (P30O) xa opxoxpoMixax. ft«. BH^xeHHA *BHU, noBepxHeBoro MarHexH3My Bmm- 
™K noioB. xa ndpH3am»Hi 3a*e*H0cxi eKBaxopia^Horo e^exxy Keppa B O&UICT. 
xeTn™ 10 295 K nP„ HaK^m MarHixHoro no™ B3fl0B>K pi3HHX KpHcx.uiorpa^.HHHX oce^ 
BH™O mo B p^y P300 xa B LuCr03 xapaKrep noBepxneBHX cniH-nepeop.eHxau.HHHX nepexo^B 
fcmiuSS B* THX, mo Bifl6yB3

aloxbcH B o6'eMi. BmmneHo, mo nPH 3„H*eHH, xeMnepaxyp« 
io 5?K BTbFeO,TZ 33 KB SmFeO, «Ba-ropiajD,™» «fcexx Keppa 3MeHUiyexbca «o «y™, mo 
Än^B, BCKropa c,a6o3ro 4»ePoMarHex„3My . noBepxneBOMy r^ap, (nepex.« XHny 
MopiHa) Rnx ErFeO, BHHBJieno 3cyB y BHcoKoxeMnepaxypny oÖJiacxb nonaxKy Offl r4 - 12 na 
ntepxHi S%BLO 33

06<eMoM, x.x. »a noBepxHi ErFe03 icnye nepexiÄHHH noBepxneBHH map xnny 
ZeHHo\ Me*i, B HKOMy BiÄ6yBaCTbCH nocxynoBHft noBopox «nop. aHXH«},epoMarHexH3My na 90  . 

A transitional microscopic layer on the mag- 
netic crystals surface having the magnetic state 
different from that of bulk material was first re- 
vealed at weak ferromagnetics. During investiga- 
tions of magnetooptical reflection effects on the 
hematite non-base faces, it was found that surface 
layer behaves as a single-axial weak ferromagnet 
while hematite itself is a crystal having "light 
plane" anisotropy [1]. This phenomenon was ex- 
plained as a result of the competition of two an- 
isotropy  types,   i.e.   magneto-dipole   and 
single-ionic ones. In rare-earth orthoferrites 
(REOE) which belong to the weak ferromagnet- 
ics, various spi.: reorientational transitions 
(SRT) are observed at temperature variation, due 
to competitive interactions between the rare-earth 
and the ferric sublattices [2]. In the SRT area 
where the first anisotropy constant is small, the 

Functional materials, 2, 2, 1995 

contribution of surface anisotropy can result in 
various manifestations of the surface magnetism. 

The existence of the surface magnetism can be 
revealed by the study of magnetooptical reflec- 

tion effects controlled by the magnetic state of the 

thin surface layer. 
This work describes the magnetooptical ef- 

fects of reflection studied on rare-earth orthofer- 

rites and orthochromites (REOC). To reveal the 

surface magnetism phenomena, dependences of 

the equatorial Kerr effect (EKE) on temperature, 

field and polarization were studied in the tem- 
perature range 10-295 K under a magnetic field 
being imposed along various crystallographic 

axes. For a number of REOF, the SRT character 
was found to be substantially different from that 

in the bulk material. 
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s-io3 

100 200 250 T,K 

Fig.l. 5(7) in TbFe03. tm = 3.0 eV, // = 0.5 kOe, light incidence angle cp = 65°, H\\c. Specimens: No.l - (110). 
No.2 - (010), No.3 - (100). Inset: 8(/7) for specimen No.2 at T= 25 K (1), 30 K (2), 33 K (3), 37 K (4). 40 K (5), 

a) TbFe03 
The temperature and field dependences of 

EKE (8) for TbFe03 were measured on three 
specimens. Specimen No.l represented the mirror 
face (110) of a single crystal. Two other plates 
oriented in (010) (specimen No.2) and (100) 
(specimen No.3) planes were cutted out of 
TbFe03 single crystal growed by the zone melting 
method with the optical heating. Measurements 
on the specimen No. 1 were made without surface 
pretreatment (on the natural mirror face) and af- 
ter annealing in air at T = 1200 °C for 5 h. The 
plates of specimens No.2 and No.3 were polished 
mechanically and then annealed in air for 3 h at 
T = 1200 °C. The specimen No.2 after reference 
measurements was etched by orthophosphoric 
acid at 300 °C for two minutes. 

Fig.l shows the temperature dependences of 
EKE, 6(7), in the area of spectral maximum 3 eV 
measured in the magnetic field of 0.5 kOe parallel 
to C axis. At the temperature decrease to 
(50+1) K, a sharp drop of the effect to zero was 
observed for all specimens within a narrow tem- 
perature range. Increasing the magnetic field in- 

tensity resulted it a shift of the knee on S(7) 
curves toward low temperatures by about 
6 K/kOe. On the inset of Fig.l, the field depend- 
ences of EKE, 8(H), are shown for specimen No.2 
at various temperatures. The additional surface 
treatment of the specimens No.l and No.2 (an- 
nealing and chemical etching) did not cause any 
change of 5(7) and 8(77) dependences type. 

To elucidate the type of the spin-reorienta- 
tional transition observed, the EKE measure- 
ments in the magnet field H \\ a were performed 
for the specimen No.2. In Fig.2, polarization de- 
pendences of the magnetooptical effect, 8(9), for 
various temperatures are shown. At elevated tem- 
peratures, the polarization dependencies pattern 
corresponds to the intensitive meridional Kerr ef- 
fect (IMKE) which is due to the presence of a 
longitudinal magnetization component Fz. The 
specimen remagnetization occurs at the cost of 
small component of the magnetic field projection 
on the C axis. At the temperature lowering to 
50 K, the IMKE disappeared by jump. The im- 
posing of a magnetic field 771| a caused the ap- 
pearance of EKE which was increased with 
temperature lowering. The inset of Fig.2 shows 
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8-10° 

H, kOe 

Fig.2. 5(9) for the specimen No.2. 6 is the light polari- 
zation azimuth, fico = 3.0 eV, q> = 65 ', H= 3 kOe, 

the field dependencies of that effect for several 
temperatures. For the specimen No.3, none mag- 
netooptical effects were observed at temperatures 
lower than 50 K in magnetic field up to 5 kOe 
directed along the b axis. 

For the terbium orthoferrite, a rather intricate 
magnetic behaviour was observed in the low-tem- 
perature range [2]. At T > 6.5 K, spins of Fe3+ 

ions are in the phase T4(G;cFz) (where G is the 
antiferromagnetism vector; F, ferromagnetism 
one) and, at TR1 = 6.5 K, change to ^((y^) ar- 
ranging the magnetic moments of Tb3+ ions along 
a axis of the crystal according to T4(GxFy) mode. 
It is the R-Fe interaction which is the cause of 
that transition and results in the splitting of the 
main Tb3+ quasidoublet in the T2 phase. At 
Tx = 3.3 K, an antiferromagnetic ordering occurs 
in the rare-earth subsystem (T2 -> r82) which 
causes a decrease of the terbium ions susceptibil- 
ity along the a axis what renders the T2 phase to 
become energetically disadvantageous and gives 
rise to a reverse T2 -> T4 reorientation of Fe3+ 

ions spins at TR2 = 3.1 K [3,4]. Rare-earth ions 
pass therewith into a purely antiferromagnetic 
configuration T$(axgy). 

It follows from the results obtained by us that, 
at temperatures lower than 50 K, no spontaneous 
turning of spins into T2(GXFX) state occurs in sur- 
face layer of TbFe03. Thus, it should be sup- 
posed that the SRT observed is a r4->r, 
transition of Morin type and, in the absence of 
magnetic field, a transitive layer exists on the 
TbFe03 surface where the antiferromagnetism 
vector turns to 90 °C Gx -> G,, and ferromagne- 
tism vectors changes itself from Fz to 0. A rela- 
tively weak magnetic field (up to 3 kOe) imposed 

40     80    120       180     T, K 

Fig.3. 8(7) in SmFe03 too = 3.1 eV, H = 0.5 kOe. 
Specimens: No. 1 -(110),'No.2-(010) 

along c axis causes the complete "erasement" of 
the surface magnetism in the temperature range 
35-50 K (see Fig. 1, inset). The EKE increase with 
temperature lowering in the magnetic field H \\ a 
is associated with the magnetic moment Fx rise as 
the critical temperature of bulk phase transition is 
approached. As it follows from the experimental 
phase diagram of threshold field (H^,T) given in 
[5], at T = 10 K, a magnetic field of Hx ~ 3 kOe is 
sufficient to induce the T4 -> T2 SRT. Our results 
(Fig.2) show that, at 10 K in the magnetic field 
Hx = 3 kOe, the SRT does not attain its maxi- 
mum value, i.e. the critical field of surface SRT 
r, ->• T2 has a larger value than the threshold one 
of T4 -» T2 transition in the bulk crystal. The in- 
crease of 5 with the H || a growing indicates to a 
diminution of the surface magnetic layer depth. 

b) SmFe03 

The EKE in SmFe03 was measured on the 
mirror growth face (110) of a single crystal (speci- 
men No.l) and on a plate oriented in (010) plane 
made from a crystal of the same growth batch 
(specimen No.2). The specimen No.l surface was 
not treated, specimen No.2 was undergone an an- 
nealing and chemical etching. Fig.3 shows tem- 
perature dependences of EKE for both specimens 
in the 0.5 kOe magnetic field directed along [110] 
axis for specimen No.l and along [100] one for 
specimen No.2. The temperature lowering to T ~ 
33 K caused a knee on the 8(7) plot and sub- 
sequent sharp drop of the Kerr effect. On the 
specimen No.2, the field EKE dependences were 
measured for several temperatures in the transi- 
tion range; the results obtained are shown on 
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0 1 2 3    H, kOe 

Fig.4. 8(H)    in   SmFe03 (specimens: No.2), 
Ha = 3.1 eV, H\\ a, T= 32 K (1), 29 K (2), 27 K (3), 

Fig.4. Measurements performed on both speci- 
mens in a magnetic field H\\c have shown that, 
within the limit of experimental accuracy, the 
EKE in SmFe03 is absent. The absence of Kerr 
effect at T < 33 K indicates the disappearance of 
the weak ferromagnetic moment vector in the sur- 
face layer of SmFe03, thus, it can be supposed 
that the surface transition observed is a SRT of 
Morin type r2(C?z^)^r, (G). 

On the specimen No.l of samarium orthofer- 
rite, the magnetization was measured at tempera- 
ture being varied from 300 K to 4.2 K (see Fig.5). 
In the temperature range studied, no bulk phase 
transitions were observed what confirms our sup- 
position that the SRT observed takes place in a 
thin surface layer having the thickness compara- 
ble to the depth of light penetration into crystal. 
Thus, at T < 33 K, a situation occurs when the 
T2(GZFX) phase is the magnetic state of the bulk 
SmFe03 while surface spins are ordered accord- 
ing to T\(Gy) mode, i.e. the surface is a transi- 
tional layer of the domain boundary type, where 
a^ progressive turn of the iron ions spin system 
GZFX -> G takes place. 

c) ErFe03 

In ErFe03, the initial temperature of 
T^ißJ7^ -> Y2(GXGZ) reorientation on the sur- 
face (T2S) was observed to be shifted largely (by 
40 K) toward the high-temperature area as com- 
pared to that in volume (T2V). For Tm and Ho, 
orthoferrites, critical SRT temperatures on the 
surface and in the volume were the same (see 
Fig.6). That experimental fact leads inevitably to 

a.u. 

Fig.5. Temperature dependences of EKE (1) and 
magnetization (2) in SmFe03 

5-103 

5.IO3   60       140        220   T, K 

r 
1h 

10 

Ik 
-*- ~i/ 

— ---. 

5 

I A ■^ I      I I 
60 140        220   T,K 

Fig.6. 8(7) in TmFe03 (a), HoFe03(b), ErFe03 (c), 
to = 3.25 eV, H = 1 kOe 

the conclusion that there is a surface magnetism 
in erbium orthoferrite on (010) face. 

Based on the results obtained, we can state 
that, in the temperature range from T2S = 140 K 
to T2V = 100 K with magnetic field being oriented 
along c axis, the bulk magnetic moment is ori- 
ented exactly along that axis while on the surface 
it is deflected from c axis by a certain angle S 
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a) b> 

1 H, kOe 1 2        3      H, kOe 

Fig.7. Field dependences of cos &-. for ErFe03 (a) at T= 95 K (1), 100 K (2), 120 K (3), 140 K (4); for HoFe03 (b) 
at T= 50 K (1), 55 K (3), 65 K (4). In both case, H \\ c, (010) 

increasing with lowering temperature and attain- 
ing 90 ° at temperature T2V. The angle 9 can be 
determined from the relationship cos 9 = S^s 
where 8T is the EKE value at T> T2S. Our ex- 
periments showed that 9 does not depend essen- 
tially on the magnetic field when the latter varies 
from 2 to 4 kOe. In Fig.7, field dependences of 
the EKE are presented for ErFe03 in the tem- 
perature range Tls -T2S and for HoFe03 in the 
SRT range. The EKE value for HoFe03 is seen to 
vary significantly when //increases. For ErFe03, 
on the contrary, the EKE independence from H is 
observed after the monodomain state is attained. 
That result can be explained as follows. The angle 
9 takes the equilibrium value due to action of the 
surface anisotropy localized in few surface atomic 
layers. But to rearrange the structure of the tran- 
sitional layer, its energy in a magnetic field must 
be comparable to that of bulk anisotropy which 
increases significantly at 7> T2. For example, 
the value of the first magnetic anisotropy con- 
stant, Kv for erbium orthoferrite at T = 130 K is 
3.2-105 erg/cm3 i.e. the effective anisotropy field 
amounts to HK = 2Kxlms = 64 kOe [5] what ex- 
ceeds substantially the external magnetic field. 

The following experiment supports to some 
extent «he contention that, as in the case of hema- 
tite [6], the physical cause of the surface magnet- 
ism rise in the erbium orthoferrite lies in a 
symmetry decrease of the environment of surface 
magneto-active ions and not in casual effects like 
the strain hardening during polishing or surface 

admixtures. From an ErFe03 single crystal of the 
same growth batch, using the same technology, a 
plate was made having the plane turned by about 
40 °C relatively to initial one (010) around [001] 
axis (let it by designated as the plane a). For that 
plane, T2S is found to be shifted toward the low- 
temperature area to T2= 113 K (the 5(T) curve 
obtained for that specimen at H || c is showed by 
a broken line on Fig.6). 

The studies performed show that the surface 
magnetism is a rather common phenomenon for 
rare earth orthoferrites manifesting itself in the 
rise of surface orientations (SmFe03, TbFe03), 
shifting of SRT critical temperatures for the sur- 
face as compared with those for the bulk crystal 
(ErFe03) and being due to more fundamental 
causes than surface defects or contaminations. 

Phenomenologically, the appearance of sur- 
face magnetic transitions of the spin reorientation 
type can be explained by a difference in the char- 
acter of temperature dependences of the magnetic 
anisotropy constants near the surface and in the 
bulk crystal. The qualitative distinction of results 
obtained for TmFe03 and HoFe03, on the one 
hand, and ErFe03, TbFe03, and SmFe03, on 
the other, can be understood if we take into ac- 
count that the rise of the surface magnetism is, in 
a sense, a threshold process [6] occurring when a 
gain at the cost of the surface anisotropy energy, 
Ks, exceeds the characteristic energy of the do- 
main boundary formation in the surface layer, 
a = (AK)]n. lfKs < a0, the magnetic moments of 
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iron ions have the same orientation both on the 
surface and in the crystal volume (that is the case 
ofTmFeOg, HoFe03). 

According to current views, the spin-reorienta- 
tion type transitions in REOF do not occur because 
of a variation of the iron sublattices anisotropy con- 
stant under temperature influence, but are due to 
rare-earth sublattices effect intensifying when tem- 
perature decreases. At low temperatures, rare-earth 
ions exhibit a great anisotropy of magnetic proper- 
ties which is due, to a large extent, to the presence of 
a low-symmetrical crystal field. Pecularities of the 
interaction between RE ions and Fe ones are re- 
sponsible for the variety of SRT in REOF and de- 
fine the mechanisms of the orientation transitions. 
The symmetry lowering of the crystalline surround- 
ing of magneto-active ions in the REOR surface 
layer causes changes in RE-Fe and Fe-Fe interac- 
tions what may result in the surface magnetism ap- 
pearance. 

Thus, we get the conclusion that, along with 
the usual SRT, a diversity of surface phase SRTs 
exists in REOFs, and to explain them, account 
must be taken for variations of different RE-Fe 
and Fe—Fe interaction in surface layer. 

A specific surface magnetic phase state was 
found also at the investigation of the tempera- 
ture dependence of magneto optical effects in the 
LuCr03 orthocromite, for which the EKE drop 
to zero was observed at T < 50 K [7]. 

The experimental data presented here provide 
strong evidence that the presence of the surface 
magnetism is the rule rather than the exception 
for weak ferromagnetics. 
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IIoBepxHOCTHbie cnHH-nepeopneHTauHOHHbie nepexoAbi B 

pe/iK03eiviejibHbix opTocpeppiirax H opToxpoMirrax 

E.A.raHbiiiHHa, r.C.KpHHHHK, E.A.BajibiKHHa 

IIpHBe/ieHbi pe3ynbTaTbi Hcane/iOBaHHH MarHHTOonTHHecKHX acJxbeKTOB oTpa)KeHHH B peflKO- 
3eMenbHbix opTotbeppirrax (P30O) H op-roxpoMHTax. Rna o6Hapy3KeHHH HBJieHHH noBepxHocTHoro 
MarHeTH3Ma roynajiHCb TeMnepaTypHbie, noJieBbie H nojiapraauHOHHbie 3aBHCHMOcra 3KBaTopHajibHoro 
3(b4)eKTa Keppa B o6jiacTH xeMnepaTyp 10-295 K, npH npmiojKeHHH MarHHTHoro nojia BflOJib 
pa3JiHHHbix KpHCTajinorpa(bHHecKHx ocefi. OÖHapyjKeno, HTO B pafle P30O H B LuCr03 xapaicrep 
noBepxHOCTHbix cnHH-nepeopHeHTaqHOHHbix nepexoaoB (CniT) OTJiHHaercii OT npoHcxoaamHX B 
o6i>eMe. O6Hapy>KeH0, HTO npn noHH)KeHHH TeMnepaTypw ao 50 K B TbFe03 H AO 33 K B SmFe03 

3KBaTopHajibHbifi 3(b(beKT Keppa yMeHbinaeTca ao Hyjm, HTO CBHfleTejibCTByeT 06 HCHe3HOBeHHH 
Beicropa cita6oro (beppoMarHeTH3Ma B noBepxHOCTHOM cjioe (nepexoa THna MopHHa). flua ErFe03 

o6Hapy»eHO CMeiueHHe B BbicoKOTeMnepaTypHyio oSjiacTb Hanana Cull T4 - F2 Ha noBepxHOCTH no 
cpaBHeHHio c o6-beMOM, T.e. Ha noBepxHOCTH ErFe03 cymecTByer nepexo^HbiH noBepxHOCTHbifi CJIOH 
THna flOMeHHofi rpaHHijbi, B KOTOPOM npoHcxojiHT nocTeneHHbifl noBopoT BeKTopa aHTH<t>ep- 
poMarHeTH3Ma Ha 90 °. 
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Surface shear modes in piezoelectric 
superlattice with additional layer 

A.N.Podlipenets and L.P.Zinchuk 

Institute of Mechanics, National Academy of Sciences of Ukraine, 
3 Nesterov St., 252057 Kiev, Ukraine 

The results on theoretical studies of the surface phonons (shear modes) existence in a system of 
piezoelectric superlattice and additional thin layer are presented. The additional layer that modifies the 
surface wave properties of the superlattice is considered as a planar defect or as a piezoelectric or 
metallic coating. The superlattice is assumed to be formed by two or more materials and to have the 
geometry which exhibits Bleustein-Gulyaev wave existence in a single surface problem. The long-wave- 
length phonon propagation is studied for the case when the layers are considered as elastic continuous 
media. The dispersion equations are derived by the mathematical formalism of periodic Hamiltonian 
system. The relations for surface modes are discussed as functions of the nature and the relative 
parameters of additional film. 

BraoiäaeHO pe3yjibTara TeoperHHHKX flocuwiceHb yMOB icHyBamw noBepxHeBHX $OHOHiB (MO,ZI 3cyBy) B 
CHcreMi "n'ejoejieicrpHHHa Haflpemrnca - flOflaTKOBHH TOHKHH map". ßoflaTKOBHii map, mo MOflH(})iKye 
XBHJibOBi BJiacTHBOcri HaflpemiTKH, po3ni$maeTbCH sac miaHapHHH ae4>eKT a6o n'esoeneicrpHHHe (Mera- 
JieBe) iioKpHTra. BBaacaerbca, mo HaflpeuiiTKa cTBOpeaa flBOMa (a6o 6un>me) pi3HHMH MarepianaMH i Mae 
reoMerpiio, npH HKift icHyioTb XBHJii EjnocTefiHa-ryjweBa B 3aflani 3 oflHiao noBepxHeio. BHBHaerbca 
nouiHpeHHfl flOBroxBHJibOBHX (JioHOHiB y BHnaÄKy, KOJIH Bei mapH po3rJumaioTbca $nc npyjKHi cyqijibHi 
cepeflOBHma. flncnepcißHi piBHaHHfl oflep)KaHO 3a flonoMoroio MaTeMaxHHHoro 4»pMajii3My nepioaHHHHX 
raMinbTOHOBHX cHcreM. CniBBiflHouieHHa win noBepxHeBHX MOä aocniflHcyiOTbca B 3ane)KHOCTi Bia npnpo- 
ÄH Ta BiflHocHHX napaMerpiB flOflaTKOBo'i IUUBKH. 

1. Introduction 

With the considerable advances in thin-film 
techniques that enable high-quality crystalline 
multilayer structures - superlattices - to be fabri- 
cated, researches exploring the various properties 
of such heterostructures attract the increasing at- 
tention. In addition to extensive investigation of 
the electronic quantum states and transport prop- 
erties, a number of works, both theoretical and 
experimental, have been dealt with the study of 
vibrational characteristics of superlattices [1-3]. 
Particularly, as noted in [4], the phonon propaga- 
tion consideration can provide much information 
on the composition, periodicity, interfaces, de- 
fectness, strain field and, generally speaking, on 
the quality of the superlattices. Among the nu- 
merous works devoted to the acoustical proper- 

ties of infinite and semi-infinite superlattices we 
must mention the studies on bulk and surface 
waves in piezoelectric CdS-ZnO systems [5-11]. 
In these studies, the dispersion equations have 
been obtained and investigated using different 
mathematical approaches, namely, the transfer 
matrix method [1,5], Green's function method 
[2,6,7], and Hamiltonian system formalism [8-11] 
(see also the reviews [1-3,12]). 

This paper has the aim to present detailed 
computer simulation study of dispersion equa- 
tions for shear horizontal modes, propagating in 
systems consisting of a superlattice and an addi- 
tional layer. This layer that modifies the acousti- 
cal properties of superlattice may be considered 
either as a technological planar defect or as an 
artificial piezoelectric or metallic coating. 
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2. Dispersion equations 

2.1. Field representation within superlattice 

We assume that the superlattice occupies the 
semi-infinite region x2 > 0 and is formed by the 
repetition of a unit cell of thickness h, consisting 
of R piezoelectric layers with thicknesses hr: 
h = hl+h2+...+hR, R>2. The additional layer of 
thickness h0 is bonded to superlattice along the 
plane x2 = 0 and is contiguous to vacuum along 
the plane x2 = -h0. The superlattice layers are of 
hexagonal symmetry belonging to the 6mm class 
with their sixth-order symmetry axis along the x3 

axis of a reference orthonormal coordinate sys- 
tem; the superlattice axis, perpendicular to the 
layers, is along x2 and the propagation wavevec- 
tor k, parallel to the layers, is along x,. In this 
particular geometry, the transverse vibration 
(parallel to x3), in which we are interested here, is 
accompanied by an electric potential and decou- 
ples from pure elastic sagittal vibrations (polar- 
ized in the x,x2 plane). It can be shown [13] that, 
if we seek the simultaneous solutions of electroe- 
lastodynamics equations for transverse vibration 
within superlattice in the form 

|Z)2(x1,X2,0,CT23(jC1,X2,0,Cp(x1,X2,0,«3(x1,X2,0} = 

= {'7l(^2)^2(x2)'/,l(x2)'/'2(x2)lexP(/'Ä:Xl - /m0. 
0) 

where D2, cr23, cp, and u3 are the normal compo- 
nent of electric displacement, the stress compo- 
nent, the electric potential and the displacement 
vector component, respectively, then for determi- 
nation of column vectors q = col(^,,^2) and 
p = col(pup2) we obtain /(-periodic Hamiltonian 
system of linear differential equations 

dx. = A(x,) . A(x2) = 
0     Q(x2) 

-P(x2)    0 (2) 

with Hamilton function 

H(x2, q, p) = [qT P(x2) q + pT Q(x2) p]/2.     (3) 

The symmetrical matrices-functions Q(x2) 
and P(x2) have the following structure 

P(x2) = 

-eu(x2)k    el5(x2)k 

el5(x2)k
2    c^(x2) - p(x2)co 2 

(4) 
c44(x2)d(x2)     -el5(x2)d(x2) 

-el5(x2)d(x2)   -V?44(x2) 

c44(x2j = c44(x2) + [el5(x2)}2/£u(x2), 

d(x2)= l/[sn(x2)c44(x2)l 

where p(x2), c,7(x2) eJx2) axid eJx2) are the mass 
density, the elastic, the piezoelectric and the di- 

electric characteristics of the superlattices, respec- 
tively, k is the wavenumber, a is the circular fre- 
quency. Here, the superlattice characteristics are 
assumed to be arbitrary, absolutely integrable, 
periodic functions 

p(x2) = p(x2 + h),   cjJ(x2) = cjJ(x2+h),       (5) 

e,j(x2) = ey(x2 + h),   sy(x2) = sy(x2 + h). 

The surface wave solution of system (2) for 
the n-th unit cell (n - \)h <x2<nh can be repre- 

sented [11,13] as 

2 

: £ A',K/"U(X2)Y/, (6) 

q(x2 + nh-h) 

p(x2 +nh- h) 

0<x2<h,   \Kt < 1,   n 1,2,3,.. 

where Kt are the unknown coefficients, U(x2) is a 
matrixant of system (2), i.e. the fundamental ma- 
trix satisfying the condition U(0)=E (Eis the 4x4 

unit matrix), K, and Y; are eigenvalues and their 
corresponding eigenvectors of the monodromy 
matrix V(h). According to Lyapunov-Poincare 
theorem [14], the characteristic equation of the 
monodromy matrix has the form 

4 3 2 
K  +a,K +O,K  +a,K + l 0. (7) <i iv   ^ w2 1 

Equation (7) admits reciprocal roots and 
upon substitution by K+K"'=2& is reduced to 
equations 

2 

»r-i ■H/: 

2bjK +1=0, 

^^ 

■ 2a2 + 2 y=u 
Among the four eigenvalues K/ associated to a 

given CD and k only two may have their moduli 
less than unity to ensure the decrease of the wave 
amplitude with increasing distance into the super- 
lattice. It is just these eigenvalues that are used in 
the solution representation (6). 

In the most general case of arbitrary peri- 
odicity along x2 direction, the matrixant U(x2) is 
constructed either with the use of numerical 
methods (for every value of frequency and 
wavenumber it is necessary to solve four Cauchy 
problems for the set (2) on the interval 0 < x2 < h), 

or on the basis of its representation in the form of 
converging matrix series [12,15]. For superlat- 
tices with properties described by piecewise-con- 
stant functions (5), the matrixant may be written 
in analytical form [13]. 

The acoustical field (6) in the superlattice 
should satisfy the boundary conditions at the in- 
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terface x2 = 0 between the superlattice and the ad- 
ditional film. We shall distinguish two types of 
boundary conditions depending on whether the 
film is of piezoelectric or metallic material. 

where C, = cosh(kh0), C2 = Cs(Qo/i0), 
5, = siah(kh0), S2 = Ss(Q^t0). 

For the second case, when the boundary condi- 
tions express the vanishing of the normal stress at 

2.2. Additional piezoelectric layer 

When the additional layer is of pie- 
zoelectric homogeneous material with 
the same 6mm symmetry as the super- 
lattice layers, the solution of set (2) can 
be represented in the form [13] 

_en,o 

a3(C2 - Cj) 

aT a2a3'^2 ~ ^1 

0 0 0 

r(l) y(l) 0 

Yoa^VajS,   r,(2)  Y™ -Yo«!^1^ 

alla3s2 

C2-Cx 

a?C2 

K(3) lf> -c 
K(4)      yW -c^'q 

Mo(*2> = 
a4cosh(Ay)          0 a4sinh(fcy) 0 
a3cosh(Ay) 04 C^Q^) a3 sinh(*y) y^SsCn^) 

sinh(/fcy) o^SsCQoV) cosh(ky) o^CsCfty) 
0            Ss(fiov) 0 Cs(Q()V) 

B0 = CO{B^,B^
3
\B^}   y = x2 + h0; 

«1=^44,0^0'     "2= e15,Oe7l,0'     a3=^e15,0' 

a4--fee110, 
.    2    -l . 

c44,0 - c44,0 + c15,0el 1,0' 

[Yo; Ss(-); Cs(-)] = • 
[-1; sinQ; cosQ],    PQUJ

2
/^ 0 > A2, 

[+1; sinhQ; cosh(-)],  P0«
2/c44,o < **> 

the surface and the continuity of the normal elec- 
tric displacement and the electric potential, we 
have 

|K,|<1,     N<1, 0°) 

where e0 is the dielectric permittivity of vacuum. 

2.3. A dditional metallic layer 

When the additional layer is of isotropic me- 
tallic material, the solution of motion equations 
can be represented in the form [16] 

(U) J23 = Z,m(x2)Ao expO'Ax, - to/). 

where 

£«(*2) = 

col[q(x2); p(*2)] = Mo(x2)Bo, (8) 

where 
The unknown coefficients Kx and Btf> of (6) 

and (8) can be determined, except for a multipli- 
cative factor, by using the boundary conditions 
at x2 = 0 and x2 = -h0. The usual interface condi- 
tions expressing the continuity of the mechanical 
displacement, the normal stress, the normal elec- 
tric displacement and the potential are assumed 
to be fulfilled at x2 = 0. We suppose that the free 
surface x2 = -h0 is either metallized or non-met- 
allized. For the first case, when the boundary 
conditions express the vanishing of the stress and 
of the electric potential at the surface, we obtain 
the dispersion equation 

= 0, 

dmcm^) yJJWKv) 
SsCQ^)        CstfV)     ' 

^ = co\\A^;A^\   y = x2 + h0,  v2
m = c44m/Pm, 

dm ~ c44,»Aw» 

[yffl;SsQ;Cs(-)] = 

caV2-*2,  co2v-2>*2; 

co2v"2<*2, *-r*~-2 ■en v. <4- 

[-1; sin(-); cosQ], 

[+1;sinh(-);cosh()],  co2^2 <k2. 

co2v"2>*2; 

Satisfying the boundary conditions at x2 = 0 
and x2 = -h0, we can write the dispersion equa- 
tion for the surface modes as 

y^stinjto) r,(2) if> 
y(3) 

/(4) 

,(3) 

Yw   yW 

= 0, 
(12) 

ala2 ^1 ajSj y(D Y^ 

a{(C2 - CJ YoaA _ °4HS\ Ym yt» 

a2S2 - a^ S, a2(C2 - C{) jf) v(3) r2 

^2 c2 
y(4) 

|Kll<l.    N<i. (9) 

0 

CsCQA) 
|Kil<l,   |K2|<1, 

The dispersion equations (9),(10), and (12), 
derived in this section, represent the implicit rela- 
tions between the frequency to and wave number 
k and are valid for any relative value of the wave- 
length as compared to the period h of the super- 
lattice (assuming that we remain in the range of 
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CO* 

Fig.l. Bulk bands (shaded areas) and surface wave 
dispersion curves (solid lines) for a CdS-ZnO super- 
lattice with A,(ZnO)/A2(CdS) = 3/7 and additional 
layer of thickness A0(CdS) = A2 (the case of perfect 
superlattice [8-11]). 

the elasticity theory where the atomic character of 
the vibrations does not play a role [5]). 

3. Computer results and discussion 
In this section we present a few illustrations of 

the dispersion curves of the surface waves in a 
CdS-ZnO superlattice and discuss their behav- 
iour as functions of the nature and thickness of 
the additional layer. 

Fig.l shows the bulk bands and the surface 
modes for the perfect superlattice when the super- 
lattice is terminated by ZnO layer, the additional 
layer is of CdS and has the same thickness as in 
the superlattice bulk. Here we assumed that the 
free surface is metallized and thus used the equa- 
tion (9) at A0 = h2. For a non-metallized surface 
A 2 = -A0, when the equation (10) has to be taken, 
the results for surface modes are slightly different 
but cannot be distinguished from the preceding 
ones at the scale of the figure [5,9,11]. The 
straight lines v(CdS) and v(ZnO) correspond to 
the shear wave velocity in CdS and ZnO, respec- 
tively. The dimensionless quantities k*=kh and 
co* = coA(p0/c0)1/2 are used on both axes, 
P0 = 3-103kg/m3, c0 = 10,0N/m2. Here, as in the 
case of pure elastic shear waves [17-21], we recog- 

/■ f / j 
/■' / / / 

jfr / / / J.' / / / 
&• / / / 

/ft / / / 
jV- / / / 

11 ~                                      &/ // / $■/ / y 
JS(- / / / 

/(' / / / 
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M' / /\f 
//' / ^ A 

10 $/// 
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/$///? 
/$ / / fi 

J?/// 
9 //' / / fl 

~/$   ' /' fl 
yr // / 
''// 
''/ 
'/ // 
fill 

8 10 11 

Fig.2. The lowest surface mode at the different values 
of the thickness A0(CdS): h0/h2 = 1/2 (dotted curve), 
4/7, 5/7 (dashed curves), 1 (solid curve), 8/7 (dashed 
curves). As functions of h0, all dispersion curves are 
arranged in a decreasing order. 

nize two kinds of critical points: the points at 
which the bulk band boundaries intersect (indi- 
cated by A) and the points at which lower band 
boundary and the fast velocity line meet (indi- 
cated by B). 

Figs.2-5 represent the different types of sur- 
face wave behaviour occuring for the first two 
branches of the imperfect superlattice when the 
additional layer is of CdS as in Fig. 1, but has a 
different value of the thickness h0. The free sur- 
face remains to be metallized. At h0 > h2/2, the 
lowest surface mode (Fig.2) exists for all values of 
k and co below the bulk bands. In Fig.2, the par- 
ticular range of k and co is chosen on an enlarged 
scale for clarity. Figs.3-5 illustrate the variations 
of the second surface mode within the first fre- 
quency gap at different values of h0. Within the 
inner part of the gap (to the left of point A) this 
mode exists only if h0 > h2ll. When A2/2 < h0 < hv 

all dispersion curves extend from k=0 to the point 
A. At h0 > h2, the curves terminate on the lower 
band edge, as shown by the lowest curve 
(h0/h2 = 8/7) in the Fig.3. Within the outer part of 
the gap (to the right of point A) the second mode 
curve in Fig.4 starts in the vicinity of a point B 
and extends to k -> oo, when h0 = h2. As the thick- 
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CO 

Fig.3. Variations of the second surface mode into the 
left part of the gap: A0/A2 = 1/2 (dotted curve), 4/7, 
9/14, 5/7, 6/7, 13/14 (dashed curves), 1 (solid curve), 
8/7 (dashed curve). All curves are in a decreasing 
order as functions of h0. 

ness h0 is decreased (A2/2 < h0 < h£, the starting 
point of the curve moves to larger values of k on 
the band edge. At h0>h2/2 (Fig.4) and 
0 < h0 < h2ll (Fig.5), the dispersion curves start 
at the point A. Some of them terminate on the 
upper bulk band edge at a finite value of k, as 
shown by the top curve in the Fig.5, and some dp 
not. 

Fig.6 represents the situation when the super- 
lattice (x2 > 0) is terminated by CdS layer and the 
additional layer (-/i„ < x2 < 0) is of the ZnO. Pre- 
viously, we have shown that in the case of perfect 
superlattice terminated by ZnO layer, the disper- 
sion curves exist practically only between the 
points A and B inside every gap, but these curves 
are very close to the corresponding bulk band 
boundaries [9,11]. The similar behaviour is dem- 
onstrated by the considered system when the ad- 
ditional ZnO layer has the thickness h0 > h2/2, as 
shown in the inset of Fig.6. At 0 < h0 < h2l2, the 
surface wave exists practically over all frequency 
range considered (Fig.6) and as the additional 
layer thickness h0 approaches zero, the dispersion 
curves tend to those of Fig.l. 

Figs.7-9 illustrate the case of additional me- 
tallic layer on the CdS-ZnO superlattice termi- 
nated by CdS layer. One can see from Fig.7 that 
in the case of Al layer (v(AI) > v(ZnO) > v(CdS)), 

Fig.4. Variations of the second surface mode into the 
right part of the gap at A0(CdS) > h2/2: VA2= 6/7- 
13/14 (dashed curves), 1 (solid curve), 8/7, 9/7 
(dashed curves). As functions of hQ, all curves are in a 
decreasing order. 

(0* 

Fig.5. Variations of the second surface mode into the 
right part of the gap at 0 < h0(CdS) < h2ll: 
h(/h2 = ,/7> 2I1' 3/7- M dashed curves are in a de' 
creasing order as functions of A0. 
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Fig.6. Existence of surface modes when the addi- 
tional layer is of ZnO at h0lh2 = 1/6. As function of 
h0, the possible dispersion curves at other values of h0 

(0 < h0 < h2/2) would be arranged in an increasing 
order inside the outer part of the gap and below the 
bulk bands whereas they would be in a decreasing 
order within the inner part of the gap. In inset: the 
same but h0/h2 = 2/3, curves at other values h0 

(h0 > h2/2) would be in increasing order. 

the fundamental surface mode is quasibulk one 
and deeply penetrated into the superlattice at the 
sufficiently large values of additional layer thick- 
ness as shown in Figure for h0 = h/5 and h/10 (the 
corresponding dispersion curves are close to the 
bulk band). As Al layer thickness approaches 
zero, the dispersion curve approaches to the fun- 
damental mode of Fig.l from above. In the case 
of Ag layer (v(Ag) < v(CdS) < v(ZnO)), the fun- 
damental mode is more localized one and tends to 
that of Fig.l from below with decreasing layer 
thickness. Figs.8 and 9 show the variations of the 
second mode within the frequency gap. Within 
the inner part of the gap the corresponding dis- 
persion curves fall in the range between the per- 
fect superlattice mode of Fig. 1 and the lower bulk 
band. The curves start at k = 0 and terminate 
either at the the point A (for Al layer) or on the 
lower band edge (for Ag layer). Within the outer 
part of the gap the dispersion curves start either 
at the point A (for Ag layer) or on the upper bulk 
band boundary above a point B (for Al layer) and 
extends to k -> oo. 

8 9 10 11 k* 
Fig.7. The lowest surface mode of a CdS-ZnO super- 
lattice with additional metallic layer. The curves near 
bulk band are for the case of Al layer: h0/h = 1 /5 (dot- 
ted) and 1/10 (dashed). Solid line corresponds to the 
surface mode of perfect superlattice as in Fig. 1. The 
dashed curves below it are for the case of Ag layer: 
h0/h = 1/20 and 1/10 (in a decreasing order). 

4. Concluding remarks 

In this paper, the long-wavelength surface 
phonon (acoustic shear wave) propagation in the 

Fig.8. The second mode dispersion within the inner 
part of the gap when, from above to below, h0 = 0 
(solid curve), A0(AI)/A =1/10 (dashed) and 1/5 (dot- 
ted), h0(Ag)/h = 1/20 (dashed) relatively. 
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Fig.9. The second mode dispersion within the outer 
part of the gap when, from above to below, 
/f0(AI)//i = 1/5 (dotted curve) and 1/10 (dashed), 
h0 = 0 (solid), h0(Ag)lh = 1/20 and 1/10 (dashed 
curves) relatively. 

semi-infinite piezoelectric superlattice with addi- 
tional piezoelectric or metallic layer has been in- 
vestigated within the mathematical formalism of 
periodic Hamiltonian system. The dispersion 
equations have been derived and corresponding 
dispersion curves have been calculated for the 
CdS-ZnO superlattice and different additional 
layers. In particular cases the obtained equations 
and numerical results are transformed into out- 
comes of works [5-11]. The small contradiction 
between [5] and [9,11], concerning surface mode 
existence in the perfect superlattice terminated by 
ZnO layer is explained by the fact that the 
authors of [5] limited themselves to the repre- 
sentation of dispersion curves at the scale of the 
figures and did not use a very fine mesh to search 
surface waves very near to the bulk band bounda- 
ries [22]. The existence of such quasibulk modes 
has been again confirmed by this work (Fig.6), 
but it should be agreed that these waves are prob- 
ably lass interesting than those situated in the 
middle of the gaps because they penetrate deeper 
into the superlattice [22]. 

We have shown here that, in any case, all sur- 
face modes of perfect superlattice, more or less 
localised, are very sensitive to the appearing the 

additional layer (as defect or artificial coating) 
and its nature and the relative parameters. 
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IloBepxHOCTHbie c^BHroBbie MOAM B nbe303JieKTpnHecKOH 
CBepxpeuieTKe c AonojiHHTejibHbiM cjioeM 

A.H. rioflJiHneHeu, JI.n.3HHwyK 

IlpeflCTaBJieHbi pe3yjibTaTbi TeopeTHnecKHX HccueflOBaHHÖ cymecTBOBaHHa noBepxHocTHwx 
<j)OHOHOB (cflBHTOBblX MOfl) B CHCTeMe "nbe303JieKTpHHeCKa8 CBepXpeiUCTKa - .HOnOJIHHTeJIbHblH TOHKHH 
CJTOH". ZtonojiHHTeJibHbiH CJIOH, MoancJiHUHpyioiUHH BOJiHOBbie CBoficTBa CBepxpeuieTKH, paccMaTpH- 
BaeTca KaK njiocKHH aedreKT HJIH nbe303JieKTpHMecKoe (MeraJuiHHecKoe) noKpbiTHe. npeanojiaraeTCH, 
HTO cBepxpeuieTKa o6pa30BaHa /jByMa (HJIH 6oJibuie) pa3JiHHHbiMH MaTepnaJiaMH H HMeer reoMeTpnio, 
npn KOTopofi cymecTByroT BoJiHbi BjiiocTeHHa-ryjuieBa B 3a/iaHe c OAHOH noBepxHocTbio. HaynaeTcs 
pacnpocTpaHeHHe flJiHHHOBOJiHOBbix (J)OHOHOB ana cjiyiasi, Kor/ia Bee CJIOH paccMaTpHBaioTcsi KaK 
ynpyrne cruiouiHbie cpe/jbi. ÄHcnepcHOHHbie ypaBHeHHa nojiyHeHbi c noMombio' MaTeMaTHHecKoro 
<j)opMaJiH3Ma nepiioflHiecKHX raMHJibTOHOBbix CHtrreM. CooTHomeHHH flji» noBepxHocTHbix MOA HC- 

cjieayK3TC3 B 3aBMCHMocTH OT npupoflbi H OTHOCHTejibHbix napaMeTpoB aonOJIHHTejlbHOß nJieHKH. 
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Light scattering on the surface superlattices in 
ferromagnetic semiconductors produced 

by coherent light beams 

A.Yu.Semchuk 

Institute for Surface Chemistry, National Academy of Sciences of Ukraine, 
31 Nauki Ave., 252028 Kiev, Ukraine 

Effect of surface superlattice of electron density on the light propagation in the ferromagnetic 
semiconductors (FMSC) is studied. A wide-gap FMSC of EuO-type under constant electric field in the 
spin-wave temperature range is considered. The nonequilibrium state in FMSC is created by an 
external field. Phonons serve as a thermostat. Under such conditions, the action of CLBs give rise to 
the formation of surface superlattices in FMSC with certain concentration of electrons, electric field 
strength, electron and magnon temperatures. The light reflection coefficient for a FMSC with surface 
superlattices is determined. It is also shown that, by varying the magnitude of an external electric field, 
one can decrease this coefficient, i.e. make FMSC "antirefractive", as well as increase it up to the case 
of total reflection. 

ßocjiiflHceHo BIWHB noBepxHeBo'i HaapeuiiTKH eaieicrpoHHoi' rycTHHH Ha po3noBCK)Ä3KeHHa cßiTJia y 
4>eppoMarHiTHHx HaanpoBiflHHKax («DMHFI). Po3rjMHyro niHpoKomiJiHHHHH «DMHII B nocriBHOMy 
ejieicrpHHHOMy nojii i B TeMnepaTypHOMy ffi ana30Hi cniHOBoi XBHJii. HepiBHOBaacHHH craH B «DMHII 
CTBOpiOCTbCa 30BHiUIHiM nOJKM. TepMOCTaTOM e (})OHOHH. B UHX yMOBaX BnJIHB KOrepeHTHHX CBiTJIO- 
BHX ny«nciB BHiciHKae yreopemui B OMHII noBepxHeBHX HaapeuiiTOK 3 neBHOio KOHueHTpauieio 
ejieKTpoHiB, HanpyHceHicno ejieicrpHHHoro nojw, ejieicrpoHHOio Ta MarHOHHOio TeMnepaTypaMH. 
BH3HaMeHO Koe<J)iuieHT BW6HTT» cBiTJia nun OMHII 3 noBepxHeBHMH HaapemmcaMH. IIoKa3aHO 
TMC03K, mo, 3MiHK)ioHH HanpyacemcTb 30BHiuiHboro eneicrpHHHoro nojw, MOXHa 3MeHuiHTH uefi 
KoecfciqieHT, TO6TO nepereopHTH OMHII B "HeBiflÖHBaioHHH", a TaKOJK 36ijn>uiHTH «oro äO BHnaflKy 
noBHoro BiflßHTTa. 

1. Introduction 
During the last few years the semiconductors 

with spatial periodic structures (superlattices) 
have been a subject of intensive studies. Firstly, in 
connection with the appearance of high-power 
nano- and picosecond lasers as well as corre- 
sponding recording facilities, experimental stud- 
ies of such structures have considerably grown. 
Secondly, there has been a significant increase of 
interest in different spatial periodic structures in 
view of-intensive development of electronics, ho- 
lography and semiconductor technology. The 
FMSC with surface superlattices of nonequili- 
brium electrons and magnons may become ob- 
jects which completely meet the needs. 
Superlattices in FMSC can be formed using 

CLBs. Such FMSCs with superlattices of non- 
equilibrium electrons and magnons were de- 
scribed for the first time in [1,2]. The electrical 
conduction and refractive index of such FMSCs 
were studied in [3-6]. 

In this work, we consider the influence of a 
surface superlattice of electron density on the 
light propagation in FMSC. We have determined 
the light reflection coefficient for a surface of 
FMSC with a superlattice. It is also shown that 
varying the magnitude of an external electric field 
one can decrease the light reflection coefficient, 
i.e. make FMSC "antirefractive", as well as in- 
crease that coefficient until the total reflection oc- 

curs. 
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2. FMSC with a surface 
superlattices 

Let us consider a wide-gap FMSC of EuO 
type with mean carrier density n0 in an external 
constant electric field E0 ||0Z and in the spin- 
wave temperature range. Let several CLB be inci- 
dent on the outer surface x = 0 of the FMSC, the 
vector-potential of the beam in the material is 
given as: 

A(r, t) = ]T Aj cos(cof- kf - q>y) 0) 

and its frequency CD satisfying the inequality 

e «7i CD « eg (e is the mean carrier energy, e is 
the energy-gap width). Therefore, the CLB does 
not change the total number of carriers and only 
causes their spatial redistribution. 

A non-equilibrium state in the electron-mag- 
non system of the FMSC is produced both by 
heating-up electrons by the external constant 
electric field E0 and as a result of absorption of 
light quanta by free carriers, followed by energy 
transfer from electrons to magnons. 

There are phonons which play the role of a 
thermostat. Under such conditions, as was shown 
in [1,2], the CLB gives rise to the formation of 
surface superlattices in the FMSC with electron 
concentration «, electric field strength F, electron 
Be and magnon 8m effective temperatures, which 
at A-1F0 and in the case of incidence on a FMSC 
surface of only two symmetrically oriented beams 
with Ax \\A2, kXx = k2x, ku = -klv are described 
by the following expression 

$1 = (ot+1)2 + ß2 ß-z^-iTll+ß(a+l)Tl2 + 2ßV1 + 

+ 2ß(cc + l)|i2 ß2£ 
+   2 

(nTe/n(ü)/7- ot+ 1 

§2 = 
1 

(a+1)2 + ß2 
W?a+l)        a+l-ß: 

1 Ml + T ^2 

2ß(a+l)n1 - 2ß(a+l)H! + 2ß2^ - 

ß2g ^V/fco)'^ (3) 

where 

a = j—, ß = 
e0^lzTe 

,B = 
\eAxA2 

3ßmc% 

s0 is the permittivity of FMSC, m is the electron 
effective mass. 

Let us suppose, as in [1,2], the following in- 
equalities take place: 

1) eAj « c(H(om)i/2, j = 1,2; 2) the recipropal 

wave vector fc,"1 exceeds considerably the value of 
de Broglie wavelength of electrons, remaining at 
the same time significantly less than the linear 
dimension of FMSC, XD «kx~l «L. 

Fulfilment of these inequalities enables us to 
take into account the effect of HF-field of CLBs in 
terms of the perturbation theory and to consider the 
values n{, T{, T2, F{ as small additions to n0, Te, 
Tm, E0. We consider "classical" superlattices assum- 
ing that the electron dispersion law z(p) and elec- 
tron momentum relaxation time TiTO(e) are the same 
as those of homogeneous FMSC. n(z) = n0+nl= n0(l + %x cos2kl2z + \2 sin2fclrz),  (2) 

F(z) = F0 + Fl(z) = E0(l+Ccos2k^ + C7suük,7z), , ¥ . ,.       ...      .   „„c^    .,. 0101        xr   b2       x*' 3. Light scattering in FMSC with a 
9e00 = Te + Tx(z) = Te(l + TI0 + i\lcos2klf + Ti2sin2A:lzr), surface superlattice 
em<z) = Tm + T2(z) = TmV + Ho + HiCOs2kl2z + u^sin^^)      Now, let a trial wave comes from vacuum to 

the FMSC surface x = 0. Its electric field can be 

The temperatures Te, Tm in the field E0 are 
determined by a familiar technique [7] and will be 
further regarded as known quantities. The ampli- 
tudes %(, Qj, T|,, n,. depend on Av A2, E0, and 
FMSC parameters; the method of their calcula- 
tion is given in [1] in a general form. We present 
here only the expression for amplitudes £, and %2 

since, as will be seen from subsequent calcula- 
tions, there are just those which define the proc- 
esses of wave diffraction and scattering in FMSC 
with a surface superlattice. Neglecting small 

terms of the order of (Je/t co)1^ or ß2(Te/ti co)1^, 

we obtain for £, and |2 the following expression 

described as 

E = E(x, z) exp(-mt). (4) 
Then we shall search a solution of (6) in the fol- 
lowing form 

£(x,z) = <D(z)exp(-/V), <5) 

where <t>(z) is determined from the equation 

j +SZ
2<D = a1ß*exp(2i*11r) + \ exp(-2/*lzz))<D. 

* (6) 
Since, as we supposed above, |£| « 1, then, to obtain 
a solution of (6), one can use the usual perturbation 
theory. Although for the Bragg resonance region, 

d2® 
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when Sz = k]z + A^flA^-» 0), which we are now in- 
terested in, this theory is unacceptible. To solve this 
problem we use the theory developed in [8-10]. For 
this purpose, let us present <D(z) as the sum 

A. Yu.Semchuk/Light scattering on the surface... 

<Kz) = £ {At exp j i [(2/ + 1) klz + 8] j + 

+ Ä,.exp{-/[(2/+l)*,z-8])), 
(7) 

where 8 -> 0 is the small parameter to be deter- 
mined. If, as we assumed above, the inequality 
(a,/fclr)«l is fulfilled, then one can put in (7) 
only the terms with / = 0, i.e. use two-wave ap- 
proximation, as it was done in [8-10]. In this way 
we obtain for <D(z) the expression 

<&(*) = A0 exp[/(*lz + 8)z] + B0 exp[-/(fclz - 8)z].  (8) 

Substituting (8) into (6) and equating coefficients 
for similar exponential functions, we obtain the 
following set of two homogeneous equations in 
the amplitudes A0 and B0 

[-(k„+ 8)2 + (*lr+ A*)2]^ " a,Gi- i§j) B0 = 0 

[-<*„+ 8)2 + (*„+ At)2] 50 - a,(§,- /^2) A0 = 0.  <9> 

Equating the determinant of this set to zero, we 
obtain that 

and the amplitude ratio BQ/A0 being equal to 

Bn    _     a1(^i+^2)_2^iz(At-5) 
2*lz(At + 8)    a^-i^y     (11) A [=Ri = A0 

It should be noted that the sign in (10) is deter- 
mined by natural conditions of an energy flow 
direction and finiteness of the solution at z -> 0. 

Thus, for example, if (Afc)2< afß, + S2)/4/ciz> 
then the finiteness of the solution unambigously 
demand 8 > 0. As follows from (10) and (11), 
Rs = 1, and the waves propagating have equal 
amplitudes both in positive and negative direc- 
tions. For real 5 we have always \RS\ < 1. 

Now, let us consider calculations of a light 
reflection coefficient on the surface z = 0 of 
FMSC with a superlattice. Making use of (10) 
and (11) and keeping in mind that we treat reso- 
nant situation by taking into account the re- 
flected wave, we can determine the electric field 
for the incident wave in vacuum as 

E(r, t) = f^Texp {/ (kj + w^)} + 

+R0 exp I / (k^ - «JJZ)}! exp (-iClt), (12) 

where    «z
2 = (coJ/c2) + Göt[^-(e0-l)1-?/} 

tf = c\l?x+uz\   sz=*lz+Ä*. 

The light reflection coefficient \R0\2, from the 
FMSC outer surface, z = 0, and direct wave am- 
plitude A0 are determined by the boundary condi- 
tions for this surface. The calculation gives the 
following expression for the reflection coefficient 

l*ol2 = (14) 

(*lg- »z)2+ (*,z+ ufVif - (A:2 - «/)(*,+ *,*) 

(klz+ uzf+ (klz- u/lRJ* - (*£- «/)(*,+ <) 

An = 
is, 

°   S2 + klz + (Sz-klz)Rs 

r(0) (15) 

Now, let us analyse the result obtained above. 
As it follows from (11)-(13) the reflection coeffi- 
cient magnitude \R0\2 depends substantially on the 
Ak and 8 values. For example, if, at given Afc, the 
parameter 8 becomes purely imaginary, then, ac- 
cording to (11), \RJi = 1 and, as follows from (14), 
\R0\ = 1. Thus, near to the Bragg resonance, where 8 
becomes purely imaginary, we have in fact a total 
reflection and electromagnetic waves does not pene- 
trate into FMSC. When deviating from resonance 
(for example, with increasing Ak or, at fixed Afc) with 
decreasing (%\ + £$), the magnitude of 8 may pass 

through 8 = 0 becoming real. For this case it is 
convenient to rewrite (14) as 

l*ol2= (»6> 
_ 2ftu(«2 + 4)Afc - Ak\puz - a^ ~ ffe l 

2klz{u2
z + ki)Ak + 4*2>z - a,(4 - „fa 

It follows from (16) that, with increasing Afc (or 
decreasing |£,| with increasing £*0), the reflection 
coefficient tends to \R0\% = ((klz - uz)/(kXz + uj£ 
which is the value for homogeneous (not irradi- 
ated by CLBs (FMSC. Hence, since £,, \v 8 de- 
pend on £"0, by varying E0 at fixed Afc one may 
vary \R0\2 from 1 to the limiting value \R0\l. It 

should be noted that the value of \R0\2 depends 
not only on £0 and the magnitude of Ak, but also 
on the sign of Ak. If Afc and £, have the same 
signs, \R0\2 reaches its minimum at 

a,   kjz + 1?z   tf + $ 
k~1'k\z-u\      \x 

At = (17) 

At such value of Ak, electromagnetic waves 
penetrate best into FMSC. The presence of a car- 
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rier density superlattice makes FMSC, in this 
case, as it were, "antirefractive", while, as we 
could see above, in another limiting case it may 
lead to almost total reflection of incident waves. 
The same effects can be obtained by varying am- 
plitudes of CLBs. The effects described above 
may be used to obtain information on the FMSC 
parameters. Since, as follows from (14) and (16), 

\R0\2 depends also on the wave angle of incidence 
(13) at the fixed frequency Q, for which the condi- 
tions of Bragg resonance are accomplished, by 
varying the incidence angle for the wave (12) one 
can change the reflection coefficient. 

Conclusion 
Thus, the coefficient of light reflection obtained 

in this work for the surface z = 0 of FMSC under 
conditions of Bragg resonance depends indirectly 
on the values of heating field E0, angle of incidence 
of waves and parameters of FMSC. Varying those 
and the value of E0, one can decrease the reflection 
coefficient, i.e. make FMSC "antirefractive", as well 
as increase it, reaching the case of almost total re- 
flection of light from a surface of FMSC. 

In contrast with usual (nonferromagnetic) 
semiconductors, the effects described above de- 
pend indirectly and substantially on the state of a 
magnetic subsystem of FMSC. As is seen from (3) 
and (4), the amplitudes of electron density modu- 
lation §, and £2 depend on the magnon tempera- 
ture ^m through the parameters \i0, n, and u2. 
Therefore, one can govern the effect described 
above by varying the amplitude of magnon tem- 
perature modulation. 

Now, let us make some numerical evaluations. 
So, for example, assuming that n0=1015 to 1016 cnr 
3, co=51014 s-', r=0.5-10-21 J and the electric field 
strength being of the order of 103 V/cm with the 
values of FMSC parameters chosen from [11], we 
obtain that the maximum reflection takes place at 
AA>0.001653. For homogeneous (not irradiated by 
CLB) FMSC \R0\l = 0.4026, that is slightly more 

than for usual (nonferromagnetic) semiconductors 
[8]. Thus, the effect described may be observed un- 
der the conditions easily reached in experiments. 

Finally, the author wish to thank Prof. 
P.M.Tomchuk for his interest in the work, discus- 
sion of results and many helpful conversations. 
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CßeTopacceHHue Ha noBepxHocriibix ceepxpenieTKax B 

(peppoMarHHTHbix cBepxnpoBOAHHicax, C03^aBaeMux 
BoxaeficTBueiv! KorepeHTHbix cseTOBbix ny HKOB 

A.rO.CeMHyK 

HccjießOBaHO RimaHHe noBepxHocTHOH CBepxpemencH arieicrpoHHOH njioTHocra Ha pacnpocrpaHeHHe 
CBeTa B (beppoMar-HHTHbix cBepxnpoBo«HHKax (OMCII). PaccinoTpeH umpoicomejieBOH OMCII B 

nocrosHHOM arceicrpHHecKOM nojie H B TeMnepaTypHOM ÄHana30He CIIHHOBOH BOJIHM. HepaBHOBecHoe 
cocTOJiHHe B OMCII co3Äaerca BHCUIHHM nojiein. TepMocraTOM curyacaT «boHOHbi. B OTHX ycnoBHSx B03fleft- 
CTBHe KorepeHTHbix cBeroBbix nyiKOB BbBbroaer o6pa30BaHHe B OMCII noBepxHOCTHbix CBepxpeuieroK c 
onpeÄeneHHOH KOHuempaqHefl sjieicrpoHOB, HanpaaceHHocrbio ajieicrpHHecKoro nojw, aneiopoHHOH H 
MaraoHHOH TeMnepaTypaMH. Onpeflejien K03(Jx})HUHeHT OTpajKeHHa CBera pm OMCII c noBepxHOcrobiMH 
CBepxpeuieTKaMH. IIoKa3aHO TaioKe, HTO, H3MeHsa HanpsaceHHOcn, BHeuiHero aneiopHHecKoro nojw, MOJKHO 
yMeHbuiHTb 3TOT KO-xJxbHUHeHT, T.e. npeBpaTHTb OMCII B "HeoTpaacaioinHH", a TajOKe yBeimHUTb ero 
BnjioTb flo oiynaa nojmoro orpasKeHHa. 

190 Functional materials, 2, 2, 1995 



Functional Materials 2, No.2 (1995) 1995 — Institute for Single Crystals 

Simulation of the cratered destruction of a surface and 
accompanying processes 

A.D.Suprun and S.Ya.Shevchenko 

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252601 Kiev, Ukraine 

In consequence of our investigations, the effect of powerful electromagnetic pulse (in particular, 
laser one) upon a material surface, the process of crater formation and accompanying processes were 
managed to formulate adequately enough and relatively simple mathematical1 algorithm of suchproc- 
esses as burning of plasma plume, interaction of radiation with plume, which influences both the 
process of crater formation and the dynamics of plume itself, excitation of intensive shock wave of 
elastic nature in the bulk material, which can stimulate the destructions in the material volume and, m 
turn influences on the quality of the crater formed. These algorithms were also performed part y by 
numerical and analytical methods. An unexpected result was obtained It was appeared that^ the 
interaction always essentially influences on the development of both the plasma plume and the corro- 
sive crater and it should not be neglect even in the case of extra short pulses, when the pulse was 
believed to have no time to interact with radiation. 

B pesyjibxaxi HauiHX Äocjiifl>KeHb Baajiocb «}>opMyjiK>BaxH flocxaxHbo afleKBaxHHft peajibiiocxi i 
BiaHocHO npocTHft MaxeMaTHHHHH ajiropHTM xäKHX npoueciB 8K w noxyacnoro eneKxpoMarHrmoro 
iMnyjibcy (aoKpeMa Jiasepnoro) na noBepxmo waxepiajiy, npouec jmepnoro ^opMyBaHH« Kpaxepa . 
cvnvTHi VbOMV npouecH: ropiHH* nJiasMeHHO-Kopoaiflnoro. <j>aKejia, BsaeMOfl.« BMnpoMimoeaHHS. 3 
dLejioM, flKa BnJiHBae *K na npoqec cjjopMVBaHH* Kpaxepa, xaK i Ha flHHaMiKy caMoro <}>aKej.a, 
seyfl^eHHH iHxeHCHBHOi yaapHoi XBHJIJ npyacHoi npHpow B o6'eMi Maxepiajiy, axe MO*e craMyjno- 
BaxH oö'eMHi pyftHyBaHHH i, B CBOK) nepry, BiuiHBaxH na «Kicxb yxBopenoro Kpaxepa. Bflajiocb xaKo* 
i nacTKOBO peajiisyBaxH ix HHceJibHO-aHajiixHHHHMH MeroaaMH. üpn ubOMy oapasy 6yjio oflepacano 
Henepefl6aHeHHH pesyjibxax. BHflBHJiocb, mo BsaeMOflia 3aexcdu cyxxeao BnJiHBae Ha po3BHXOK 
nJia3MeHHoro 4>aKe*a i KoposiftoHoro Kpaxepa i 3HexxyBaxH neio He Moxcna HaBixb y BHnaAKy 
eK30XHHH0 KopoxKHX iMnyjibciB, KOJiH, src BBaacajiocb, iMnyjibc npocxo He BcxHrae npoBsacMoamxH 3 
BHnpOMiHIOBaHHaM. 

The cratered destruction of a surface is always 
a result of heavy and/or local attack on it. This 
attack may be of different nature including a me- 
chanical impact. The attack of powerful electro- 
magnetic laser pulse on a material surface is the 
most interesting for numerous practical purposes. 
It might be well to point out that not only the 
crater formation with the use of laser radiation 
but the accompanying processes are very interest- 
ing as well. Among these processes are the 
plasma-corrosion plume and its application for 
the material spraying in deposition technology; 
the radiation interaction with the plume which 
has an influence upon the crater formation as well 
as on plume dynamics; and at last the generation 
of an elastic shock wave in the bulk material 

which can stimulate the volume destruction and, 
as a result, produces a certain effect on the crater 

quality. 
It is important to realize that taking into ac- 

count the mutual influence of all these factors is 
impossible by use only experimental means. Nu- 
merical and analytical simulation of the processes 
which attend the cratered destruction of a surface 
is necessary to tackle all these problems. Such 
simulation, especially numerical one, enables to 
solve such problems as prediction of the surface 
alteration by powerful pulse action and even opti- 
mizing of these processes. High technologies 
based on the destructive surface treatment have 
need for such simulation which is cheaper than a 
real experimental investigation. 
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Relying on our investigations we succeeded in 
developing sufficiently faithful and comparatively 
simple algorithm of all these processes and in car- 
rying out their simulation. 

This algorithm involves: 
1. A dynamic equation for pressure (all func- 

tions and variables are dimensionless here) 

SP     _  RDa   dP ^    „Da  dP 
¥ + FKPP    -- + KP/>    -= (I) 

= F(r) g(P) E(P) /* + p 9(T - 0 Q(tP ° - z), 

where P is pressure; t is time; r, t are cylindrical 
space variables; r, K, ß, a, r\ are known parame- 
ters; F(r), g(P), E(P) are known functions; 8(x) = 
1, if A > 0, 8(.v) = 0, if x < 0; T is the pulse dura- 
tion. 

This equation governs real spatial and time 
dynamics of the plasma-corrosion plume in such 
its features as pressure, density and convection 
velocity. The density and convection velocity are 
determined by: 

p = PT1;      v*=rV; 
where Y = e XY + ej; e£, ejare unit vectors of basic 

cylindrical coordinate system. 
2. Three further equations describe the proc- 

esses at the condensate-plasma interface 

dPs 

dt 
+ Kß 

dS dPg 

dr 

Kß r|+i|e(/0-o + 

■F(r)g(Ps)E(Ps)Q(x-t)y^-        (2) 

-Kß rras' + 1 
dr 

>P+l 

+ Kß Fir) EiPs) P? 0(t - 0 e[qR(Ps) - 1]; 

where Ps is near-surface pressure; S is crater form 
function (:s = -S: zs is coordinate of crater sur- 
face); t is the post-duration time; q^(Ps) is a 
known function (part of radiation flow entered 
into solid); 

dt ü    dt 

where A is a known parameter; 

A Pi 

P? n, e?= [Ps - (^] fr>- Ps (,T^) (i#- üf; 

(3) 

(4) 

where P;f° is the surface value of the elastic stress 

tensor; «*is a normal-to-surface vector, n( are its 
components; ef= J^x, e^, e?) are unit vectors of ba- 

sic coordinate system; q^ is the value of radiation 

flow near the surface which is a known function 
of pressure Ps;  q^ = ^zqs;  w^is the speed of 

TT>--k plasma-solid boundary moving, ir= -e. 
as 
dt' 

2.1. Equations (2) and (3) are related and a 
general solution can be obtained only simultane- 
ously. These two equations are central for the 
problem. Their simultaneous solution gives the 
boundary conditions for all other processes, in 
particular for (1). By convention, (2) may be de- 
noted the equation of surface firing, and (3) the 
equation of crater formation dynamics. In some 
approximations, when these equations are inde- 
pendent of each other, they represent the func- 
tions consistent with their names. 

2.2 Eq. (4) or, in components, 

p<o> 
XX 

- p <0> _ 
yy ^+I 

(  d?    \ 
r —+ i I *    J Ps (

dsV (4.1) 

P* + 
?s 

as   A 
r~ + i 

dr P$ P? + 
dt 

(4.2) 

where 

^ = V~ 1 + (dS/dr) , 

are the boundary conditions for the typical trans- 
port equation of the elastic medium. A solution 
of this equation under conditions (4.1), (4.2) may 
describe the elastic shock wave. If the amplitude 
of this wave exceeds material strength limit then 
crack-like damages will arise under the crater in 
the bulk material. 

3. The solution of further problem (all func- 
tions and variables are in real dimensions here) 
containing differential equation: 

Pc5 = divrXgrad(r>] + 
at 

+ qsk exp(-fc) 9(T - t)\ 

and initial and boundary conditions: 

T(0, r, z) = T0- 

(5.1) 

(5.2) 

Tit, r, oo) = T0;    k%(t,r,zs) = 0,       (53) 

Oz 

where p is density of material; c is its specific heat 
capacity; X is its heat conductivity; k is absorption 
coefficient, allows to obtain assessments of the 
threshold value of the radiation flow and the 
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post-effect time. The destruction threshold de- 
fines the radiation flow value over which the de- 
struction occurs. The post-effect time is the time 
after pulse termination in which the material de- 
struction is as active as during the pulse. 

There is no need, to say that presented algo- 
rithms can be realized only numerically. How- 
ever, for one-dimensional approximation and 
with neglecting the interaction of radiation with 
plume, the problem under consideration have se- 
ries of useful analytical solutions. In this approxi- 
mation eqs. (2) and (3) become independent. 
Eq.(3) turns into a simple equality. After its inte- 
gration, a satisfactory assessment of the crater 
depth can be gained [1]. The analytical solution of 
eq.(2) can be found under certain conditions [2]. 
In this approximation, the time-space dynamics 
of a plasma-corrosion plume can be analyzed [1] 
relying on solution of eq.(l). And finally, this ap- 
proximation gives the possibility to find, by solv- 
ing eqs. (5.1-3), a sufficiently simple expression 
for the destruction threshold: 

'/2 
in (pirn cX)    /~    T 

■     T~^       I lh.— It 

2%' 
(rk-T0y 

where Tk is a critical temperature, and for the 
post-effect time: 

lP = x 

(Tk-T0y 1 
2 + 2 + 

(Tn-Tof 
HTK-W    L    HTk-T0Y 

where Tn is the fusion temperature. 

At the present time, our mam goal is to build 
the overall numerical model of processes men- 
tioned above. In this way, the program simulat- 
ing eq.(2) was realized. Whilst one-dimensional 

P/PQ 
-18, P0s6-104atm;  t0 = 2-10-1oc 

2      4       6       8 f=ln(1+t/t0) 

Fig.l. For Al, flow intensity Q= 10" W/cm2 and 
pulse duration T = 10"13s: 1 - behavior of near-sur- 
face pressure with interaction taken into considera- 
tion; 2 - the same but without interaction. 
fT = ln(l + T//0);/n = ln(l + tn/t0). 

problem is solved, it nevertheless accounts for ra- 
diation-plasma interaction. As this takes place, 
an unexpected result was obtained. It turns out 
that radiation- plume interaction affects the 
plasma plume (look the figure) and corrosion cra- 
ter development. Thus, this interaction can not be 
neglected even for very short pulses. 
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MoaejMpoBaHHe KpaTepoo6pa3Horo pa3pymem«i 
nosepxHOCTH H conpoBorcaaiomHx npoueccoB 

A.A-CynpyH, CH.IUeBHeHKO 

B pesyjibxaxe nauiHX HccjieflonaHHH yaaJiocb ccfcopMyjinpoBaxb flocraxoHHO afleKBaxHbiö 
peajibHOCTH H oTHOCHTejibHO npocroH MaxeMaTHHecKHH anropHXM xaKHX npoueccoB KaK BosaencxBHe 
MoiUHoro 3JieKTpoMarHHTHoro HMnyjibca ( B nacxHocxH Jiasepnoro) Ha noBepxHocrb MaxepHajia, 
npouecc jiasepHoro «.opMHpoBaHH* Kpaxepa H conyxcxBy«omHe 3XOMy npoueccbi: ropeHHe nJia3MeHHO- 
KopP03HOHHoro (J)aKejia, BsaHMOfleftcTBHe HSJiyneHHa c (J)aKejioM, KOTopoe BJinaex KaK m npouecc 
^opMHpoBaHHH Kpaxepa, xaK H «a flHHaMHKy cuioro 4>aKena, B036yWeHHe HHxeHCHBHOH yÄapHOH 
«WHH ynpyroB npHponu B o6T,eMe Maxepnana, Koxopoe MO*ex cxHMyjmpoBaxb o6i,eMHbie pa3Py- 
ZH" H%O» oMeJeab, BJiHHXb »a KanecxBO o6pa30BaBU.eroc5, Kpaxepa. Yflanocb xaoce H HacTHHHC- 
peaJiHsoBaxb HX HHCJieHHO-aHajiHXHHecKHMH MexoflaMH. nPH SXOM cpa3y 6bui nojiynen Heo*HflaHHbiH 
pesvjibxax OKasaJiocb, HXO BsaHMOfleflcxBHe ecezda cymecxaeHHO Bjnuer Ha pa3BHXHe nJiasMeHHoro 
Lcena H Koppo3HOHHoro Kpaxepa H npeneöperaxb HM Henb3« flaace B cnynae 3K30XHHecKH KOPOXKHX 

LnyjibcoB, Koraa, KaK cHHxajiocb, HMnyjibc npocxo He ycneBaex nP0B3aHMofleHCXB0Baxb c raJiyneHHeM. 
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Absorption of the electromagnetic radiation by the 
surface modes in heterogeneous media 
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The results of studies of the interaction between electromagnetic radiation and heterogeneous 
systems (HS) are generalized. The calculation schemes of the effective dielectric permeability e for two 
types of HS, namely statistical mixtures and matrix disperse systems (MDS), are presented. The results 
obtained have been used for the investigation of mechanisms of the electromagnetic radiation absorp- 
tion caused by surface modes in a MDS with spherical or ellipsoid-shaped metallic conclusions. It is 
shown that the resonance absorption of electromagnetic radiation is observed at the frequencies of the 
surface modes. The spectral characteristics of s(co) as a function of MDS parameters is considered. 

B poSoTi y3arajibHeH0 pe3ynbTaTH flocjiifl)KeHb B3aeMoaii eneicrpoMarHiTHoro BHnpoMifflOBaHHfl 
(EMB) 3 uiHpoKHM cneKTpoM reTeporeHHHx cHcreM (rC). npmefleHi cxeMH po3paxymcy ecfreicTHBHoi' 
flieneKTpHHHoi npoHHKHoeri (s) TC ABOX THniB: CTaTHCTHHHi cyMimi Ta MaTpHHHi flncnepcm CHCTeMH 
(Mfl^C). OflepxcaHi pe3yjibTaTH BHKopHCTaHi RJVI flocjiuraceHHfl MexaHi3MiB norjiHHaHHa EMB B M^C 
3 MeTajieBHMH BKjnoHeHHflMH ccj)epHHHoi' Ta ejiincoi'^ajibHoi (})opMH, o6yMOBJieHoro HaflBHicno 
noBepxHeBHX MO/I. ^|ocjiifl«eHO cneiapajibHHH xapaicrep s(co) B 3ane3KHOCTi Biß napaMerpiß M^C. 

Dielectric permittivity of 
heterogeneous systems 

When analyzing the interaction of the electro- 
magnetic radiation with heterogeneous systems, 
the main problem is to understand the correlation 
between the electro dynamic properties of the 
composite material and its physico-chemical 
structure. The term "composite material" implies 
HS of two or more homogeneous phases. De- 
pending on the character of the components' dis- 
tribution in such materials, the latter are 
classified into lamellar materials (regular or ir- 
regular), matrix and statistic mixtures. The com- 
posite in a matrix mixture form is assumed to be a 
matrix that forms a continuous medium in which 
distributed are not contacting mutually micro- 
scopic inclusions, these phases (matrix and inclu- 
sions) being inequitable. From here on, we shall 
call such systems "matrix disperse systems" 
(MDS). Statistic mixtures are characterized by an 
unordered distribution of phases. Here, both 
phases are equitable. The form and nature of the 

filler particles in MDS and particles of phases in 
the statistic mixture may be absolutely different. 

To establish a correlation between electrody- 
namic parameters of HS and the structure of 
these systems, two methods are mainly used: the 
effective medium method [1-12] and that of the 
radiation transfer equations [13-14]. The first was 
used in this paper: the inhomogeneous medium 
with spatially varying electrodynamic parameters 
was substituted by a homogeneous one with the 
corresponding effective values of electrodynamic 
parameters (dielectric permittivity e, magnetic 
permeability u, conductivity cr). The estab- 
lishment of the correlation between e, u. and cr 
and properties of the inhomogeneous medium is 
associated with the calculation of mean intensities 
values in different parts of such a medium. Usu- 
ally, for solving these problems, various approxi- 
mations are used (long-wave, electrostatic, etc.) 
[1-12]. We believe that the most efficient ap- 
proach to solving the problems of the s, u, a de- 
termination for HS is a set of integral equations 
of electrodynamics [15]. The idea of the method 
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consists of the following. Let, in an unlimited 
space characterized by dielectric zm and magnetic 
\im permeabilities, be the given system of currents 
and charges which initiates primary dropping 
electric E0 (r) and magnetic Tt0 (r"3 fields (time 
dependence e,tof) and N of electrically neutral 
material bodies of an arbitrary shape and nature 
with tensors of dielectric s, and magnetic n, per- 
meabilities. Then, it follows from the Maxwell 
equations with account for boundary conditions 
and superposition principle [15] that the electro- 
magnetic field in an arbitrary point of space F* 
will be defined by the equations: 

N 

#) = ^t + X ((grad- div + k\)U f<fi + 
1=1 

+ ^rotnh4 0) 

L.G.Grechko et al. /Absorption of electromagnetic. 

N 

lt(f) = Jt(F) + £ {(grad- div + k\)U f(F) - 
j = i 

-z^Y^rotnjW, (2) 

where A;, = — Vs„, p»,, iff and ff** are the electric 

and magnetic Herz potentials fully defined pro- 
vided known are the internal fields in each of the 
scattering bodies individually: 

Table 1. 

$rt = ±lfa-^rt)f(\r>-rt\)dF* 
An 

Vm 

t ^ 
4n v\e"<    J 

Itfrt-ff --' ^/(l^^l)^ 

(3) 

(4) 

Here     f(\r*-r»\)=   ^^ (5) 

is the Green function satisfying the scalar equation 

To determine the internal field in the volume 
Vj one should consider (and solve) 2N integral 
equations (1) and (2) for the points inside the 
volume Vj. It is common solution of these equa- 
tions that determines the internal field in all bod- 
ies, consequently, according to (1) and (2), a full 
field in all points of the space. 

The use of the set of electrodynamics integral 
equations allowed to consider from one view- 
point the problem on s and £ of statistic mixtures 
and MDS types HS [16-18]. In these papers, gen- 
eral expressions for the calculation of sjj were ob- 
tained in the form of series by the correlation 
functions of a random value %//*) (statistic mix- 
tures) and by the concentrations of inclusions 
(MDS). Let us note that, in this case, at each A: 
stage of the % calculation it is necessary either to 
know the correlation function of the Ai-th order for 

Types of inclusions Low concentration approximation 

1. Spheres 
e = e_ + 

3/eM(e-ew) 

(2em + e)+/(e-em) 

2. Randomly oriented 
cylinders 6 = 8   + 

/(5sm + s)(e-ew) 

3(sM + s)-2/(e-sJ 

3. All the cylinders are 
in the plane OX Y and 

randomly oriented 

= e_ + 
2/em(£-eJ 

(em + e)+/(e-em) 

»     ■       2/-(e-eJ(s + 3sJ 

'   V   em+(em+e)-/(e-sm) 

Self-consistent approximation, 

3ff(S-6j 
'mT(2e + e)+/(e-e) 

e = e_ + 

/(5s+£)(e-em) 
e"8»' + 3(8 + e)-2/(8-E) 

2/(e-eM)S 
Z"   6m+(em + e)+/(e-8M) 

2/(e-ew)(c + 3e'xr) 

*"S-~8»+(8 + e_)-/(e-«„) 

(7) 

(8) 

(9) 

4. Cylinders are parallel 
to the axis OZ 

5. Randomly oriented 
disks 

Zxx   Zyy   £w + (em + s)-/(c-sJ 

e = e„ + - 
2/(2e + em)(e-6j 

36-/(6-6.) 

em = 6m + (e-ej/ 

~       ~    _ 2/e«(e-£m) 
e« = *„ - £« + (e + Zj -/(e-6j 

e = e_ + 
/(2e + e)(e-Em) 

'"• +    3e-/(6-i) 

(10) 

(11) 
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8', 8" 

Fig.l. Surface plasmons of spherical metallic parti- 
cles of dispersively inhomogeneous systems. 

£y(rf or to solve the problem of a common behav- 
iour of A: particles in the electromagnetic field. The 
results of the first approximation both for the case 
of low concentrations (Maxwell-Gamett [1,2] ap- 
proximation) and for that of the mean field 
(Brugerman approximation) [1,3] are summarized 
for different forms of inclusions in Table 1. 

Absorption of electromagnetic 
radiation by surface modes in MDS 

It is known [1] that at the interaction of EMR 
with separate particles the size of which is signifi- 
cantly smaller than the wavelength of the incident 
radiation, its absorption by the surface modes (plas- 
mons, polaritons, excitons) of these particles takes 
place. Given below is a theoretical consideration of 
the absorption in a MDS with the fillers of spheric 
and ellipsoidal forms. For obtaining MDS depend- 
ences on s' and e", the relation (7) was used; here 
the dielectric permittivity of inclusions was ex- 
pressed in the following form [1]: 

s(m) = £„ 1+1 
; = l 

1£L 
„2 2     . co0/-ff>  -/cov0 

(12) 

where co . = - 
4nN,e 2 

i«X 
Nj =fjN is the concentration 

of electrons participating in the z'-th transition,/; 
of the oscillator strength for this transition, co01 is 
the intrinsic frequency of this transition, v0I is 
the frequency of their relaxation. From (7) and 
(12) we find for a sphere: 

Ree(co) = s0 1 + 

a Ytfv-Pi 
i=l 

n n 

i=i     i=i 

f n 

i=l 

\ f > 

\ J 

ZA«, 
i=i 

I^YAI<»
2

7I«,T/ 
i=l i=i 

n \ 

a + Yßn^-fii 
i=l 

YPrfffli 

Ime(co) =e(oo) i=i 

(13) 
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a = (raoi-ffl2) + C0 vfi 01 'On -1 2  2 

(rooi -»2) 
2. .2 

,2 
s01 

+ co v; 01 

r^l        2 

"Li' 

Mmap, 

Ti,   e(co 

2 

a, = conj -co , yj = cov0/, 

(l-A)+A*m 
■ oo) 

"a-B)+BsJ 

ßs^co 

(1-A)em+Aea 

pi 

(\-B)zm+Bza 

where B = (\ -f)/3, A=B+f, em is the dielectric 
permittivity of the matrix. The frequency of the 
surface modes is found from the relation (de- 
nominator is in the expression for Ims(co) = 0): 

1+1 
2f   2 

°y(mor 
2 2\ 2   2 

1=1 I Con, -CO   I   +C0   VZ 

i^.fs (14) 
J0,-co j  +C0 v/0 

The formulas (13) and (14) solve in principle 
the problem of EMR absorption in MDS with the 
spheric inclusions at a most general character of 
the frequency dependence e(co) (13). 
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0.6 - 

0.3 

0.0 
o.o 0.4 0.8 

Fig. 2. Dependences of the real (?) and imaginary (e") 
parts of effective dielectric permittivity on frequency 
x = <D/O,  at  6ffl = ex = 1;/=' 0.01; LX=L2 = 1/4; 

for    v/co, = 0.008 ( );       and 
 ). 

L3=      1/2; 
v/mp = 0.004 (- 

In the case of free carriers, at em = e« 1 

E((ö) = 1 - 
co(co + J'V) 

..2       2 
S(ü») = 1 + - 

-CO    -MBV 

where [19,20] 

1+2/2      2     I-/"   2 

(15) 

(16) 

(17) 
(ol = —^—(äp,(oT=-Y »p 

Thus, the absorption at a frequency of the sur- 

face plasmon a>r (Frelich mode) has a resonance 

character and, depending on /, may differ essen- 

tially from a».. In the case of randomly oriented 

ellipsoidal particles with the depolarization coef- 

ficients [1] L, =L2*Li and e((a) according to 

(15), the analogous calculations [18] give 

(em = e=o = '): 

0.0 0.4 0.8 X 
Fig.3. Dependences of e' and e" on frequency x at 
em ■= 6<o = i; v/to^ = 0.008; L, = L2 = 1/4; L3 = 1/2 for 
/= 0.1 (- -) and/= 0.01 ( ). 

12r   '••      l 

Fig.4. Dependences of e' and e" on x at zx - 1; 
v/ä)^ = 0.008; / =0.1 for L, = L2 = 1/4; L3 = 1/2 for 
em=l( );em = 5( ). 
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Fig.5. Dependences of e' and s" on x at em = em = 1; 
v/ap = 0.008;/= 0.1 for 
L, = L, = 0.49,    L3 = 0.02(- -); L, =L2 = 0.01, 
L3 = 0.98( );L, =L2 = L,= l/3(—-). 

r 2 , 2 
e(a) = I +    „ r—^ + £ll_ 

(18) 

n^ - n2   n^2 - n2 

where 

1 2 
Yi = — (1 -/- 3a + 3y), Yi + Y2 = 1, fi = ca(co + ;v), 

a = (2Z3+Z,1)/3, l/h<a<2/$, 

Yi = ^ [(1 -/- 3a)2 - 4 (1 -f) (2 - 3A)(6O - 1)]'/2, 

and 

"n,n = ^[(l-^i-//3)± 

± ((1 - Lx ~f/3)2 - 4(1 -j) (1 - 2I,)^i)'/1] 

are the frequencies of the surface modes. 
Again, we came to the resonance character of 

EMR absorption in MDS at frequencies Qr, and 
D.T2 which is absent in the bulk sample with the 
dispersion law (15). As it is seen from (18), the 

J 

-3 
0.0 

E" 

9r 

2.4 oVcop 

J\Ak _L 
0.0 1.2 2.4 0)/coc 

Fig.6. Dependences of s' and s" on x at s   = s   = 
/=0.l; L, =0.1,L2 = 0.3, L3 = 0.6. 

absorption spectrum is characterized in this case 
by two distinguished peaks of about equal width 
(the peak widths are defined by the attenuation v) 
the position and height of which depend essen- 
tially on the form of the particle L, and disper- 
sion of MDSy". 

Presented in Fig. 1-6 are the dependences s'(m) 
and e"(co) for some frequency cases. Note that the 
analysis [18] of the expressions (13) showed that 
at a decrease of v and increase of/, the intensity 

of the peaks on the curve e"(0) rises dramatically 
with their position almost unchanged. The form 
of particles which is included in (18) via the factor 
L, [1] that may vary from 0 to 1/2 produces a very 
significant effect on the spectrum of the surface 
plasmons in MDS. 

Thus, in MDS with metallic inclusions, a 
transformation of the frequency dependence (15) 

occurs into s(co) one of the oscillator type with the 
resonance frequencies corresponding to those of 
surface modes. 
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I fc^JL 
840 1120 v, cm" 840 1120 v.cm ■1 

Fig.7. Dielectric properties of the disperse Si02  at / = 0.2; L, -L2-L3- 1/3 ( );   L, - L2    0.01, 
L3 = 0.98 ( ). 
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For many substances encountered in practice, 
the dispersion law S(Cü) is determined experimen- 
tally and it is difficult to be interpolated in a wide 
frequency range by some dependence of the type 
(12). Therefore, in this case, to find the depend- 
ence it is necessary to make first of all numeric 
calculation of s(co) using the relations from Ta- 
ble 1 or refined relations in the approximation of 
a multiple scattering [17], using therewith the ex- 

perimental curves of the e(a>) dependence. 
Such a calculation was made for a disperse 

silicon dioxide (Si02) consisting of the particles 
= 10 nm in size in the region of stretching vibra- 
tion of the bonding Si-O (1070 cm-1)- Shown in 
Fig.7a and Fig.7b are the experimental depend- 
ences [21] for the real (n) and imaginary (k) parts 
of refraction index of a solid sample Si02 as well 

as the dependences Ree(co) and Ims(ra), (Fig.7d 
and 7e) calculated according to (7) with account 
for the experimental dependences n(co) and fc(co), 
for a sphere and compressed ellipsoid 
(L,=L2=0.01, L3=0.98). The obtained value of 
the absorption maximum frequency (cor) for 
spheres = 1130 cm-1 is in a good agreement with 
the experimental value =1111 cm-1 [1]. 

It follows from the results obtained that using 
the spectroscopy of the surface modes of small 
particles in MDS one may in principle determine 
many parameters of small systems: the degree of 
filling/(by the height of the peak e"(oa)), ellipsoi- 
dality of the inclusion particles (by the shift of the 
peak position and its height), dielectric permittiv- 
ity of the matrix (also by the shift and height of 
the peak), etc. 

The authors are very grateful to 
Dr.A.Ya.Blank for useful discussions on the 

problem of electromagnetic radiation absorption 
by surface plasmons in disperse media [22]. 
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IIorjiomeHHe 3JieKTpoiviarHMTHoro tojiyneHHH noBepxHocTHbiMH 
MO^aMH B reTeporeHHOH cpe^e 

JI.r.rpeHKO, B.r.JIeBaHflOBCKHH, B.B.MOTpHH, B.K).PeLUeTHHK 

B pa6oTe o6o6m;eHbi pe3VJibTaTbi Hccjie,o;oBaHHH no B3aHMOfleHCTBHio sneicrpoMarHHTHoro 
H3JiyHeHHH (3MH) c umpoKHM cneKTpoM reTeporeHHbix CHcreM (PC). FIpHBefleHbi cxeMbi pacrera 
3(j)<})eKTHBHOH flK3neKTpHHecKOH npoHHuaeMOCTH (E) TC flByx THnoB: CTaracTHHecKHX CMecefi H 
MaTpuHHbix flHcnepcHbix CHcreM (M/(C). FIojiyneHHbie pe3yjibTaTbi Hcnojib30BaHbi asm royieHHa 
MexaHH3MOB norJiomeHHa 3MH B M^C C MeTajuumecKHMH BKjnoieHHflMH c4>epHHecKOH H 
3JIHHnC0H/iajIbHOH  ([lOpMbl,  06yCJI0BJieHHbIH  HaUHHHeM   nOBepXHOCTHblX  MOfl.   E[OKa3aHO,   HTO B TaKHX 
CHCTeMax  HaÖJiioflaeTCfl pe30HaHCHoe norJiomeHHe 3MH  Ha nacTOTax,  paBHbix nacTOTaM 
noBepxHOCTHbix MOfl. HccneaoBaH cneKTpaJibHbifi xapaicrep s(co) B 3aBHCHMOCTH OT napaMerpoB MJIC. 
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The role of adsorption phenomena in processes 
of the metal electrodeposition 

Yu.M.Loshkarev 

Dnepropetrovsk State University, 72 Gagarin Ave., 
320625 Dnepropetrovsk, Ukraine 

The surface-active substances (SAS) influence on different stages of metal electrodeposition proc- 
esses has been considered. The role of chemical interaction of metal ions with SAS in the kinetics and 
mechanism of electrode reactions has been investigated systematically. The fundamental mechanisms 
of SAS influence on initial stages of crystallization and growth of multilayer metal deposits have been 
established. The SAS action as inhibitors of hydrogen absorption by steel under metal electrodeposi- 
tion is discussed. The general principles for the choice of SAS, ligands and inorganic compositions of 
electrolytes for the galvanic technique have been formulated. The main characteristics of new zinc and 
copper plating processes with optimum combination of technological and ecological features have 
been shown. 

PosrjiHHyro BHJIHB noBepxHeBO-aKTHBHHX penoBHH (ÜAP) Ha pisHi crraflii npoqeciB eJiacrpo- 
ocaAHceHHa MeraJiiB. CncTeMaTHHHO aocjiiflJKeHa poJib xiMiiHoi' BsaeMOflii' IOHIB MerajiiB 3 ÜAP B 

KiHCTHqi Ta MexaHisMi ejieicrpoÄHHX peaKqiö. BcraHOBJieHi 4>yHflaMeHTajibHi MexaHisMH BiuiHBy ÜAP 
Ha nonaTKOBi craflii KpHcrajiisaun Ta pier nojiimapoBHX ocafliB MeraJiiB. 06roBopK>CTbcs am ÜAP «K 
iHri6iTopiB HaBoaHioBaHHH CTaJii npn ejieicrpoocaaaceHHi MerajiiB. CcfcopMyJibOBam sarajibm 
npHHUHnn BHÖopy IIAP, jiiraHaiß i HeopraHiHHoro cmiaay ejieKTpojirriB fljw HaHeceHH« rajibBaHiHHHX 
noKpHTTiB. npHBeaem ocHOBHi xapaKTepHCTHKH HOBHX npoqeciB uHHKyBaHHfl Ta MiaHeHHa 3 
onTHMaJibHHM noeflHaHHHM TexHOJioriHHHX Ta eKOJioriHHHX noKa3HHKiB. 

The decisive role of adsorption phenomena of 
surface-active substances (SAS) in the kinetics 
and mechanism of the metal electrodeposition is 
established by many investigations. SAS, being 
adsorbed on the metal-solution interface, change 
the conditions of this complex multistage process. 
Small organic SAS admixtures (from thousandth 
parts to few grams per liter) to electrolytes are 
widely used in practice to enhance the structure 
and working properties of galvanic coatings as 
well as the electrolysis technologic features (the 
deposition rate, dissipating ability, etc.). 

The theory of the SAS action was developed 
traditionally as the ever more comprehensive 
study o/ their influence on the proper electro- 
chemical discharge act. Therewith, the impor- 
tance of chemical and crystallization stages was 
underestimated or ignored at all, though then- 
role in the overall electrode process is also sig- 
nificant. The consideration of the SAS action on 

several electrodeposition stages under discrimina- 
tion of corresponding overvoltage components 
allows to obtain a more comprehensive and im- 
partial picture of the metals cathodic release and 
to formulate, on that basis, some general princi- 
ples of technologic control of the galvanic coat- 
ings deposition. 

Discharge and penetration stages 

Most investigation dealing with the SAS influ- 
ence on the discharge-ionization rate have been 
performed using the mercury electrode what re- 
stricts the possibility of their results application 
to electrodeposition processes. General state- 
ments concerning the inhibiting action depend- 
ence on the surface filling degree by SAS, the 
charge sign of adsorbed and reacting particles, 
the role of the stage of penetration of metal ions 
through adsorbed SAS layers [1-3] etc. hold their 
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validity, however, also for actual conditions of 
the cathodic metal release. 

Main relationships determining the influence 
of pH, temperature, background anions nature 
and concentration, and other factors, on the SAS 
action effectivity at the metal electrodeposition 
are considered in publications [4-7]. From the 
viewpoint of the galvanic technique, following re- 
sults are of most importance. 

1. The temperature influence on the admix- 
tures action has been quantitatively studied and 
critical temperature values corresponding to the 
disappearance of the additional energetic barrier 
have been determined. Most of SAS lose their 
effectivity already at 30-40 °C due to adsorption 
reduction with temperature increasing. Yet, some 
organic admixtures have been found to retain 
their adsorption ability and inhibiting effect at 
elevated temperatures (polymeric tetraalkyl am- 
monium salts for the zinc deposition from basic 
solutions, etc.). Such SAS are of interest not only 
for the usual galvanic technique but also at the 
coatings obtaining from low-temperature melts. 

2. The dependence of the SAS inhibiting effect 
on the hydration energy (HE) value of surface-inac- 
tive or weakly adsorbing anions (SO2;-, F~ CIO4, 

BF4, etc.) has been established. The SAS inhibit- 
ing action on the cadmium, tin, and other metals 
in the area of the positive surface charge has been 
shown to be increased sharply with the transition 
from sulphate solutions to fluoborate, chlorate, 
and other ones based on anions having small HE 
values. Admixtures which are ineffective in sul- 
phate-based electrolytes can be used successfully 
in the cadmium and tin deposition from fluobo- 
rate solutions. 

3. Surface-active anions of halogens, rho- 
danide ion, thiourea, and some other thiocom- 
pounds have been found to weaken the organic 
inhibitors effect on the metal cations discharge 
and enhance the retardation effect if metal ions 
are bonded into complexes charged negatively. 

4. The inhibiting action of SAS. forming no 
complexes with metal cations becomes weaker, as 
a rule, with the increase of solution pH. When 
surface complexes of reacting ions with SAS are 
formed, the retardation increases with the pH in- 
crease and becomes particularly significant at pH 
exceeding pK of the proton addition to a surface- 
active ligand molecule. The effect of SAS unable 
to protons addition or splitting out is retained 
over a wide pH range. 

5. The effect of SAS orientation on the kinet- 
ics of the metal ions electroreduction has been 
established and explained. So, the retarding ac- 

tion of alpha napthol in the bismuth ions elec- 
troreduction process increases significantly at the 
transition from horizontal to vertical (or inclined) 
disposition of adsorbate molecules. The funda- 
mental difference in the effect of thiourea and 
that of its derivatives (phenyl thiourea, diphenyl 
thiourea) on the cadmium electrodeposition is 
due to differences in adsorbed molecules orienta- 
tion, too. 

6. It has been shown that the most strong in- 
hibiting action is exhibited by SAS having great 
attraction constant a values (a > 2) in the 
Frumkin adsorption isotherm equation or by 
SAS compositions characterized by strong asso- 
ciative interactions between components (e.g. 
mixtures of amines with phenols or napthols). 

Chemical stages 

We have supposed a general approach to con- 
sider the inhibiting and accelerating SAS effect 
taking into account the role of the chemical inter- 
action between metal ions and adsorbed admix- 
tures [8,9]. As a result of such an interaction, the 
nature of adsorbed particles is changed, and if the 
complexes being formed are electrically active, 
the nature of ions being reduced on the cathode 
undergoes a change, too. 

The adsorption of complexes can be inferred 
by a variation of the double layer differential ca- 
pacity (Q at the metal ions introduction into in- 
different electrolytes containing SAS. So, the 
adsorption of zinc ion complexes with polyethyl- 
ene polyamine (PEPA) is manifested by a signifi- 
cant C drop after Zn2+ addition to a solution 
containing PEPA. It is of importance from the 
viewpoint of the galvanic technique that, at the 
transition from neutral PEPA particles to its posi- 
tively-charged complex with Zn2+ ions, the ad- 
sorption range becomes enlarged towards 
negative potentials at which the zinc electrodepo- 
sition takes place. It is just this circumstance 
which allows to use polyethylene polyamine suc- 
cessively as the admixture to basic zincing electro- 
lytes. 

Surface concentrations (g) of Cd2+ and Cu2+ 

complexes with several inorganic and organic li- 
gands have been measured using chronocou- 
lometry, cathodic and anodic chronopotentio- 
metry. The found g values were consistent with 
those observed usually at the monolayer adsorp- 
tion. 

If reacting ions interact with a SAS under for- 
mation of electro-active complexes (EAC), then 
the electron transfer stage must be preceded by 
the corresponding chemical reaction. It has been 
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found, by the chronopotentiometry, that these re- 
actions occur not in a bulk reaction layer, but 
immediately on the electrode surface involving 
adsorbed SAS; the rate constants for those reac- 
tions have been determined. 

The adsorbed EAC formation can result in a 
acceleration as well in a retardation of discharge, 
depending on the SAS nature, presence of bridge 
atoms or groups in their molecules and orienta- 
tion of those molecules on the surface; in both 
cases, a surface chemical reaction of metal ions 
interaction with adsorbed SAS occurs preceding 
the electron transfer. 

If the discharge is hindered due to the surface 
EAC formation including the reacting ions and 
SAS, then, the electroreduction can occur also on 
the outer side of the adsorption layer [10]. It is 
obviously that this mechanism of the electrode 
process inhibition may be realized only when the 
surface is completely filled by surface-active li- 
gands. It is perhaps just such an effect which ben- 
zotriazol, fixer DCU and some other SAS have 
on the copper electrodeposition from sulphate so- 
lution. „ 

The metal ions discharge retardation is ob- 
served also at the electrically inactive complexes 
formation with adsorbed SAS; in such systems, 
precedent chemical reactions take no place (e.g., 
copper electrodeposition in the presence of so- 
dium diethanol dithiocarbamate). 

Thus, basing on the notions about the react- 
ing ions complexing with adsorbed SAS, the ac- 
celerating as well as the retarding effect of 
admixtures on the metal ions discharge can be 
explained. 

Crystallization stages 

SAS influence significantly the nucleation 
process on a foreign surface (initial stages of crys- 
tallization) as well as the ensuing growth of 
polyatomic metal layers [11]. There are only few 
findings about the SAS effect on the kinetics of 
initial crystallization stages [11,12]. 

The interpretation of experimental data con- 
cerning the nucleation on foreign electrodes can 
be based on the nucleation model developed by 
Markov [13]. The nucleation rate, at a steady dis- 
tribution of pre-nucleus aggregates in a system, is 
determined by the simultaneous influence of two 
factors* the active centers (AC) number limited 
for a specified oversaturation and the formation 
of so-called "excluded nucleation " zones (ENZ) 
around growing nuclei; yet unoccupied active 
centers are absorbed an eliminated by these ex- 
panding zones. After a   certain time interval, 

either the AC depletion or ENZ overlap occurs, 
both resulting in the attainment of the limiting 
nuclei number. 

We had analysed the cases when admixtures 
influence preferably only one of the factors men- 
tioned, and two fundamental mechanisms are 
suggested for the SAS action on the phase forma- 
tion kinetics [14, 15]. 

1. The admixture used is not adsorbed essen- 
tially on the foreign surface (pyrographile) but is 
adsorbed strongly on the metal being deposited. 
Being adsorbed on metal nuclei of a certain size, 
it inhibits their growth and slows down the devel- 
opment of ENZ forming around growing crys- 
tals. Therewith, the number of active AC 
increases and, ultimately, so does the nuclei num- 
ber, too. It is polyacryl amide which influences 
just so the initial stages of copper electrocrystalli- 
zation from sulphate solutions. 

2. The admixture is adsorbed on AC of a for- 
eign surface, thus eliminating them out of the 
process. So, in the presence of acrylic acid, the 
AC number of a pyrographite electrode becomes 
so small that the controlling nucleation stage un- 
dergoes a change. The decisive role in the pure 
concentrated copper sulphate solution belongs to 
ENZ, while in the electrolyte containing acrylic 
acid, to AC. At high admixture concentrations 
AC become completely blocked and the nuclea- 
tion stops. 

The retardation of metal nucleation on for- 
eign electrodes by SAS admixtures manifests it- 
self usually as an increase of the crystallization 
overvoltage, r\k. Therewith, no correlation exists 
between r\k and nucleation work, A. So, acryloni- 
trile (AN) changes r\k insignificantly but causes 
the triple A increase for the zinc nucleation on 
pyrographite, while the acrylamide-AN mixture, 
causing an essential increase of the crystallization 
overvoltage, leaves A value practically un- 
changed. The consideration of these experimental 
data using the equation linking A values with sur- 
face tensions on electrode/solution, nucleus/solu- 
tion, and electrode/nucleus interfaces allows to 
estimate the SAS adsorption effect on the nuclea- 
tion work at various interphase boundaries [16]. 

The SAS influence on crystallization stages at 
the multilayer metal electrodeposition remains 
still not adequately investigated, and mechanism 
of their effect on the electrocrystallization process 
is yet under discussion. So, the pyrophosphate 
and selenate anions influence on the copper depo- 
sition was explained by an additional retardation 
of the surface diffusion stage of adatoms preced- 
ing their incorporation into growth sites [17]. At 
the same time, the retardation of the surface dif- 
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fusion due to the SAS adsorption should cause 
the electrocrystallization progression according 
to the mechanism of the direct discharge into in- 
corporation sites. In fact, at the silver electrode- 
position under rhodanide anions adsorption, the 
contribution of the adatoms surface diffusion can 
be neglected, and it is just the incorporation 
which becomes the slowed stage [18]. 

In the course of investigation of the SAS effect 
on multilayer electrodeposition processes, a com- 
bined approach is useful consisting in the study of 
thin structure and physico-mechanical properties 
of coatings along with polarization charac- 
teristics. The influence of admixtures on proper 
crystajlization stages is most clearly manifested 
when the discharge and other possible stages 
(chemical ones, penetration, etc.) are essentially 
not retarded. The cathodic zinc deposition from 
the sulphate solution under presence of a mixture 
of acrylamide (AA) and acrylonitrile is a charac- 
teristic example. The SAS mixture causes only 
slight polarization increase (by 50 mV) while the 
deposit morphology undergoes radical alteration: 
mirror-like, bright coatings are deposited in a 
broad range of current density values (from 30 to 
200 A/dm2). The AA-AN mixture adsorption re- 
sults in disruption of texture series characteristic 
for the admixture-free electrolyte: only two 
growth directions become prevailing over the 
whole current density range investigated [18]. 
These effects are due to the admixtures action 
mainly on the zinc nucleation not involving the 
retardation of other electrode process stages. 
Caprolactam, polyacryl amide and its mixture 
with acrylic acid exhibit a similar effect on the 
copper electrodeposition from sulphate solutions. 

Unusual SAS effects 

The polymeric tetraalkylammonium salt 
(PTAS) differs fundamentally from other SAS in 
character of its influence on the zinc electrodepo- 
sition from an alkaline electrolyte [9]. 

First, its adsorption and the inhibiting effect 
on the zinc ions discharge are retained up to 
strong negative potentials (-2.8 V) which were 
not attained earlier at all in the water solutions 
electrolysis. 

At such negative E values, the electrochemical 
insertion of sodium into zinc becomes possible. 
The hydrogen emission in that potential range is 
perhaps a result of the destruction of intermetal- 
lide formed by water as evidenced by a sharp dif- 
ference in the admixture action on the hydrogen 
emission kinetics from the indifferent electrolyte 
and under electrodeposition conditions. 

The possibility of realization of strong nega- 
tive potentials enables the electrochemical alloy- 
ing of zinc by electronegative metals and/or by 
their lower oxides. 

Another specific feature is the favourable 
PTAS influence on the crystallization stages of 
electrodeposition in the range of the limiting dif- 
fusion current (j'lim) which allows not only to en- 
hance the coatings quality but also to increase 
significantly the dissipation characteristic of the 
electrolyte. 

SAS as steel hydrogen absorption 
inhibitors 

The zinc, cadmium, chromium, and some 
other metals electrodeposition is accompanied by 
the emission of hydrogen which, in part, is ab- 
sorbed by the steel support and causes a deterio- 
ration of physico-mechanical properties of 
articles. Some organic brighteners favour to the 
support hydrogen attack and, what is of specific 
importance, hinder the hydrogen removal even at 
a prolonged heat treatment of finished articles. 
The latter circumstance makes impossible their 
use in the high-strength steels zincing [20]. 

At the same time, the properly chosed organic 
and some inorganic admixtures can assure a sig- 
nificant drop (by 8-10 times and more) of hydro- 
gen content in steel while retaining the high level 
of its strength and plasticity characteristics. We 
have showed [21] that hydridization inhibitors 
must assure the effective hydrogen removal from 
the surface and, by such a manner, prevent its 
penetration into the support. In this connection, 
of special interest are admixtures which are able 
either to adsorb on a steel surface and to interact 
chemically with atomic hydrogen (e.g. thiourea 
derivatives in cadmium deposition, some alde- 
hydes at zincing, high-dispersed metal oxides sus- 
pensions in chrome plating) or to accelerate 
catalytically the recombination of hydrogen (het- 
erocyclic complexes of cobalt, molybdenum, tita- 
nium oxides at zincing). 

Such mechanism of the hydrogen attack in- 
hibitors action is supported by quantitative 
analysis of admixtures and their destruction 
products (thiourea derivatives in the cadmium 
electrolytes) as well as by thermodynamic (metal 
oxides in chrome plating) and quantum-mechani- 
cal calculations. A good correlation is observed 
between the lowering of the hydrogen content in 
steels (AH) and parameters characterizing the ad- 
mixtures ability to interaction with atomic hydro- 
gen, i.e. the electron density on atoms and the 
chemical bond order (metal oxides, thiourea de- 

204 Functional materials, 2, 2, 1995 



Yu.M.Loshkarev/The role of adsorption phenomena.. 

rivatives) as well as between AH and the free va- 
lence index characterizing adsorption and cata- 
lytic properties (heterocyclic complexes, thiourea 
derivatives). This allows to choice appropriately 
the effective hydridization inhibitors using the 
calculation results only. The possibilities for in- 
vestigation of hydrogen absorption under elec- 
trolysis can be extended substantially by the use 
of a new method proposed by us to determine 
separately different hydrogen forms by spectral 
means [22]. It has been shown for a number of 
chemical and electrochemical processes (steel dis- 
solution in acid, cathodic hydrogen emission, 
metal electrodeposition) that the physico-me- 
chanical properties of steel are depended not only 
on the total hydrogen content, but also on the 
ratio of its relatively mobile diffusional form (D) 
and strongly bounded collected (C) one. The lat- 
ter exerts a decicive effect on the lowering of steel 
strength characteristics and is therefore the most 
dangerous, while the plastic properies are better 
correlated with the total hydrogen content (//tot). 

SAS influence not only Htol but, in certain 
cases, cause a dramatic change of the ratio be- 
tween D and C hydrogen forms. The compounds 
allowing to lower "the specific gravity" of the col- 
lected form are particularly effective. A polymeric 
tetraalkyl ammonium salt admixture for the alka- 
line zincing electrolyte synthetized in our labora- 
tory can be a characteristic example. At relatively 
high hydrogen content in a steel, the C form 
amount has been proved to be substantially less 
than under use of known SAS or their composi- 
tions (Limeda NBc, DCTI-150, and others) [23]. 
It is just this feature which determines the possi- 
bility of the deep dehydrogenation of steel articles 
and regeneration of their physico-mechanical 
properties. 

The control of technological 
processes of metal electrodeposition 

On the basis of concepts described above, the 
following general principles for the control of gal- 
vanic coatings deposition processes have been es- 
tablished [24]. 

1. In most processes of the metal electrodepo- 
sition, efforts should be made not for the maxi- 
mum retardation of the discharge stage, but for 
achieving a certain optimum of polarization due 
to the SAS inhibiting action on several stages of 
the electrode process. This allows to assure the 
desired functional properties of coatings in com- 
bination with their regular distribution over sur- 
face and a sufficiently high deposition rate. The 
combined use of discharge-inhibiting and dis- 

charge-accelerating SAS is an effective way to 
control the polarization degree. 

2. It is advisable to use such SAS mixtures in 
which some components mainly inhibit the dis- 
charge while others influence primary the crystal- 
lization stages not changing essentially the 
polarization degree. 

3. The admixtures influencing mainly the 
crystllization stages are appropriate for use in the 
hydroelectrometallurgy and in some processes of 
functional galvanic techniques when the dissipa- 
tive ability of electrolytes is not a critical require- 
ment (e.g. in tubes, wires, sheets coating under 
intensive electrolysis modes). 

4. In many cases, solutions containing sur- 
face-active ligands combine favourably the ad- 
vantages of simple and comlexing electrolytes, 
e.g. high deposition rates and dissipative ability 
values, the fine-crystallic coatings structure, etc., 
with the absence of electrode passivation in both 
cathodic and anodic processes. 

5. The use of sufficiently high kinetic or diffu- 
sion limiting currents in the galvanic techniques is 
a promising way. The application of agmixtures 
allowing for the high-quality coatings deposition 
in the area of limiting currents assures a dissipa- 
tive ability close to the ideal one and excludes all 
the limitations concerning the working current 
density range. 

6. As the hydrogen attack inhibitors, sub- 
stances interacting chemically with the atomic hy- 
drogen or accelerating catalytically its 
recombination are to be used; therewith, along 
with reactivity of those admixtures, their adsorp- 
tion properties must be taken into consideration. 
It is advisable to use SAS lowering selectively the 
collected hydrogen content in steels. 

We have used these principles in the develop- 
ment, during 1985-94, of a new generation of 
zincing and coppering electrolytes with the opti- 
mum combination of technological and ecologi- 
cal characteristics. 

The zincing processes from the alkaline elec- 
trolytes have found the widest industrial use. The 
zincing electrolyte containing the polymeric 
tetraalkyl ammonium salt admixture called 
LV 4584 designated for coating of complex-pro- 
file articles assures the deposition of high-quality, 
middle-bright zinc coatings over a very wide cur- 
rent density range (0.1-50 A/dm2) with exceed- 
ingly high dissipative ability values (75-95 % as 
measured by Mohler method). The LV 4584 ad- 
mixture is absolutely stable in alkaline medium, 
electrochemically inert, non-toxic (hazard class 
III); its industrial production has been mastered. 
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The electrolyte is used in many Ukrainian enter- 
prises. 

The use of a new modification ofthat admix- 
ture, LV 8490, assures an additional lowering of 
the support hydrogen attack (by several times) 
and so the retainment of initial physico-mechani- 
cal steel characteristics what is of specific impor- 
tance in the zincing of special articles for aviation 
and some other areas of use. The ecological char- 
acteristics are also enhanced, the LV 8490 admix- 
ture has the hazard class IV. 

It has been shown that the corrosion resis- 
tance and other functional characteristics of zinc 
coatings can be enhanced substantially by the 
electrochemical alloying [25] with iron, nickel, co- 
balt, lead, or lower molybdenum oxides (see Ta- 
ble). The zinc coatings doped by aluminium are 

Table. 

Alloy Gain in coating functional 
properties 

Zn-Mo (0.05-0.6 % Mo) Lowering of steel hydrogen 
absorption level at the 

' zmcing 

Zn-Mo (0.2-0.6 % Mo) Enhanced corrosion 
resistance 

Zn-Fe (10-17 % Fe) Enhanced corrosion 
Zn-Ni(9-10%Ni) resistance in neutral media 

Zn-Co (0.83-3.8% Co) 
Zn-AI (0.06-0.09 % Al) 

Zn-Pb (0.8-1.5 %Pb) Lowering of the coating 
self-dissolution in the acid 
medium (0.01 MHCI) by 

10-20 times 

first deposited from aqueous solutions. 
Therewith, the primary advantages of basic 

zincate solutions containing LV 4584 and 
LV 8490 are retained, i.e. the high dissipative 
ability, wide working current density and tem- 
perature ranges, low organic admixtures con- 
sumption rates, etc. In the Zn-Fe, Zn-Ni, 
Zn-Co, and Zn-Pb coatings deposition, both the 
basic and alloying metals are released under limit- 
ing current conditions what assures the alloys 
composition constancy over a wide range of i val- 
ues (2-15 A/dm2). 

In 20 Ukrainian enterprises, the sulphate elec- 
trolytes containing admixtures of "Midel" series 
are in use; these compositions are designated for 
the multilayer and double-side printed circuits 
coppering and for the bright underlayer deposi- 

tion onto chemical copper or nickel before the 
subsequent chroming, nickeling, or silvering. The 
coatings toning for simulation of brass, gold, or 
old bronze is possible. In the use of those electro- 
lytes for the printed circuits production, the high 
level of physico-mechanicäl coating properties is 
guaranted (relative elongation, tensile strength 
limit, ductility) competitive with that of foreign 
analogues. The high resistance of copper deposits 
against cyclic thermal shocks is the specific fea- 
ture of the process. Admixture "Midel GS-1" and 
"Midel GS-2" can be used for the bright decora- 
tive coppering instead of foreign composition BS- 
1, Limeda L-2a, etc. The admixtures are nontoxic 
(hazard class IV); the use of diluted (in relation to 
copper ions) electrolytes is possible. The indus- 
trial production of brightening admixtures for 
coppering electrolytes has been pioneered in 
Ukraine. 
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Pojib aacopöuHOHHbix HBJieHHii B npoueccax 3JieKTPooca»aeHHH 
MeraJuioB 

K).M.JIouiKapeB 

TexHOJiorHHecKHX H 3KOJiorHHecKHX noKa3aTejieH. 
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Transverse Kerr-, Faraday- and spontaneous Hall-effects have been investigated for sets of Tb-Fe 
samples: amorphous Tb^Fe,^ (0<x<l) films and three series of Tb/Fe multilayers. Using comparative 
analysis of these effects, magnetic properties of Tb/Fe interface are studied. It is shown that spontane- 
ous Hall coefficient attributed to spin-orbital interaction has its maximum value 2.4-10-4 uQ-cm/Gs in 
the interface with effective composition near to room temperature compensation composition. This 
value is approximately one order lower than the same coefficient in amorphous set. 

BHMipioBajiHCb eKBaTopiaiiBHHH e<}>eKT Keppa, edjeKT Oapaflea Ta aHOMajibHHÖ e^jeicr Xojuia y HOTH- 

pbox cepiax 3pa3iÖB: cepi'i aMop<})HHX njiiBOK ThFe,^ (0<x<l) Ta Tpbox cepiax 6araTouiapoBHX njiiBOK 
Tb/Fe. BHKopHCTOByioHH nopiBHanbHHH aHajii3 pe3yjn>TaTiB BHMipiOBaHb etfieKTiB, BHBiajiHca MaraiTHi 
BJiacTHBOcri MiacmapoBOi Mead. noKa3aHO, mo KO«f)iqieHT aHOMajibHoro etjwicry Xojuia, o6yMOBJieHHH 
cniH-op6iTajibHoio B3aeMOflieio, npoaaiwe CBOG MaKCHinajibHe 3HaneHHa I.+ ICHMKOM-CM/TC y Miauiia- 
poBifi Me)id 3 e4)eKTHBHHM cicnaflOM, 6jffl3bKHM no cKJia/ry KOMneHcaqii npH KiMHaTHifi TeMnepaTypi. He 
3HaneHHa npH6jiH3Ho Ha nopaflOK BejniHHHH HH)KHe 3HaneHHa /via Toro * Koe<})iqieHTy B aMopfjwiH cepii. 

Introduction 

Existence of relationship between Faraday ro- 
tation and Hall effect in amorphous rare-ears- 
transition metal alloy was shown [1-3]. The 
spin-orbit interaction of the polarized conduction 
electrons gives rise to a Hall current perpendicu- 
lar to the magnetization. Many studies have been 
devoted in the last years to artificially layered ma- 
terials. They are interesting both for applications 
and for possibility to realize structures with dif- 
ferent physical interactions. Recently, the possi- 
bility was shown [4] to separate contributions of 
the main films and interfaces of multilayers 
(MLs) in their magneto-optic dependencies. In 
this report, we present the study of MLs magnetic 
properties by comparative analysis of magneto- 
optical effects (MOE) and spontaneous Hall ef- 
fect (SHE), taking advantage of the fact that the 
last one has some features strongly dependent on 
the magnetic state of the interface. We try here 

tocompare galvanomagnetic properties of the in- 
terface to the properties of amorphous series. 

Experiment 

The set of amorphous films TbxFe,^ (0<x<l) 
(AF) and three series of Tb/Fe MLs with the 
three fixed thicknesses of Fe layer (one for each 

o 

series) dFe= 25, 15 and 8 A, and the same thick- 

nesses of Tb layers, dTb= 5, 10, 16, 23, 31, 40 A 
for all series were prepared. All samples were elec- 
tron-beam evaporated from two independent 
sources in vacuum conditions without oil at a 
pressure no more than 10-7 Torr at room tem- 
perature onto glass and quartz for magnetoopti- 
cal measurements and through the special mask 
onto ceramics for Hall effect ones, respectively. 
The instantaneous rates were controlled inde- 
pendently for Tb and Fe with quadruple mass- 
spectrometer and with two quartz crystal 
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Fig.l. The Faraday rotation and Hall angle on con- 
centration of Tb for TbxFe,_x series. 

monitors during evaporation. The total thickness 
of the films in amorphous set was 120 nm, of 
MLs, 80-90 nm. 

The crystallographic structure of the films was 
examined by the standard diffraction and that of 
the layered structures by small-angle X-ray dif- 
fraction, respectively. All measurements were 
done at 300 K. Magnetization was measured by 
vibrating sample magnetometer. Magnetooptical 
measurements were performed in the reflection 
(Transverse Kerr effect, TKE) and transmission 
(Faraday effect) regimes. Magnetooptical loops 
were measured in the magnetic field up to 22 kOe 
at the He-Ne laser wavelength (A. = 0.63u). Mag- 
nitudes of TKE effect were measured as a func- 
tion of H» up to 10 kOe. Substrata contribution 
to the Kerr and Faraday rotation was subtracted. 
SHE and resistivity were measured using the 4- 
contact technique by the dc-method in the fields 
up to lOkOe. 

Experimental results 

A characteristic amorphous X-ray diffraction 
pattern with no crystalline reflections could be 
observed for sample compositions 0<x<0.50 of I 
series. The layers thicknesses in MLs were chosen 
in such a way all of them to be amorphous [5] and 
it was confirmed by X-ray analysis. For the three 
series of MLs, small-angle X-ray diffraction pat- 
terns show that films have periodic structure. 

The Faraday rotation and Hall angle for 
TbxFe,_x are plotted in Fig.l. Both data being 
quite correlated slowly decrease with Tb concen- 
tration. Nevertheless, some difference can be no- 
ticed — the Faraday rotation has only positive 
sign in the whole range of concentrations while 
Hall angle changes the sign exactly at the room 
temperature compensation composition (rtcc). 
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Fig.2. The Faraday rotation and Hall angle for 
Tb/Fe MLs with dFe = 8A (a) and magnitudes of 
TKE effect, 5, as a function of in-plane field, H^, for 
the same set (b). Dependences 5-//„ in Fig.2b, 3b, 4b 
are mirror-reflected in the negative region for con- 
venience. 

Strong correlation between the Faraday effect 
and the SHE had been observed in [1] and the 
model had been presented where the Faraday ro- 
tation in amorphous alloys was attributed to an 
interaction of polarized light with the Hall-effect 
conduction electrons. We shall not analyze here 
this model in details, but only use it to study in- 
terface in MLs. 

The dependences of Faraday rotation and 

Hall angle on dJb for Tb/Fe MLs with dFe = 25 A 
are plotted in Fig.2a. Magnitudes of TKE-effect, 
5, as a function of in-plane field, H^ for the same 
set are shown in Fig.2b. Here, 8 = AM, where / is 
intensity of the incident light; A7 is the change of 
the />-plane polarized reflected light intensity due 
to the magnetizing of film. The character of these 
dependences is generally determined by the strong 
background of Fe-region though interface begins 
to reveal itself, too. So, increases of dJb from 10 

to 23 A decreases the change of the TKE inten- 
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Fig.3. The Faraday rotation and Hall angle for 

Tb/Fe MLs with dFe = 15 A (a) and magnitudes of 
TKE effect, 8, as a function of in-plane field, //,,, for 
the same set (b) 

sity. Meanwhile, the character of the Fe-depend- 

ence remains. Increase of dTb to 31 and 40 A 
changes significantly the form of TKE depend- 
ence at low fields what can be supposed as the 
manifestation of the interface effect. Then we can 
assume that the character of the Hall-dependence 

o 

at dJb > 20 A is determined by interface. 

A similar data set for MLs with dfe = 15 A is 
shown in Fig.3a and Fig.3b. TKE dependences 
show that interface contribution increases. Start- 

ing with the film where dJb - 5 A, the interface 
effect reveals itself in the form of 'break' at low 

fields in the films with dTb = 5 and 10 A. In the 
o 

film with dTb = 16 A, one can clearly see the 8-//,, 
dependences separately in the Fe layer at the 
fields higher than 1 kOe and in the interface at 
low fields. In the first case, the intensity variation 
is significantly decreased by Tb-layer influence. In 
the second case, the effect has negative sign. Hall 
angle in this film has negative sign, too (Fig.5a). 
At the further increasing of dTb, the difference 

0 

5, a.u. 

10 20 30 3Tb Ä 

dFe=8A 

1               16 

<J3            3K1 

_j 
7  

40 ^y 
-3      -2-10       1        H, kOe 

Fig.4. The Faraday rotation and Hall angle for 
O 

Tb/Fe MLs with dFe = 8 A (a) and magnitudes of 
TKE effect, 8, as a function of in-plane field, //,,, for 
the same set (b) 

between effect of Fe-layer and interface on d-Hu 
dependences disappears and at last, in the films 

with dJb = 31 and 40 A, the interface influence 
reveals itself independently. So, we can conclude 
that the character of the Hall-dependence in 
Fig.3a is determined by interface. 

Data for MLs of the last set (dFe = 8 A) confirm 
that it is just the interface which makes the main 
contribution into the general picture of magnetiza- 

tion (Fig.4a,b). Already in the film with dTb = 16 A, 
one can notice saturation in $-H» dqjendences at 
low fields. The further increasing of dTb causes the 
strong decrease of the change in transverse Ken- 

effect intensity. In the films with dTb = 31 and 40 A, 
one can even observe the change of the effect sign, 
too.The negative sign of Faraday effect in these 
films supports conclusion concerning the main con- 
tribution of the interface in these set of MLs. So, the 
character of the Hall-dependence in Fig.4a is also 
determined by interface. 

In Fig.5, the SHE loops are shown for two 
MLs: for 15Fe/16Tb (a) and for 8Fe/10Tb (b). It 
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Fig.5. SHE-loops for two MLs: 15Fe/16Tb (a) and 
8Fe/10Tb(b) 

can be affirmed that there are the loops of inter- 
faces. The complex loop in Fig.5a is the result of 
the summation of different interfaces in this ML, 
which are not almost the same and have slightly 
different individual loops [6]. The SHE loop for 
8Fe/10Tb ML (Fig.5b) is less complex, since in- 
terfaces in this ML are almost the same. It must 
be emphasized that Fe atoms are dominant in 
these interfaces, since the sign of Hall voltage, 
UH, is positive contrarily to the interfaces in 
15Fe/16Tb ML where SHE is determined by Tb 
atoms [7]. 

Discussion 
Let us consider Fig.2, 3 and 4 and analyze the 

SHE dependences in interfaces of MLs. One can 
see thaj, at decreasing of rfFe and increasing of 
dn, Hall-angle, ®H, increases up to a certain 
point ®H = 1.7 deg. and then begins to drop. 

Fig.6 and Fig.7 show dependences of resistiv- 
ity, p, and Hall resistivity, pH, respectively, at in- 
terface building in the cases of Fe excess 

Resistivityx106,Omxcm 

,dFe= 15.X 

NTb/NFe 

Fig.6. Dependences of resistivity, p, on N-^IN^ — 
the ratio of Tb- and Fe-monolayers, participating in 

O 

interface in the cases of Fe excess (rfFe = 15 A) and 
o 

Tb excess (dfe = 8 A). 

Hall resistivityx106, Omxcm 

0.4 

0.3 

0.2 

0.1 

0.0 

»»»«€> dFe= 15" 
dFe=8A 

_L 
1 NTb/NFe 

Fig.7. Dependences of riall resistivity, pH, 
^TbWFe 

(rfFe = 15 A) and Tb excess (rfFe = 8 A). It can be 
seen that, during the interface building, the values 
of p and the character of p^W^Fe) dependences 
for these series are different, but when the build- 
ing of interface is finished, data of p for both 

series (rfFe = 15 and 8 A) are quite close (Fig.6). 
The same can be said as to pH (Fig.7). The magni- 
tude of resistivity is determined by the quantity of 
Tb atoms, meanwhile, the Hall-scattering is deter- 
mined by Fe atoms. 

The main data on interfaces are shown in the 
Table 1. The data for amorphous series are also 
shown there for comparison. The maximum 
value of spontaneous Hall coefficient, Rs, is ob- 
tained in ML 8Fe/23Tb, in which interface is 
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Data on Tb-Fe amorphous films 
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RS/P, 1/Gs 

Tb, at. % Ms,Gs 
Pff/p.% 

  
Rs, uO • cm/Gs 

7 1600 0.36 0.20 7.9-10"5 

10 830 2.90 1.67 3.310^ 

13 100 - - 3.810-3 

19 50 0.31 0.18 1.510-3 

22 30 0.43 0.25 3.210"3 

22.5 
« 

70 -0.98 -0.55 3.4-10-3 

31 80 -0.25 -0.25 6.010^ 
Data on Tb/Fe multilayers 

Fe/Tb, 
0         o 
A /A Gs 

Pff/p. 
% deg uQ ■ cm/Gs 

Vpe 

15/16 150 -0.57 -0.33 l.i-io-4 0.76 

15/23 210 0.19 0.12 2.3-10"5 1.10 

15/31 240 0.52 0.30 4.0-10-5 1.48 

15/40 220 1.95 1.10 1.5-1(H 1.90 

8/10 430 2.93 1.70 7.6-10"5 0.88 

8/16 180 2.22 1.30 1.8-10"4 1.40 

8/23 130 1.74 1.00 2.4-10^ 2.00 

8/31 180 0.83 0.48 1.5-10-4 2.63 

already built, Rs = 2.4-10"4 uO cm/Gs. This 
value is approximately one order lower than 
the same coefficient in AF. The values of tan 

®H = PH
!
P 

for amorphous films and for the in- 
terface of MLs can be compared to that value 

for pure iron, tan 0^ = p^/p = 1.4-10"2 [8]. For 
the interface in ML 8Fe/23Tb this value is quite 

close, p^/p= 1.74-10"2, while in amorphous se- 
ries the nearest value corresponds to composi- 
tion 10 at%Tb. It means that when the interface 
is essentially built, mainly Fe atoms determine 
the scattering in magnetic field. 

It is known [8] that Rs can be expressed as 

Rs = ap+Ap2 

where a and A are the constants of proportional- 
ity, which characterize asymmetric scattering and 
side jump mechanism of scattering, respectively. 

In Fig.8, we plot Rs/p against p for amor- 

phous series (Fig.8a) and for MLs with </Fe = 8 A 
(Fig.8b). One can see that, in both cases, experi- 
mental points does not lay on the straight line, 
but their distributions are almost the same. It can 

100 200 Resistivity*106, Omxcm 

10 20    Resistivity*106, Omxcm 

Fig.8. RJp is plotted vs p for amorphous series (a) 

and for MLs with dFe = 8 Ä (b) 

Rsx10|t ndxcm/Gs 

2 

<o 
■v 

s,«- 

Fig.9. Distribution of SHE coefficient in Tb/Fe inter- 
face. 
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be concluded that neither a nor A are nonzero, 
that means the presence of asymmetric scattering 
and side jump mechanism of scattering in amor- 
phous films and in the interface of MLs as well. 
Unfortunately, these experimental data does not 
permit to evaluate coefficients a and A neither for 
amorphous films nor for the interface of MLs. 

On the other hand, experimental data ob- 
tained in this study permit to draw distribution of 
SHE coefficient in Tb/Fe interface, which is seen 
to have wave-interference nature and is shown in 
Fig.9. 

Conclusions 
Analysis of three sets of TKE data for MLs 

permits to separate the contribution of the inter- 
face on the background of the whole signal. Com- 
parative analysis of Faraday- and SHE-data for 
these MLs permits to conclude: I) Spontaneous 
Hall coefficient which comes from an asymmet- 
ric scattering and side jump mechanism of the 
carriers scattering by the magnetic atoms and at- 
tributed to spin-orbital interaction has wave-in- 
terference nature of distribution in Tb/Fe 
interface with its maximum value 2.4-10-4 ufl 
cm/Gs in the interface with NTbIN?e = 0.3-0.5, 
where NTb/NFe is the ratio of Fe and Tb mono- 
layers participated in Tb-Fe interaction; II) The 

effective composition of such an interface is near 
to room temperature compensation composition 
for AF; III) This value of Rs is approximately one 
order lower than the same coefficient in AF. 

Acknowledgment 

We are grateful to O.Kuz'mak for experimen- 
tal assistance. 

References 

1. M.Hartman, T.R.McGuire, Phys.Rev.Let., 51,1194 
(1983). 

2. T.R.McGuire, R.J.Gambino, A.E.Bell and G J.Sprokel, 
JMMM&-S1,1387(1986). 

3. RJ.Gambino, T.R.McGuire, JMMM, 54-57,1365 
(1986). 

4. E.ShipiT, A.Pogorily, L.Uba, S.Uba, UkrJ.Phys., 39, 
34 (1994). 

5 O M Kuz'mak, E.V.Shipil', V.I.Shevchenko and 
S.Ya.Kharitonski, Ukr.J.Phys.,36,584(1991). 

6. G.Peral, JMB.Ndjaka, D.Givord and J.L. Vicent, 
JMMM, 10-107,1755(1992). 

7 T R McGuire, R.J.Gambino and R.S.Taylor, IEEE 
Tmns.Mag., MAG-13,1598 (1977). 

8. A.K.Majumdar and L.Berger, Phys.Rev.B., 7,4209 
(1973). 

9 A.Ogawa, T.Katayama, M.Hirano and T.Tsushima, 
Jap.J.P^.,15,575(1976). 

TajibBaHOiviarHHTHbie H MarmiTO-onTHHecKHe CBoiicTBa 
MHorocjiOHHbix njieHOK Tb/Fe 

E.B.lllHnHJib, A.H.noropejibiH, JI.y6a, C.Y6a 

H3MepeHbi 3KBaTopnajibHbiH 3dKpeKT Keppa, 3<b(J)eKT fcapafle« H aHOMaJibHutt 3<M>OCT XOJUMB 

nerbipex cepHHX oßpaUoB: cepHH aMOP<pHb,x ruieHOK TbxFe,_x (0<*<!) H xpex cepHax MHOPO- 
Cä.X HTHOK Tb/Fe Hcno^y« cpaBHHxeflbHb.fl aHaJIH3 H3MepeHHb,x Macros, H3y=b 
SSSSue »oficTBa MeKCioHHOH rpaHHUbi. noKa3aHO, HTO KOS^HUHCHT anoMaJibHoro 3<b<i>eKxa 
XoTacB5.3aHHb.fl co cnHH-op6HTaabHb.M BsamiofleifcrBHeii, np05.Bn5.eT cBoe MUCHuaJibHoe 
^aneHHe 2 1™KOMCM/TC B M««IOHHOH rpaHHue c 3<},*eKXHBHb.M cocxaBOM B6,H3H cocraBa 
roMneHcaU„„ nPH KOMHaxHoft xeMnepaxype. 3xo 3HaMe„He np„Mep„o «a nop«*» HH*e 3HaHC„H5, 
flJIS. TOTO 5Ke K03<b<J)HUHeHTa B aMop4>HOH cepHH. 
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Surface treatment effect on electromigration 
stability of oxide high-Tc superconductors 

M.ATanatar, V.S.Yefanov, A.I.Akimov* and A.P.Chernyakova* 

Institute for Surface Chemistry, National Academy of Sciences of Ukraine, 
31 Nauki Ave., 252650 Kiev, Ukraine 

* Institute of Solid State and Semiconductor Physics, Belorussian Academy 
of Sciences, 17 P.Brovki St., 220726 Minsk, Belorus 

Electromigration stability of TI2Ba2Cu06+;c ceramics was shown to decrease notably when the 
material is treated in water vapor atmosphere. It has been shown that the Tc decrease in these samples 
is accompanied by the resistance increase, while Seebeck coefficient S remains unchanged. This al- 
lowed us to conclude that the main effect comes from grain boundary degradation under the current 
action. For the initial samples, the electromigration stability depends strongly on the sample doping 
level and is increased for the materials with higher oxygen content. The effect is supposed to be due to 
the filling of interstitials in Tl-O layers by oxygen atoms. 

v IToKa3aHO, mo CTa6ijibHicTb KepaMiKH TI2Ba2Cu06+;t y npoqecci ejieKTpoMirpaqi'i cyrreBo 
3MeHuiyeTbCH, HKIHO MaTepiau BHTpHMara B aTMoc^epi BOAHHHX napiB. ßjia TaKHx 3pa3KiB xapaK- 
TepHO 3MeHiueHHa Tc Ta 36ijibmeHHS eneKTpuHHoro onopy, npH qbOMy Koe4>iqieHT TepMO-e.p.c. S 
3aJiHuiaerbcsi He3MiHHHM. 3po6jieHO BHCHOBOK, mo TOJIOBHOIO niflCTaBoio fljia qboro e flerpaflauifl 
rpaHHUb 3epeH nin flieio ejieKTpHHHoro crpyMy. fl,m BHXWHHX 3pa3KiB ejieKTpoMirpaqifiHa cra6ijib- 
HicTb 3HaHHOK> Mipoio 3ajie>KHTb Bin piBHH JieryBaHHa i 3pocTae B MaTepiajiax 3 6ijibiu BHCOKHM 

BMicroM KHCHK). IIpHnycKaeTbca, mo qefi e^eKT noB'H3aHHH i3 3anoBHeHHHM BaKaHcifi y Tl-O mapax 
aTOMaMH KHCHK). 

Introduction 

Oxide high-rc superconductors are known to 
be metastable compounds and to degrade quickly 
under the influence of the ambient factors, mainly 
water vapor and carbon dioxide, different chemi- 
cal reagents and thermal cycling [1,2]. Rajan et al. 
[3] have shown that the compounds may degrade 
under the long-term high density current flow as 
well, and the General Physics Institute group 
have shown that the phenomenon of the elec- 
tromigration proceeds even under supercon- 
ducting current [4]. Recently, Mitin et al. [5] have 
shown that by the electromigration treatment at 
the liquid nitrogen temperature it is possible to 
increase essentially Tc for TI2Ba2Cu06+x com- 
pound. 

It is known that at low temperatures 
(T < 0.5Tm, Tm is melting point for material) the 

main path for ion movement in metals is formed 

by the grain boundaries [6]. That is why it may be 

of interest to study grain boundary treatments 

effect on electromigration process in the oxide 

high-rc superconductors. 
In this article we report the electromigration 

studies in TI2Ba2Cu06+x compound at room tem- 

perature. The reasons to choose the compound 

were (i) very high sensitivity of its Tc and normal 

state properties to oxygen stoichiometry [7,8], (;'/) 

the possibility to obtain overdoped materials with 

bipolar conductivity and thus to study electron 

wind effects, and (in) the lack of the stoichiomet- 

ric vacancies in the Tl-O layers, contrary to the 

YBa2Cu307_;c, able to promote accelerated ion 

movement! 
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Table 1. 

R, mOhnvcm 

2i- 

1 - 

0 

TI-2201 

1i, 1c, 1a 2a     2c 

r 
0 50 T.K 

Fig. 1. Resistance vs temperature curves for 
TI2Ba2Cu06+JC samples: (1) as obtained and (2) heat 
treated in argon at 670 K. The notations i,c and a 
refer to initial sample and cathode and anode regions 
of current-treated sample, respectively. 

Experimental 

High density ceramics obtained by two-stage 
solid state reaction was used in the studies. The 
samples were obtained by mixing BaCu03 and 
CuO in 1:1 molar ratio and sintering the mixture 
at 1123 K for 2 hours. The product was grinded, 
mixed with Tl203 in 1.4:1 molar ratio, pressed 
into the pellets 16 to 20 mm in diameter and sin- 
tered at 1123 K for 8 hours in the oxygen flow [9]. 
Sample bars with typical 10x0.3x0.1 mm3 dimen- 
sions were cut from the pellets and used in the 
studies. Samples as obtained (li, hereafter) had 
superconducting transition temperature Tc 

20±0.5 K. To obtain higher Tc the samples were 
annealed-at 620-670 K for 6 to 12 hours in the 
argon atmosphere. Samples so treated (2/, hereaf- 
ter) had Tc of 82±0.5 K (see Fig. 1). Resistivity p 
for the both samples was in the range 1 to 
3 mOhm-cm. Some of the li and li samples were 
exposed in saturated water vapor at room tem- 
perature for 48 hours. Before this treatment, the 
vessel with the sample was pumped to exclude 
carbon dioxide effect, after the removal from the 
vessel the sample was dried by heating to 373 K in 
vacuum for 15 minutes. The samples obtained 
(hereafter HI/' and H2/' for \i and li, respectively) 
had the same Tc as initial ones, but their resistiv- 
ity increased typically by 5 to 10 percent. 8 Oh- 
mic indium contacts were alloyed by ultrasonic 
soldering procedure along the sample length, con- 
tact resistances were typically below 0.1 Ohm. 
DC current of 0.2 to 2 A was passed through the 
sample, the voltage drop at the inner contacts was 
controlled and the current had been regulated in 
such a way that the sample temperature increase, 
determined from the resistance change, was al- 

sample 
type 

No. h 
kA-ctn"2 MC-cnr2 

p. 
mQcm 

T 
K 

s, 
uV/K 

1« - - 1.2 20.2 -2.2 

\c 1 1.2 1 1.2 20.2 -2.2 

\c 2 1.2 10 1.1 20.2 -2.2 

\c 3 2 10 1.1 20.4 -2.3 

la 1 1.2 1 1.2 20.2 -2.2 

la 2 1.2 10 1.1 20.2 -2.2 

la 3 2 10 1.1 20.1 -2.1 ■ 

2/ - - 2.5 83.5 +2.7 

2c 1 1.5 1 2.5 84.5 +2.9 

1c 2 1.5 3 2.6 85.2 +3.2 

1c 3 1.5 10 2.6 86.0 +3.5 

la 1 1.5 1 2.5 83.0 +2.5 

la 2 1.5 3 2.5 82.5 +2.4 

la 3 1.5 10 2.4 82.0 +2.3 

HI» - - 1.3 20.2 -2.2 

Hlc 1 1.4 1 1.5 19.0 -2.2 

Hlc 2 1.4 10 2.1 17.0 -2.2 

Hla 1 1.4 1 1.7 18.7 -2.2 

Hla 2 1.4 10 2.0 17.4 -2.2 

mt - - 2.7 83.4 +2.5 

Ulc 1 2.2 1 3.5 82.2 +2.5 

Wc 2 2.2 10 5.1 78.0 +2.5 

H2a 1 2.2 1 3.7 81.7 +2.5 

ma 2 2.2 10 5.0 77.4 '+2.5 

ways below 10 K. Periodically, R(T) curves were 
measured on different parts of the sample (probe 
current for resistance measurements was 1 mA). 

Seebeck effect S studies were performed by al- 
ternating gradient technique [10] on the initial sam- 
ples and on the parts of the samples cut after the 
electromigration treatment from the sample bar. 

Electron probe microanalyzis (EPMA) of the 
samples was performed with the JCXA-733 ana- 
lyzer at the probe voltage 15 kV. 

Results and discussion 

The electrical current flow (current density,/' be- 
low 3 kA-cm-2) leads to substantial sample proper- 
ties changes (Table 1). The most interesting effect 
is the Tc increase up to 2.5 K at the cathode (2c, Fig. 
1) and its decrease by nearly the same amount near 
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Fig. 2. Resistance vs temperature curves for 
TI2Ba2Cu06+;l: sample l: as obtained (l/), after water 
vapor treatment (HI«) and after current treatment 
(HlcandHla). 

anode (2a, Fig. 1) after passing electrical charge Q 

of 10-106 C-cm~2 through the sample 2«, analogu- 
osly to Mitin et al. results. For the sample H2/, the 
resistivity increases homogeneously along the sam- 
ple length at a rate of 10~10 OhmCH-cm and the Tc 

decreases by 2-2.4 K after passage of 106C-cm~2 ( 
Fig. 2, curves H2a, H2c) and by almost 6 K for 
10-106 C-cm~2.At the same time, changes of Tc for 
the sample 1/ after passage of 10-106 C-cm~2 charge 
never exceeded 0.5 K, and for the water vapor 
treated sample HI«, monotonous Tc decrease and 
resistivity increase was also typical. Reference sam- 
ples of 1«, 2«, HI« and H2« type showed neither the 
resistivity nor the Tc changes when stored for the 
time of electromigration treatment. This allows us 
to ignore degradation of the samples due to the 
ambient effect. 

To study the origin for Tc changes, chemical 
composition along the samples length was studied 
by means of the EPMA technique. The results 
have shown that concentrations of both heavy 
atoms (Tl, Ba, Cu) and oxygen remain un- 
changed, within experimental uncertainty, for all 
the four sample types. As the oxygen content is 
rather hard to determine with the sufficiently high 
accuracy in this experiment, it was estimated 
qualitatively by using the room-temperature See- 
beck coefficient S value. It was shown that the S 
value in the cathode region increases from +2.7 to 
3.5 (J.V/K. This increase is typical for the de- 
creased doping level in the materials due to 
smaller oxygen content [8]. In the anode region of 

the sample, 5 decreased to 2.3 uV/K, evidencing 
increased doping level. For the other samples, S 
value was usually unchanged. 

The results obtained have shown that, for the 
water vapor treated samples, the Tc decrease and 
the resistance increase are typical, though S re- 
mains unchanged. This behavior may be related 
with the degradation of the sample grain bounda- 
ries, not the grains by theirselves. Increased resis- 
tance of the samples after vapor treatment is the 
strong evidence that some perturbations of the 
grains take place, and probably they promote fur- 
ther sample degradation at the grain boundaries. 

As to the untreated samples, we can conclude 
that, as a result of the current treatment, oxygen 
atoms migrate from the cathode towards the anode, 
quite in the accordance with the oxygen anion nega- 
tive charge and contrary to the hole flow direction 
in the material. This may evidence that either elec- 
tronic wind phenomenon is not of the prime impor- 
tance for such layered compounds with separated 
rather far hole-conducting Cu-O layer and oxygen 
conducting Tl-O layers, or in the materials are in 
fact electronic conductors as it should be according 
to the band structure calculations, and all anoma- 
lous transport phenomena are due to strong carrier 
coupling with some exitations in the lattice. How- 
ever, a strong dependence of the migration velocity 
on the material doping level, namely, its essential 
decrease for the stronger doped materials, allows us 
to conclude that this is not an effect of the wind but 
rather that of the oxygen interstitials filling in the 
stronger doped materials. This allows us to con- 
clude that the main driving force for the ion migra- 
tion in the materials is the direct electrostatic force 
acting on the oxygen atoms in the Tl-O layers 
which are the most free to move. However, a strong 
dependence of the effect on the grain boundary 
treatments allows us to conclude that the essential 
role may be played by the local overheating in the 
weak intergranular links and/or creation of the nu- 
cleation centers for new phase formation by the ad- 
sorbed water molecules. The same may be 
evidenced by the much larger effects observed in 
the Tl2Ba2Cu06+r compound cooled to the liquid 
nitrogen temperature [5], since much higher cur- 
rent densities are used in those experiments. 

Acknowledgement 

The authors acknowledge the support of 
Ukrainian Scientific Council, Project "Veter". 

References 

1. A.Ono, S.Takenouchi, Y.Ishizawa, Jap. J. Appl. Phys., 
30,L464(I991). 

2. K.D.Vemon-Parry, L.T.Romano, J.S.Lees, 
C.R.M.Grovenor,"p/!>OTca, C, 170, 388 (1990). 

216 Functional materials, 2, 2, 1995 



U.A. Tanatar et al. /Surface treatment effect. 

3. K.C.Rajan, P.Parameswaran, Jambunatan Janaki, 7. J.B.Parise, C.C.Torardi, M.A.Subramanian et al., 
G V N Rao, T.S.Radhakrishna, Bull. Electrochem., 5, Physica, C, 159,239(1989). 
761 (1989) 8. M.A.Tanatar, V.V.Dyakin, V.S.Yefanov, A.I.Akimov, 

4 AMProchorov, Yu.M.Gufan, A.Ye.Krapivkaetal., A.P.Chemyakova,Physica, C, 185-189, 1247(1991). 
JETPLett. 51,132(1990). 9. A.I.Akimov, B.B.Boiko, V.I.Gatalskaya et al., 

5 A V Mitin'N E Alekseevski, E.P.Khlybov, Physica, C, Sverkhprovodimost': Fix.. Khim., Tekhn.,2,41(1989). 
199 351 (1992). 10- PM.Chaikin, J.F.Kwak, Rev. ofScie. Instr., 46,218 

6. P.S.Ho, T.Kwok, Rep. Progr. Physics, 52, 301 (1989). (1975). 

BjiHSMHe oöpaßoTKH noeepxHOCTH Ha CTaömibHOCTb 
OKCüUHbix BbicoKOTeivinepaTypHbix CBepxnpoBOÄHHKOB 

B npouecce ajieicrpoiviHipauHH 

M.A.TaHaTap, B.C.EtfmHOB, A.H.AKHMOB, A.n.HepHHKOBa 

noKasaHO, HTO cTaÖHJibHOCTb KepaMHKH TI2Ba2Cu06+x B npoqecce aJieiopoMHrpauHH cymecTBeHHo 
yMeHbUiaercsi, ecJiH MarepHaji BbiflepacaTb B aTMOc<j«pe napoB BOflbi. fljw TaKHX o6pa3uoB xapaKTepHo 
yineHbuieHHe Tc H yBejiHHeHHe conpoTHBJieHHfl, npn STOM KoaiJxjwuHeHT TepMO-a.fl.c. S ocTaeTca 
HeH3MeHHbiM. QaejiaHo 3aianoHeHHe, HTO OCHOBHOH npHHHHOH SToro ABJieHHH siBJweTcs flerpaaaqHS 
rpaHHU 3epeH no« «eHCTBHeM 3JieicTpHHecKoro TOKa. ßJis HCXOAHMX o6pa3UOB CTaÖHJibHocTb B 

npouecce arceiopoMHrpauHH cHJibHO 3aBHCHT OT ypoBHSi jierapoBaHHH H B03pacTaeT B MaTepuajiax c 
6oJiee BbicoKHM coaepacaHHeM mcjiopofla. npeflnoJiaraeTca, HTO 3<b({)eKT cBsraaH c sanojmeHHeM 
BaKaHCHH B Tl-O CJIOHX aTOMaMH KHCJiopo/ia. 
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Positron spectroscopy of YBa2Cu307 with physically 
and chemically adsorbed molecules of water 

V.T.Adonkin, B.M.Gorelov and V.M.Ogenko 

Institute for Surface Chemistry, National Academy of Sciences of Ukraine, 
31 Nauki Ave., 252650 Kiev, Ukraine 

The effect of physical and chemical adsorption of water molecules on the defect spectrum and 
electron density of YBa2Cu307 high-Tc superconductor was investigated by method of lifetime posi- 
tron spectroscopy and X-ray diffraction analysis. YBa2Cu307 ceramic samples were investigated after 
exposure during different time in saturated water vapour at 21 °C. The physical and chemical adsorp- 
tion were separated by variation of exposure time. At the adsorbate mass 0 < m < 1.2 % physically 
sorbed water multilayer, decreases the annihilation rate (Xj) from 5.5 to 4.75 ns~' and affects non- 
monotonously the capture rate (v). At the absorbate mass is m < 0.6 %, v is decreased from 0.71 to 
0.99 ns_1, and with m rise, v is decreased to initial value at m « 1 %. In addition, the action of physically 
sorbed water multilayer reduces the c parameter of crystal lattice, whereas a parameter remains 
unchanged. The action of chemically sorbed water multilayer does not change the annihilation and 
crystal lattice parameters in the range 1.2 < m < 5 %. At m > 5 %, Xj- and v are abruptly decreased. The 
effect of physically sorbed water molecules is ascribed to redistribution of Ba and Cu ions between the 
bulk and surface layer of YBa2Cu307 stimulated by electric field of water dipoles. The effect of 
chemical adsorption is caused by formation of the new phases in YBa2Cu307 crystal lattice. 

IIoKa3aHO, ujo 4>i3HHHO copöoBaHHH nojiimap BOflH, KOJIH Maca aflcopßaTy 0 < m < 1.2 %, 3MeHUiye 
iUBHflKicTb aHirijwuii {XJ) 3 5.5 ao 4.75 HC

_1
 i HeMOHOTOHHO 3MiHK>e uiBHflKicTb 3axonJieHHH 

no3HTpoHiB (v). KOJIH Maca aacopSaTy m < 0.6 %, v 36iJifaiuyerbca 3 0.71 j\p 0.99 HC
_1
 Ta 3 pocroM m 

uiBHflKicrb 3axonJieHHa 3MeHiuyeTbca flo 3HaHeHHH, xapaKTepHoro ana m « 1 %. BnnHB 4>i3HHHO 
cop6oBaHoro nojiiuiapy BOäH 3Mimoe napaMerp c KpHcrajiiHHoi' rpaTKH,.3ajiHmaioHH He3MiHHHM 
napaMerp a. XJMJHHO cop6oBaHa Boaa He 3Mimoe napaMerpn aHiriJwuii Ta KpHcrajiiMHoi rpaTKH a* 
flo 3HaneHb 1.2 < m < 5 %. KOJIH m > 5 %, Xj-Ta v pi3Ko 3MeHuiyioTbC3. Etj>eKT ^ISHHHO cop6oBaHo'i 
BOflH noHCHroeTbcn nepepo3noflijioM ioHiB 6apia Ta u'mi Miac OS'GMOM Ta noBepxHeBHM mapoM, 
CTHMyJibOBaHHM ejieKTpHHHHM nojieM flHnojiiB BOflH. E(j)eKT xiMiHHoi aACopßqii o6yMOBJieHHH 
yTBopeHHHM HOBHX <J)a3 B KpHCTajiiMHifi rpaTiji YBa2Cu307. 

Introduction 
In the degradation process of YBa2Cu307_5 

high temperature superconductors in water va- 
pour, two stages can be recognized [1,2]. In the 
first stage, the layer of physically sorbed water 
molecules is formed on the superconductor sur- 
face. With the rise of exposure time the layer 
thickness is increased, and when that thickness 

o 

attains approximately 200-500 A, the chemisorp- 
tion processes begins. During chemisorption, the 
bound states of hydroxyl groups are formed and 
their quantity is increased with the rise of the 

adsorption time. Besides, the part of water and 
hydroxyl groups diffuses in the bulk of crystal 
lattice. These two processes of chemical adsorp- 
tion give rise to loss of superconductivity. The 
effect of physical adsorption is usually weaker 
than that of the chemisorption. However, if the 
electrical field of adsorbed water dipoles is strong 
enough for stimulation of diffusion in the bulk 
adsorbent [3], the redistribution of defect spec- 
trum may be observed. In YBa2Cu307_s, the en- 
richment of surface layer in barium ions and 
depletion in copper ions under action of physi- 
cally sorbed water multilayer was observed [2,4]. 
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It can be supposed that the change of surface 
elemental composition is caused by ion exchange 
between bulk crystal and surface layer. If this is 
true, the ion exchange and formation of Ba and 
Cu vacancies may be manifested in the lifetime 
spectra of positron annihilation. 

In this paper the effect, of physically and 
chemically sorbed water molecules on the elec- 
tron density of copper-oxygen bonds and the de- 
fect spectrum was investigated in YBa2Cu307_8 
high temperature superconductor. 

Samples and experimental details 

The ceramic samples of YBa2Cu307_8 with 
0 < 8 < 0.07 were studied. The samples had den- 
sity 5.5 g/cm-3, average grain size 10-30 urn, the 
critical temperature and transition width were 
«91 K and 1.5 K, respectively. 

The adsorption of water molecules was real- 
ized at -19 Torr pressure and 21 °C on samples < 
preannealed in 10~3 Torr vacuum and 150-180 °C 
temperatures for ~2 hours. The physical and 
chemical adsorption were separated varying the 
exposure time. At short exposure times 
(t < 120 min) and adsorbate mass m < 1.2 %, the 
effect of physically sorbed water multilayer domi- 
nates. At t > 120 min, m > 1.2 %, the formation 
of chemisorbed states and diffusion of water 
molecules in the bulk crystal are observed. After 
completing the exposure time, the water multi- 
layer was removed from HTSC surface to con- 
serve of adsorption effect. Before lifetime and 
X-ray measurements the samples are conserved in 
ambient conditions. The storage in such condi- 
tions does not influence on the adsorption effect. 
Every sample was undergone singly to adsorbate 
action. 

The positron lifetime measurements were per- 
formed at room temperature using "Ortec" spec- 
trometer with FHWM resolution of 220 ps. The 
lifetime spectra were characterized by two com- 
ponents Tj, T2 - the annihilation times of free 
positrons and positrons captured by traps, re- 
spectively, with intensities of /,, I2. From the data 
obtained, the annihilation rate (Xj) and capture 
one (v) were calculated. 

Results and discussion 
The»experimental data are summarized in Ta- 

ble. Analysis of adsorption effect may be per- 
formed using the Xf and v dependences on 
adsorbed water quantity which are shown in 
Fig.l and 2. In figures, the various point symbols 
correspond to three types of YBa2Cu307 samples 

Table. Annihilation lifetimes for YBa2Cu307 before 
and after water absorption. 

m,% x,,ps /,,% x,ps /2,% 

0° 149±13 61.5±5 248125 38.515 

0 170±5 83.8±5 331±37 16.215 

0* 162±6 71.6±5 301±15 28.415 

0.15* 168±6 74.8±4 318119 25.215 

0.56* 159±10 63.5±9 281±18 36.518 

0.62 188±5 80.2±4 394128 19.814 

0.82* 17317 65.8±6 312114 34.216 

1.1* 184±6 73.6±4 351±17 

321±28 

25.414 

1.14 180±9 69.1±9 30.919 

1.50* 205±5 9.214 380123 20.814 

2.91 180±7 59.916 347126 40.116 

3.29° 184±10 73.3±5 332130 29.715 

4.88 182±9 67.8±7 336121 32.217 

5.0° 188±1 71.1±7 347121 28.918 

5.12° 198±8 76.7±6 361i24 23.316 

5.25 201±7 79.5±5 370125 20.515 

Upper symbols denote three types of YBa2CU307 samples. 

prepared from different ceramics blocks. Three 
regions of different behavior of Xftn) and v(m) 
dependences can be distinguished. In the first re- 
gion, where 0 < m < 1.2 %, the effect of physically 
sorbed water multilayer takes place. This region 
is characterized by smooth Xj- decrease and un- 
monotonous v behavior. In the second region, 
when 1.2 < m < 5 %, and third one, m > 5 %, the 
effect of chemisorption occurs. However, at 
1.2<m< 5 %, the annihilation parameters are 
unchanged whereas at m > 5 %, the Xf and v are 
abruptly decreased. It should be noted that, at 
0 < m < 1.2 %, the parameter c of the crystal lat- 

tice is reduced from 11.670 A to 11.658 A while a 
parameter is unchanged. In the range 
1.2 <m< 5 %, c and a parameters are constant 
and at m > 5 %, the parameter a increases from 

3.837 A to 3.831 A whereas c is reduced to 

1&53 A. 
Thus, the effect of physically sorbed water 

multilayer gives rise to the X, decrease and un- 
monotonous v behavior. The behavior of annihi- 
lation parameters points to the lowering of 
electron density of Cu1 oxygen bonds and un- 
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Annihil. Velocity, 1/ns 
6 

YBa2Cu307 

0 2 4 m,% 

Fig. 1. Water adsorption effect on annihilation rate. 

monotonous changes of defects concentration in 
the crystal lattice. This effect can be expalined by 
ion exchange between the bulk and surface layer 
of YBa2Cu307 crystallites. In the electric field of 
sorbed water dipoles, Ba ions diffuse to the sur- 
face forming the vacancies in the crystal lattice. 
This process causes an increases of the v. In the 
surface layer, the excessive Ba ions force out Cu1 
ions from lattice sites which migrate in the bulk 
crystal compensating the charge of Ba ions.In the 
process of ion exchange, the part of Cu1 ions 
probably occupies the Ba positions and vice 
versa. Such substitution decreases the defect con- 
centration but puts 04-Cu1-01 bonds in disor- 
der. Both processes, namely, the formation of 
vacancies and disordering of copper-oxygen 
bonds, result in the decrease of electron density of 
04-Cu1-01 bonds. Besides, the formation of 
cation vacancies gives also rise to the reduction of 
c parameter of the crystal lattice.   It should be 
noted that the layer where the ion exchange takes 
place probably is the intermediate one between 
the surface and bulk crystal which is not under- 
gone the action of physically sorbed water mole- 
cules. 

The formation of chemisorption states and 
the diffusion of water molecules in the crystal 
bulk at 1.2 < m < 5 % does not affect the defect 
concentration and electron density of 
04-Cu1-01 bonds. The absence of effect can be 
ascribed to the localization of water molecules in 
the lattice places which are inaccessible or insensi- 
tive for positrons and to the chemisorbed states 
formation without changes of electron density of 
copper-oxygen bonds. 

The essential changes of Xf and v at m > 5 %. 
point to the abrupt decrease of electron density of 
copper-oxygen bonds and defect concentration. 

Capture speed, 1/ns 

f-/      \ 

0 I 
0 2 4 m, % 

Fig.2. Water adsorption effect on capture rate. 

These processes are accompanied by a rise of a 
parameter and reduction of c parameter of crystal 
lattice. Such behavior of annihilation and crystal 
lattice parameters may be caused by the forma- 
tion of new phases in YBa2Cu307 crystal lattice. 
This may be the compounds of metal ions with 
hydroxy! groups defects. The formation of inho- 
mogeneous regions results in the disordering, 
lengthening of copper-oxygen bonds and decrease 
of their electron density, and healing of crystal 
lattice defects. 

Conclusion 

Thus, the effect of physically sorbed water 
molecules gives rise to the decrease of electron 
density of 04-Cu1-01 bonds and unmono- 
tonous change of defect concentration. The effect 
chemically sorbed water has a jump-like charac- 
ter. At the adsorbate mass m < 5 %, the electron 
density and defect concentration are unchanged. 
At m > 5 %, the electron density and concentra- 
tion defects are abruptly decreased. 

We are grateful to Dr. V.S.Melnikov for 
X-ray measurements and to Dr. V.V.Dyakin for 
discussions. 
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ri03HTpOHHafl CneKTpOCKOnHH YBa2CU307 C (pH3HHeCKH M 
XHMHHeCKH a^COpÖHpOBaHHblMH MOJieKyJiaMH BO^bl 

B.T.A^OHKHH, B.M.ropejiOB, B.M.OreHKO 

rioKa3aHo, HTO <j)H3HMecKH cop6HpoBaHHbifl IIOJIHCJIOH BOflbi, Koraa Maoca aflcopßara 0 < m < 1.2 %, 
yMeHbtiiaer CKopocrb aHHWWiflUHH (Xf) c 5.5 flo 4.75 Her1 H HeMOHOTOHHO iBMeHfler CKopocrb 3axBaTa 
no3HTpoHOB (v). Korfla Macca a«cop6aTa m < 0.6 %, v yBejiHHHBaerca c 0.71 w 0.99 HC"

1
 H C pocroM m 

CKopocrb 3axBaTa yMeHbiuaerca no BejiHHHHbi, xapaKTepHOH ann ma I %. Bo3aeficn»He fymmeam 
copÖHpoBaHHoro nojiHCJioa BO«bi H3MeH«er napaMerp c KpHcraJuiHiecKOH peuiencH, ocraaraa HeH3MeHHbiM 
napaMerp a. XHMHHCCKH copÖHpoBaHHaa Bo^a He H3MeHfler napaMerpw aHHHnuwuHH H KpHcraiuinHecKOH 
peuiencH BHJioTb no sHaneHHH 1.2 < m< 5 %. Korfla m > 5 %, Xf H V pe3KO yMeHMiiaiOTCS. 3(jxJ)eKT 
4)H3HHecKH copÖHpoBaHHofl Boflbi o6T,siCH5ieTCfl nepepacnpeaeJieHHeM HOHOB 6apHfl H uem Me)imy oßieMOM 
H nOBepXHOCTHbIM CJIOeM, CTHMyJIHpOBaHHbIM 3JieKTpHHeCKHM nOJieM flHnOJiefi BOflbl. 3<}>(}>eKT XHMHHeCKOH 
aflcop6qHH oßycnoBJieH o6pa30BaHHeM HOBbix (J>a3 B KpHcrajuiHHecKOH pemerKe YBa2Cu307. 
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Influence of atomic arrangement correlation on 
percolation properties of three-dimensional condensates 

A.S.Bakay, V.Yu.Gonchar, S.V.Krikun and G.Ya.Lubarsky 

National Scientific Center «Kharkov Phy si co-Technical Institute», 
1 Akademicheskaya St., 310108 Kharkov, Ukraine 

Possibilities to control the structural properties of heterophase carbon condensates are discussed. 
The process of heterophase condensates growth is simulated by numerical methods taking into ac- 
count correlations of atoms arrangements, and percolation characteristics of model condensates are 
studied in relationship with the correlation degree of the atomic arrangement with different local 
ordering types. The percolation thresholds and critical indices for the conductivity and cluster size 
distribution are found. It is established that the threshold concentration is very sensitive to correlation 
changes while critical indices are essentially independent of them. An euristic criterion is proposed to 
find the threshold concentrations in the presence of correlations which is applicable to any lattice type. 

06roBopK«OTbca MOXJiHBoeri ynpaBJiiHHfl CTpyKTypHHMH BJiacTHBocTHMH ByriieqeBHX reTepocj)a3- 
HHX KOHfleHcariB. HHcejibHHMH MeroflaMH 3MOfleJibOBaHO npoqec pocry reTepo<f>a3HHX KOHflenca-riB 3 
ypaxyBaHHHM KopejiauiH y B3aeMHOMypo3TauiyBaHHi aTOMiß i BHBHeHi nepKOJiaqifiHi xaparrepHCTHKH 
MOflejibHHX KOHfleHca-riB y 3ajie*HOCTi BW cryneHH Kopenaqi'i B3aeMHoro po3TamyBaHH5i aTOMiB 3 
pi3HHMH ranaMH jioKaJibHoro nopa^Ky. 3HafifleHo nopora nporiKaHHa Ta KpHTHHHi iHfleKCH AJW 
npoBiflHocri i po3noflijiy KJiacrepiB 3a po3MipaMH. YcTaHOBJieHo, mo noporoBa KOHqeHTpaqia flyace 
HyrJiHBa ÄO 3MiHH KOpejiaqift, TOfli SK KpHTHHHi mjxeKCH B'W HHX npaKTHHHO He 3ane»caTb. 3anpono- 
HOBaHo eBpHCTHHHHfi KpHTepifi ans 3Haxofl»ceHHa noporoBHX KOHqeHTpaqiH npH HasBHOcri Kopena- 
qifi, mo 3acTocoByerbca He3anescHO Bi# THny petuiTKH. 

Introduction 

In the process of the carbon plasma depositi- 
on, condensates containing binarily, ternarily, or 
quaternarily coordinated carbon atoms with sp-, 
sp2-, or jp3-hybridized electronic bonds are form- 
ing over a wide range of the support temperature 
and average ion energy( see reviews [1-7] and 
also [8-13]). Condensate in which sp2-bonds are 
prevailing is similar to graphite, while with pre- 
vailing ip3-bonds, it is a diamond-like one. These 
condensates are, as a rule, amorphous and show 
no obvious evidences of long-range ordering, lo- 
cal ordering types being randomly alternated. 
Such heterostructural (or heterophase) solids, in 
which the local topological order (determined by 
the type of the atomic coordination polyhedron) 
is inhomogeneous and varies from one atom to 
another even in single-component condensates, 
are forming under strong thermodynamic non- 
equilibrium conditions (e.g. at supercooled melts 

solidification, deposition of atomic or plasma 
streams onto cold supports, etc.) 

For simplicity, let us designate areas filled 
with atoms having a common type of local order 
as single-phase ones, the phase being implied to 
be crystalline or non-crystalline structure with the 
same local order. If phases possess significantly 
different electrical, mechanical, and other proper- 
ties, the macroscopic condensate characteristics 
depend on the linking of areas of the same phase. 
So, e.g., the conductivity of a heterostructural 
carbon condensate depends substantially on the 
linking of graphite-like areas having a relatively 
high electrical conductance. In the same time, me- 
chanical properties (strength, microhardness, 
wear-resistance) are determined by the linking of 
diamond-like areas having a high local micro- 
hardness and great value of the shear module. 

In the course of plasma streams with low en- 

ergy of ions (< 102 eV) deposition onto cold sup- 
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ports, the growth of heterostructural condensates 
occurs as a rule if, under thermodynamic equilib- 
rium conditions, one or more metastable phases 
exist along with the stable one. Under pheno- 
menological approach, the kinetics of heteros- 
tructural condensates formation can be described 
in terms of the chemical kinetics approximation 
[14]. In that approach, equations for volume 
parts of phases variation in thickness in the 
course of growth have been obtained. Therewith, 
the formation probabilities for a given type of the 
local ordering as functions of ordering character 
of the area onto which the ion being deposited 
falls, are considered as phenomenological coeffi- 
cients which are to be determined by the correla- 
tion with experimental data. Such an approach 
allows to describe averaged (hydrodynamic) 
quantities, but structural details, linking, size dis- 
tribution of areas, interphase boundaries branch- 
ing remain out of the scope of description. In this 
connection, of importance is the question about a 
more comprehensive study of statistic properties 
of heterostructural condensates forming at the 
high-energy ions deposition. Such a study can be 
performed by simulation of the growth process of 
a condensate and subsequent investigation of 
structural and physical properties thereof. 

As in [14], there are the formation prob- 
abilities for a given type of the local ordering at 
ion deposition which determine the growth proc- 
ess. Let the surface layer be characterized by an 
initial distribution of atoms with several local or- 
dering types. Then, each freshly deposited ion en- 
ters the environment of atoms having several 
local order types and, depending on its nearest 
vicinity, acquires a specific bond type, one or an- 
other local ordering. The problem is (a) to choose 
a realistic field of probabilities for the formation, 
by the ion being deposited, of each local order 
type, taking into account the structural state of 
the deposition site; (b) to simulate subsequently 
the condensate growth process at the prob- 
abilities field chosen and (c) to consider and 
evaluate the structural and physical properties of 
condensate formed. 

In this work, the above scheme is realized us- 
ing a rather general, three-parameter expression 
for the formation probabilities of several local 
order type, and properties of model condensates 
obtained are studied as functions of one parame- 
ter respbnsive for the degree of the spatial corre- 
lation of atoms with a given local order type. 
Possibilities of an experimental verification of re- 
sults obtained are also discussed for the case of 
carbon condensates obtainable by plasma stream 
deposition. 

Probabilities field choice 

Let the amorphous structure of an actual con- 
densate be substituted by a regular cubical mesh, 
with blocks of the initial structure having dimen- 
sion £3 being corresponding to points of the 
mesh. Let us to choose % « u, where o is the least 
of averaged dimensions of single-phase areas, so 
those blocks can be considered as homogeneous 
ones consisting of one phase only. The building- 
in of a separate atom being deposited is, as indi- 
cated above, a substantially non-equilibrium 
process during which the energy of that atom as 
well as those of its surrounding atoms undergo 
variations. 

Spatial and temporal fluctuations of the en- 
ergy of atoms are, especially on the first stage (the 
collision one), great in relation to thermal fluc- 
tuations determined by the average condensate 
temperature; nevertheless, it is quite natural to 
choose, as the distribution of the formation prob- 
abilities of several configurations, the Gibbs dis- 
tribution with a certain effective temperature, Tef, 
depending on the support temperature, Ts, and 
energy, E, of atoms in the beam: 

wr^{-E/kTef(TpE)] (1) 

where £, is the energy of interaction of an atom in 
i-th phase state with its local surrounding; A:, 
Boltzmann constant. At the transition to blocks, 
let us believe that the probabilities distribution 
for the formation of the block in i-th phase state 
(designated as «the i-th type block») will not 
change, it is only the explicit form of function 
TeAT&, E) which shall be changed as well as the 
sense of quantity Et which will mean now the ef- 
fective interaction energy of a given i-th type 
block with its neighbours. In the case where only 
two phases can occur, 

Ei = Bilnl+ei2n2 + em-(z-nl-n2),   0 = 1,2)    (2) 

where elfc are effective binding energies between i 
type blocks and k type ones (i,k = 1,2); ei0, effec- 
tive energy of broken bond of i type block; z, 
coordination number; nk, the number of k type 
neighbours (k = 1,2) for a given block. Taking 
into account that w,+w2 = 1 and s12 = e21, we ob- 
tain from (1) and (2) 

T-i (3) w1=ri+g-exp(8A0-exp(Xw1)J  , 

where N = nx + n2, and 
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g = exp[^(s20 - ew)/kTeJ(Tr £)J 

5 = -(s22-e12-s20 + Si0)//:re/(7'5,£)       (4) 

a = "(2s12 " si l - s22VkTef(TS> E) 

As it follows from (3), the parameter X deter- 
mines how strongly w, depends on the number of 
type 1 blocks in nearest lattice points. It is just the 
value of that parameter on which the degree of 
lattice correlation primarily depends. At X <0, we 
have obviously positive correlations, i.e. the 
probability that a block of 1 type is located side 
by side with a given 1 type block exceeds the con- 
centration of those blocks (if such a probability is 
less than the concentration mentioned, we will 
speak about negative correlations); at X >0, the 
correlations are negative, and at X =0, there are 
no correlation. The parameter 8 determines the 
degree of dependence of the probability wx on the 
total number, N, of blocks in nearest lattice 
points. The parameter g, at specified X and 8, is 
responsive primarily for the balance between W| 
and w2, i.e. for concentration of blocks of a given 
type in a specimen. In this work, we have studied 
the dependence of properties of model conden- 
sates on the parameter X determining the correla- 
tion degree of a lattice; parameter 8, for 
simplicity, has been set to zero while parameter g 
was used to vary concentrations of type 1 and 
type 2 blocks. 

Condensate growth simulation 

The simulation process was at follows. The 
growth starts on a support constituting a quad- 
ratic lattice; all point thereof are occupied, with 
probability g, by type 1 blocks and with prob- 
ability p = 1 -g, by type 2 blocks. Then, a point 
of this lattice is arbitrarily chosen, and in point 
positioned over it, a block of 1 or 2 type is posi- 
tioned with probabilities w, and w2, respectively, 
defined by (3). The process is repeated until a 
previously specified space L is filled with blocks, 
so none vacant place remains therein. 

Properties of model condensates 

As indicated above, properties of heterophase 
condensates depend significantly on the linking of 
areas occupied by the same phase. It is known 
from the percolation theory [15] that the linking 
of blocks of a given type occurs first at a certain 
threshold concentration of those blocks, Pc, 
which depends on the lattice type and dimension- 
ality as well as on correlations in the blocks ar- 
rangement [16,17]. If blocks linked are electrically 
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Fig.l. Dependence of percolation thresholds Pc on 
the parameter X. 

conductive, the conductivity, cr, of the whole 
specimen, at concentrations of those blocks close 
to threshold one, is obeyed to law [16] 

o-ip-Pj* (5) 

where t is so-called critical index for the conduc- 
tivity. 

The percolation threshold, Pc, was deter- 
mined along with the critical index t by the fitting 
of electroconductivity values near the threshold 
to linear plot constructed in the dual logarithmic 
scale, as described, e.g., in [17]. Each cr value was 
obtained by averaging of the conductivity values 
for 40 lattices of 303 dimension. The conductivity 
of linkages between type 2 blocks was assumed to 
be equal to 1, that of all other linkages, to 0. The 
procedure used for simultaneous evaluation of 
threshold concentration and critical index gives, 
in the case of correlations absence (X =0) 
Pc = 0.305+0.010 and t = 1.9±0.35 what is in good 
agreement with known [18] values Pc - 0.3117 and 
t = 2.0. 

The Pc dependence on X parameter is shown 
on Fig.l. The threshold concentration is seen to 
vary in a wide range to both sides. The date show 
that, from X —2.5 on, the threshold concentra- 
tion decreases asymptotically approaching to 
value Pc « 0.15 (Pc = 0.165+0.025 at X = -5) what 
is about half as many as threshold concentration 
in absence of correlations. The progress into 
range of X < -5 is hindered by a sharp drop of 
accuracy of t and Pc evaluation. The threshold 
concentration rises with the increase of X. So, at 
uppermost value studied, X = 3, P = 0.45+0.015 
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what exceeds significantly the value for uncorre- 

lated lattice. 
Conductivity index values, t, at several X are 

represented on Fig.2; it follows therefrom that, 
within the accuracy of the numerical experiment, 
t can be considered as independent on spatial cor- 
relations. Thus, the conductivity variation rate in 
the neighbourhood of the threshold concentra- 
tion of conductive blocks does not depend essen- 
tially on correlations in their arrangement or, by 
other words, on the interaction parameters of at- 
oms in the course of deposition. Such a pattern is 
in agreement with accurate results obtained for 
Bete lattice with the account for correlations [19]. 

At p = Pc, the average number, ns, of clusters 
having dimension s in uncorrelated lattices is de- 
fined as [20] 

ns~s~x    (ats-*») * > 

where x is the factor (index) of the cluster size 
distribution. In the absence of correlations, 

x = 2.2 [20]. 
We had found x values separately for each of 

simulated lattices of 303 size and then had aver- 
aged these values obtaied for 40 lattice realiza- 

tions at p = Pc. Fig.3 shows x values for different 
X ones. Vertical lines show the x values dispersion 
for 40 lattice realizations and squares correspond 
to average x values. Similar to f, x is seen to de- 
pend only weakly on the atomic interaction pa- 
rameters decreasing slightly at positive 
correlations. 

It is convenient to characterize the degree of 
lattice correlation by quantity G, which is the ratio 
of the average number, Z2°2, of type 2 neighbours of 

a type 2 block in an uncorrelated lattice to the same 
number (Z22) in a correlated lattice. It is obvious 

that, for the cubic lattice, Z2°2 = 6p, thus 

G = 6p/Z22. (?) 

By definition, G = 1 for a lattice in which correla- 
tions of the blocks arrangement are absent; it is 
easy seen that, in the case of positive correlations 
G < 1, and for negative ones, G > 1. Fig.4 shows 
the dependence of G on the X parameter at con- 
centrations p = Pc. 

On Fig.5, the Pc dependence on G is pre- 
sented. It is seen that the points fall good on a 
some straigth line Pc = a + b ■ G; the fitting by 

least squares method gives for the parameters val- 
ues a - 0.08475, b = 0.2094. Using (7), after sim- 
ple transformations we obtain that, at/> =PC, 

Pc = Z22{Pc)-a/(Z22(Pc)-6b). 

-6       -4        -2 0 2   X 

Fig.2. Dependence of the conductivity index a on X. 
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Fig.3. Dependence of the cluster size distribution in- 
dex x on X. The broken line shows x value for the case 
of none correlations (X=0) x=2.2. 
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Fig.4. Dependence of the quantity G characterizing the 
degree of lattice correlation (definition in text) on X. 
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Pc 

Fig.5. Dependence of percolation thresholds Pc on G. 
Broken line shows the fitting of experimental points 
by the least squares method. 

Let us introduce the function F(p) = 
= p- Z22(p) ■ a/(Z22(p) - 66); then, it is seen that 
Pc is the root of equation 

F(p) = 0 (8) 

an the percolation criterion can be presented as 
follows: p > Pc, where Pc is a roof of (8). An addi- 
tional study shows that, for uncorrelated lattices 
as well as for correlations of the type considered 
by us, the function F(p) has the sole root on the 
intercept pe [0,1]. 

Thus, we propose the following method for 
the finding of percolation thresholds for blocks in 
correlated lattices: the percolation threshold Pc is 
the value of concentration of type Z blocks (i.e. 
conducting ones) which is the root of F(p) func- 
tion. An euristic percolation criterion is in essence 
proposed here with universal values of a and b 
coefficients in the function F(p). It should be 
noted that the quantity Z22 involved in F can be 
always determined experimentally without diffi- 
culties and, in some cases, it can be found also 
analytically as a function of the concentration p. 
The case when the F(p) function has multiple 
roots on the intercept [0,1] requires a special con- 
sideration. 

Since uncorrelated lattice is a specific case of 
correlated one, it is of interest to verity the validity 
of the criterion formulated for several uncorrelated 
three-dimensional lattices: diamond (coordination 
number z=4), volume-centered cubic (VCC) 
(z = 8), and face-centered cubic (FCC) (z = 12). For 
uncorrelated lattices, Z22 = zp and the root of F 
function is easy to find as 

P = a + 6b/z. 

Introducing in to this expression z = 4,8,12 we 
obtain: Pfam = 0.3989 (0.428); Pc

bcc = 0.2418 

(0.245); P[cc = 0.1895 (0.198); in brackets, the 
values known from literature [18] are given. 
The agreement is seen to«be good enough what 
gives evidence for that the criterion proposed 
can be applicated for various lattice types, in- 
cluding probably also amorphous structures to 
which actual heterophase condensates belong. 

Discussion 

We have seen that the structure and physical 
properties of heterophase films depend signifi- 
cantly on interatomic bonds correlations which, 
in turn, are determined by. bonding energies eik 

and explicit form of function TeATs, E) and vary 
at changes of the support temperature and depos- 
ited atoms energy. The establishing, empirically 
or by means of numerical experiments (as is [21]), 
of a dependence of twin bonding correlations on 
deposition conditions opens up the possibilities 
for controlling the percolation threshold of each 
phase. It should be noted that just the percolation 
thresholds depend strongly on the deposition 
conditions; but critical indices and, consequently, 
near-to-threshold variations of properties are not 
influenced essentially by the degree of bonds cor- 
relation. 

The above-mentioned carbon condensates ob- 
tained under conditions far from equilibrium, e.g. 
at the deposition of plasma or ionic streams, are 
interesting objects for the comparison of theoretic 
prediction with experimental data. As is shown in 
[22] ( see also [21]), when the average energy of 
ions being deposited changes approximately by a 
factor of two, the carbon film density changes 
also by the same factor, from graphite density to 
diamond one. 

It means that, with the variation of ions en- 
ergy, the concentration of sp2 bonds (graphite- 
like) varies from 1 to 0 (while the concentration of 
diamond-like sp3 bonds varies from 0 to 1). In the 
course of this process, the percolation thresholds 
for both graphite-like and diamond-like clusters 
are obviously attained. Near the percolation 
threshold of graphite-like clusters, at p = Pc (sp2), 
a critical conductivity behaviour must be observ- 
able because graphite-like clusters are conduc- 
tors, CT ~ [P(sp2) - Pc(sp2)]'. In the same time, the 
percolation threshold of diamond-like clusters can 
be revealed by an anomaly in microhardness and 
shear module behaviou/, \x ~ [P(s ß) - Pc(s /))]'. 
Unfortunately, the experimental date available 
(see [3]) are too scarce and dispersion thereof is 
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too great for the theoretical results can be com- 
pared with them; but no principial difficulties ex- 
ist to establish the dependence of bonding 
correlations and percolation thresholds for both 
phases in carbon condensates on the deposition 
conditions (support temperature, energy of ions 
being deposited). The knowledge of those rela- 
tionships would open the possibility to control 
the combination of electric and mechanic proper- 
ties of condensates by means of deposition condi- 
tions variation. For example, if sp3 bonds are 
correlated highly, the film can possess the desired 
resistance, density close to that of graphite and, 
in the same time, a high microhardness. Our cal- 
culations have shown that, at X < -2.5, the perco- 
lation threshold for diamond-like clusters would 
be as low as Pc« 0.15. 

This work was sponsored by part by the Fun- 
damental Investigations Foundation at the State 
Committee for Science and Technology of 
Ukraine. 
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B.1I1HHHC KOppeJIHUHH B paCIIOJlO/KCHHH aTOMOB Ha 
nepKOJismHOHHbie CBoiicTBa TpexMepm»ix 

reTepo<pa3Hbix KonneHcaTOB 

A.C.EaKafi, B-IOToHnap, C.B.KpHKyH, I\.H.JIio6apcKHH 

06cy5KflaK)TCfl BO3MOHCHOCTH ynpaBJieHHa cTpyKTypHbiMH cBoficTBaMH yrjiepoflHwx rerepo<ba3Hbix 
KOHfleHcaTOB. HHCJieHHbiMH MeTOflaMH cMoaejiHpoBaH npouecc pocra reTepo(j>a3Hbix KOHfleHcaTOB c 
yqeroM KoppejmqHH BO B3aHMHOM pacnoJiojKeHHH aTOMOB H H3yneHbi nepKOJiflUHOHHbie xapaKTepHC- 
THKH MoaejibHbix KOHaeHcaTOB B 3aBHCHMOCTH OT CTeneHH CKoppeJiHpoBaHHOcTH B3aHMHoro pacno- 
jioaceHHfl aTOMOB c pa3JiHHHbiMH THnaMH jioKaJibHoro nopaaKa. HaifaeHbi nopora npoTeicaHHH H 
KpHTHHecKHe HHaeKCbi npoBOflHMOCTH H pacnpeaejieHHa KJiacrepoB no pa3MepaM. YcraHOBJieHo, HTO 

noporoBaa KOHueHTpauHfl BecbMa HyBCTBHTejibHa K H3MeHeHH3M KoppejiHUHH, Toraa K8K KpHTHHeCKHe 
HHfleKCbi OT HHX npaKTHHecKH He 3aBHc«T. IlpefljioHceH 3BpHCTHHecKHH KpHTepHH ana HaxoameHHsi 
noporoBbix KomjeHTpauHH npn HajiHHHH KoppejwuHÖ, npHMeHHMbm He3aBHCHMO OT THna peuiencH. 

Functional materials, 2, 2, 1995 227 



Functional Materials 2, No.2 (1995) 1995 — Institute for Single Crystals 

Self-regulation processes of structural and functional 
state of biological body surface 

J.P.Goudzenko 

Institute for Sorption and Endoecology Problems, National Academy of Sciences 
of Ukraine, 32/34 Palladin Ave., 252142 Kiev, Ukraine 

The aim of this work was to study the structural and functional state of biological body surface by 
electron microscopy both before and in dynamics of proposed actions directed on structural ensure- 
ment of regulative reconstruction processes. As consequence of material basis optimization for self- 
regulation by means of adequate structural ensurement, the effect of structural and functional ordering 
of the elements of surface system of biological body has been obtained. 

MeTOKD po6oTH e BHBHCHHH cTpyKTypHO-cfiyHKuioHajibHoro CTaHy noBepxHi 6iojioriHHHx Tin ao Ta B 
AHHaMiui 3fliHCHioBaHHx 3axofliB, cnpaMOBaHHX Ha CTpyicrypHe 3a6e3neneHH5i peKOHcrpyKTHBHHx 
peryjMTopHHX npoueciB. BmcopHcroByBaBca Merroa ejieiapoHHoi' MiKpocKonii. 3aBfl5iKH orrraMajiir 
3aqii MaTepiajibHoi 6a3H MexaHi3My caMoperyiwqii LUJWXOM p,ocarHeHua afleraaTHoro crpyKTypHoro 
3a6e3neHeHHa 6yB OTpHMaHHH efyeKT crpyKTypHoro Ta 4)yHKqioHajibHoro ynopaoKyBaHHH eneMeHTiB 
CHcreMH noBepxHi 6iojioriHHoro TiJia. 

In current conditions of growing exoecologic 
crisis and damaging environmental effects, the in- 
terpretation of the self-regulation processes and 
their role in the structural and functional recon- 
struction of biological body surface becomes par- 
ticularly actual. 

The purpose of this work was to study, by 
electron microscopy methods, the structural and 
functional state of biological bodies surfaces both 
before and during measures directed toward the 
structural ensuring of their regulative reconstruc- 
tion processes. The bioptates of skin, i.e. human 
biological body surface, were investigated by 
means of an electron microscope. 

A biological system, which the human organ- 
ism is, develops on its intrinsic elements; their 
interaction provides the system unity on several 
structural and functional organization levels - 
molecular, cellular, tissues, organes, systems, and 
the whole organism ones [1,2]. This is an open 
self-organizing system having different levels of 
ordering dynamic integration: it can be repre- 
sented as a spatial hierarchy on which qualitative 
biologic characteristics are imposed. 

The essence of a biological system function 
and biological processes self-movement reduces 

itself to that such a system, being a genetically 
self-reproducing one, possesses the ability to pre- 
serve its morphofunctional structure and to adapt 
to an environmental medium by means of self- 
regulation mechanisms. The basis for the self- 
regulation is the functional system which is a 
combination of interacting elements unified in a 
totality by a useful, for the system, result which it 
creates in the course of function of its different 
sections [3]. It is just the useful result obtainable 
by common function of the system individual 
parts which is the only factor determining the se- 
lective consolidation of different sections (ele- 
ments) into a common system. There is a large 
number of functional systems according to the 
variety of useful results. 

The self-regulation is a determinated dynamic 
process, since self-regulation mechanisms are re- 
alized in determinated conditions. Their "start- 
ing" occurs as a result of some specified factors 
action and they are directed, respectively, to the 
achieving of the useful result required. Thereat, 
the self-regulation processes occur in a certain re- 
gime induced by various environmental influ- 
ences. It is reasonable that the activity of the 
self-regulation mechanism sections is adequate to 
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corresponding variations of the strength and fre- 
quency of action of those environmental factors. 

A substantial feature of the functional system 
consists in its ability to the fast reconstruction 
which becomes necessary when a defect arises in 
anyone of its sections hindering the useful result 
achieving. As a result, an adaptive useful result is 
ensured by such a reconstruction of system. 

From the viewpoint of the concept of block 
organization of biologic system structures and 
functions [4-8], the self-regulation mechanisms 
are realized on the basis of the recombination and 
transposition of universal functional blocks con- 
sisting in their redistribution which required the 
adequate material provision. 

The surface of biological bodies, especially 
that of the human organism, is represented by the 
skin which, being a complex organ (section, sub- 
system), consists, in turn, skin coats system. The 
latter includes two layers of distinct origin, con- 
nected firmly together, and appendices, viz. hair 
follicules, nails, sweat and sedaceous glands, etc. 

The human organism skin as the surface of 
biological body system and as one of its sections 
(subsystems) is connected tightly to all inner or- 
gans and systems of the organism. The skin coat 
plays an important role in the homoeokinesis ad 
the homoeostasis performing the protective bar- 
rier and thermal regulation functions, participat- 
ing in the immunological reactions, production of 
biologically active substances, etc. [9]. 

The surface of a biological body-human or- 
ganism represented by the skin coats system is 
characterized by the system ordering and the dy- 
namic integration of functions on the basis of its 
subsystems intercommunication. This fact deter- 
mines a certain influence of the integral func- 
tional system of the biological body on its surface 
reconstruction an, on the other hand, ensures that 
the biological body surface is a sensitive indicator 
for the function level of the biological body as a 
whole. It should be noted that, when a recon- 
struction becomes necessary, the biological body 
surface, similar to other organs (sections, subsys- 
tems), can use not only its intrinsic possibilities, 
but also the resources of the whole biological sys- 
tem. 

Environmental changes cause deviation of 
some parameters in the morphofunctional struc- 
ture of the biological body surface, which are 
compensated by the self-regulation processes, 
provided that the skin resistance and adaptivity 
threshold is not exceeded. Otherwise, a localized 
or generalised damage of the skin coat occurs, 
whereat various disturbations of exchange reac- 
tions and disintegration of functional elements 

are observed. Since, in normal conditions, the 
self-regulation of a biological system is intended 
to ensure optimal condition of its function, the 
self-conservation and self-rehabilitation of regu- 
lative mechanism must be attained if the morpho- 
functional structure of the biological body 
surface has undergone a damage [1]. 

In connection with the foregoing, the optimi- 
zation of self-regulation mechanisms in biological 
bodies becomes necessary under pathologic con- 
ditions. It means, first of all, the optimum struc- 
tural provision of the regulative reconstruction 
processes in the functioning biological system 
subunits, viz. its organs (sections, elements) [10 
13]. It is just the equivalency of the structural 
provision which determines the reliability of the 
system as a whole under regulative processes re- 
construction. 

At an unsufficient structural provision of the 
human organism surface, structural and func- 
tional changes occur in the skin coat system ele- 
ments, viz. in the melanocyte cells, as a result 
thereof, those elements loose their specific func- 
tion to synthetize melanin; visually, this phe- 
nomenon manifests itself as the skin discoloration 
and the appearance of white spots on it (vitiligo). 

As a result of measures directed to the sub- 
strate deficit elimination, promoting the regula- 
tive   reconstruction   processes   and   the 
self-regulation mechanism self-restoration, the 
structural and functional self-ordering according 
to genetically conditioned specialization occur in 
afunctional melanocytes and epitelial cells. The 
energy exchange improves, i.e. the glycogene syn- 
thesis in the cells becomes activated from the in- 
itial process stage on to the abundant energy 
accumulation accompanied by large glycogene 
congestions in the cell cytoplasm (Fig.l). The 
number of active mitochondria increases (Fig.2); 
on the background of those, the albumen synthe- 
sis processes become activated, which cause the 
restoration of intracellular structures, viz. pre- 
melanosomes (Fig.3) and melanosomes (Fig.4). 
Along with these, on the background of active 
mitochondria and of great number of ribosomes 
not   connected   to   the   diaphragm,   the 
melanosomes of increased size are observed con- 
taining lots of meanin grains (Fig. 5). As a result 
of the melanogenesis process activation, the ripe 
melanin granules are formed (Fig.6). In parallel 
with these processes, the skin coats colour resto- 
ration is observed, determinable visually and by 
means of photoelectrical dermochromography 
[14]. The dynamics of intensity variations of the 
light reflected by skin as measured by the photo- 
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Fig.l. Melanocyte fragment containing a large glyco- 
gene congestion (GL) indicating the intercell metabo- 
lism change toward the increased energy formation. 
x 105.000 

Fig.2. Epithelium cell cytoplasm of spinous layer 
contains a lot of mitochondria (M). The cells are rich 
in cytoskeleton elements (CS). The initial phase of 
keratohyalin (KH) synthesis. The intercell contacts 
are represented by desmosomes. x 10,000 

Fig.3. Melanocyte cytoplasm fragment containing 
vesicula, premelanosomes (PMS) and newly formed 
melanosomes with single melanin grains, x 35,000 

Fig.4. Melanocyte fragment with melanosomes (MS) 
containing small melanin grains. In comparison with 
the previous figure (Fig.3), the melanosomes number 
on the cytoplasm area unit is increased, x 35,000 

ilpiiiiiliif 
Fig.5. A big active melanocyte cytoplasm fragment 
containing melanosomes increased in size, of irregu- 
lar form, with a lot of pigment grains (ML) as well as 
a great number of ribosomes (R) not connected with 
the diaphragm and actively functioning mitochon- 
dria (V). x 21.000 

Fig.6. Melanocyte fragment on final stage of melanin 
synthesis; in the cytoplasm, there are many pigment 
granules (ML) surrounded by monostratal envelope. 
The granules are dense, their envelopes are connected 
with cytoskeleton fascicles (CS). The latter points to 
the possibility of granule displacement and therefore 
proves a great extent of melanocyte ripeness and its 
specific functon perfection, x 38,000 
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electric method shows that the skin repigmenta- 
tion process follows the exponential relationship. 

Thus, due to an adequate elimination of the 
substrate deficit, the proper material provision of 
the regulative processes and the restoration of 
those is achieved, what is accompanied immedi- 
ately by the system morpho-functional recon- 
struction of the biological body surface elements. 

Conclusions 

1. In the conditions of growing frequency of 
exoecological damaging effects, the realization of 
self-regulation mechanisms is associated with the 
intensification of physiological processes which 
are the basis of those mechanisms, and with addi- 
tional material expenditures. 

2. Processes of regulative reconstruction of 
the biological body surface require the adequate 
structural provision. 

3. The- optimization of the material basis of 
self-regulation mechanism is accompanied by the 
self-ordering of structural and functional ele- 
ments on the biological body surface. 
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Flpoueccbi caMoperyjiHumt crpyKTypHO-cpyHKuiioHajibHoro 
COCTOHHHfl nOBepXHOCTH ÖHOJIOrHHeCKHX TeJI 

5K.n.ryfl3eHKO 

IJeJibio HacToauieö paöoTbi sBHJiocb HsyqeHHe cTpyKTypHO-ibyHKUHOHajibHoro cocroHHHa 
noBepxHocra ÖHOJiorHHecKHX Teji nocpeflcrooM sjieKTpoHHO-MHKpocKonHHecKHX Hccjieflo BaHHH «o H B 
AHHaMHKe npoBOflHMbix MeponpHäTHft, HanpaBJieHHbix Ha crpyicTypHoe oöecneneHHe npoueccoB 
peryjwTopHOH nepecrpoHKH. B pe3yjibTaTe onraMHsauHH MaTepnaJibHOH OCHOBW MexaHH3Ma caMope- 
ryjiauHH nyTeM flocTHaceHHH afleKBaTHoro CTpyKTypHOro oßecneneHHH 6MJI noJiyneH acbdpeKT 
CTpyicrypHoro H (byHKMHOHajibHoro ynopsmoHeHHfl 3JieMeHTOB CHcreMbi noBepxHOCTH 6HOJiorHHecKoro 

Tejia. 
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Surface influence on the decay process and evolution of 
the mechanical properties of the amorphous metallic 

alloys of metal-metalloid type 

S.G.Zaichenko and V.M.Kachalov 

Institute for Metals Science and Metals Physics, 
9/23 2nd Baumanskaya St., Moscow, Russian Federation 

Decay of amorphous alloys (AMA) of metall-metalloid type from the initial state up to the first 
state of crystallization owing to thermal action has been studied. It is shown that mechanical proper- 
ties of AMA reflect main stages of the decay process, namely, the material transformations from 
plastic to embrittled state and then from the latter to crystalline one. Embrittlement is described as 
two-stage process. Correlation between AMA mechanical properties changing and evolution of heat 
emisssion of relaxation spectrum has been obtained experimentally for the first time. The degree of 
AMA decay may be established from the parameters of heat emission of relaxation spectrum. The 
surface of AMA strip acts as a rink for metalloid atoms heading to the beginning of embrittlement and 
crystallization process. Microscopic mechanism for every stage of AMA decay is proposed. 

ripoBeaeHo flocjiiaaceHHsi po3naay aMop$HHX MeTaniHHHx cnjiaBiB ™ny Meraji-Merajioifl nifl BnnHBOM 
TepMiHHHx aifi BHxiztHoro CTaHy flo nonaTKOBHX craflifi KpHCTajii3au.ii'. YcTaHOBJieHO, mo MexaHi™ 
xapaKTepiicTHKH AMC BiaoöpawaioTb OCHOBHJ craaii uboro npoqecy, TO6TO cnocrepiraeTbca nepexifl 
MaTepiajiy i3 njiacraHHoro craHy B KPHXKHK, npHHOMy uefi npoqec HOCHTb flBOCTafliftHHO xapaicrep. 
Bnepuie BumneHO TicHy Kopejwqiio Mi» 3MiHOK> MexaiiiHHHX xapaKTepucTHK AMC Ta eBOjnouieio 
TeruioBHaiJieHHsi pejiaKcaujöHoro cneKTpa, KijibKicHi napaiuerpH HKOTO ao3BOJunoTb BH3HaHHTH craH 
MaTepiajiy AMC Ha pi3HHX crawsx po3na«y. 3MiHa KOHqeHTpaui'i MerajiouuB B npunoBepxHeBHX o6nacTflx 
oöyMioBJiioe 3apofl>xeHi-w KJiacrepiB HOBOI aMopcfmoi <J)a3H, BionoBiflaJibHHX 3a KpnxKyBaHHH, a TaKoac 
npoTiKaHHfl noBepxHeBoi KpHCTajii3aui'i 3a paxynoK cejieKTHBHoro oKHCJieHHa MerajioiaiB. Kopo-nco 
po3rjwHyro npaimiHHe 3acrocyBaHHH OTpHMaHHX pe3yjibTaTiB. 

From the viewpoint of deformable solid me- 
chanics, amorphous metallic alloys (AMAs) of 
metal-metalloid type can be considered as a me- 
dium with an almost ideal combination of elastic 
and plastic properties.Especially, in the initial 
(freshly chilled) state, AMAs have combined, in a 
unique manner, the high strength which is close 
to theoretical one for a number of compositions, 
with the plastic formability. In AMAs, the plastic 
deformation is realized in the form of shift bands 
and surfaces of destructed specimens show the 
vein-like pattern characteristic for the viscous 
failure [1-5]. 

The high sensitivity of mechanical properties 
to minor structure changes is one of specific 
AMAs features. In other words, mechanical 
properties can be a peculiar indicator of an AMA 

structure state variations. And, since those vari- 
ations begin, as a rule, in skin surface areas, the 
mechanical characteristics of AMA response to 
them beginning from the surface [5-7]. 

It is known that amorphous alloys are in a 
metastable equilibrium state. Therefore, under in- 
fluence of destabilizing factors, mainly that of 
temperature, time, irradiation with several parti- 

cles, they lose their initial plasticity and convert 
to the embrittled state and then from the latter to 
crystalline one [6-10]. In this paper, temperature 
T and time t will be primarily considered as the 
destabilizing effects. 

Thus, the main purposes of this work, along 
with the study of the surface influence on the 
amorphous state decay process, are: 
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- the determination of temperature-time intervals 
during which the mechanical characteristics of 
metal-metalloid type AMAs remain unchanged. 
The relative deformation at failure, sf, was chosed 
as the main characteristic of the specimen state; 
- the development of microscale AMA models for 
several stages of their decay. 

Experimental 

Specimens of AMAs of three different compo- 
sitions: 
Fe90 3Ni15Si5 2B3 (a>- Fe69.5Co24.4Si2.9B3:2 0>) 
and Fe57Co72Ni122Si65B36 (c) obtained by 
spinning method, 20 mm wide and 20 to 25 urn 
thick, were subjected to isochronic annealings 
(T = 10 min) in the temperature range from 
250 °C to the point of crystallization beginning, 
with the 20 °C steps. To obtain each point on the 
ef- TQ plot, where ef is the relative deformation 
at failure (RDF), and T0 is the annealing tem- 
perature, 30 specimens were mechanically tested, 
what assures the 95 % confidence level. The rela- 
tive deformation at failure was calculated as 
ef= dl(D - d) where d is the strip thickness, D is 
the distance between micrometer plates at the in- 
stant of failure of the half-loop of the bent strip 
specimen. For freshly-chilled specimens or those 
which have retained their plasticity, s, was arbi- 
trarily believed to be equal to 1. Fig. 1 shows the 
ef dependence on T0 for the (b) alloy. For (a) and 
(c) alloys, similar relationships were obtained. It 
is clearly demonstrated by Fig.l that the AMA 
embrittjement process is a two-stage one, the be- 
ginning of each stage being indicated by a bend 
on the sy(r0) curve. For the (b) alloy, a shoulder 
on zAT0) plot beginning at T0 = 350 °C and end- 
ing at 2nd bend at T0 = 475 °C is related to the 
first embrittlement stage. The temperature range 
280-350 °C is respective to a "half-embrittled" 
AMA state where some part of the specimens 
group (30 pieces ) is failed while other remain 
plastic. This phenomenon is explained, first of all, 
by variations in the strip thickness amounting up 
to 10 % ofthe average value. The second embrit- 
tlement stage begins immediately before the 2nd 
bend of Ey<r0) relationship and ends at the instant 
when the crystalline phase arises at the surface 
crystallization (T0 * 510-520 °C). 

It should be noted that, on the 1st embrittle- 
ment stage (the shoulder, see Fig.!), zf decreases 
slightly when T0 raises. This is explained by the 
increase of thickness of surface strip layers losing 
the plasticity. This thickness is, as we have shown 
earlier [6,7], a function of the alloy composition, 

260 320 

Fig.l. Dependence ofthe relative deformation at fail- 
ure (z,) on the isochronic annealing temperature (T0) 
for AMA (b). 

annealing temperature and time; the removal of 
those layers by any means (etching, electropolish- 
ing, machining) results in the complete restoring 
of the initial plasticity (equal to that of freshly 
chilled strip) [2]. 

The evolution ofthe relaxation spectrum heat 
emission (RSHE) at the increasing temperature of 
isochronic annealings was studied on specimens 
of alloys mentioned immediately after mechanical 
tests. The measurements were performed by the 
differential scanning calorimetry (DSC) using 
Du Pont thermoanalyzer. The results obtained 
for (b) alloy are shown on Fig.2 where the spec- 
tral heat emission h(T0, T, x) is plotted as a func- 
tion ofthe annealing temperature, T, and its 
duration, t. Fig.2 illustrates clearly the evolution 
of RSHE with the increase of T0. Specific features 
oftheh(T0, 77T) evolutionäre: 
- a rapid disappearance of the low-temperature 
(under 365-375 °C) relaxation spectrum (RS) 
area while the high- temperature one (from 360- 
375 to 400-430 °C) remains essentially unchanged 
under low-temperature annealings; 
- a progressive disappearance of the high-tem- 
perature RS area with increasing TQ; 
- the initiation of areas where the sign of heat 
evolution is reversed both in low-temperature and 
high-temperature RS ranges; 
- the complete disappearance of the whole RS at 
annealing temperatures 480-530 °C before the 
surface crystallization begins. 

These regularities are characteristic for all 
AMA investigated. 

In Fig.3, the variation ofthe low-temperature 
part, 2„, of RS as. a T0 function is shown for 
alloys (a-c). The figure illustrates clearly that the 
Qn dependence on T0 is essentially linear. The 
point of Qn intersection with the temperature axis 
corresponds to the complete disappearance of 
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h(T0,T,T) J/g-deg 

0.10r 

To=420 C 

_U L 

To=480 UC 

J_ L A 1- 

T0= 500 C 

Fig.2. Dependence of the spectral density of heat emission h(T0, T, t) on the isochronic annealing temperature (T0) 
for AMA (b) at T = 10 min. 
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Qr"'=jh(T01T,T)dT/Jh(T,0,0)dT -Q ,J/g 
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Fig.3. Dependence of the relative heat emission, Qn, 
of the relaxation spectrum low-temperature part on 
the isochronic annealing temperature for AMAs: 1 — 
(a), 2 — (b), 3 — (c), solid lines are approximations 
of experimental points by the least square method. 

heat evolution of the low-temperature RS range. 
Correlating the temperature corresponding to the 
equality Qn = 0 with the mechanical tests results 
of the (b) alloy (see Fig.l) we obtain that it is 
equal to -350 °C (within the limits of experimen- 
tal error). This value coincides with the tempera- 
ture of the 1st embrittlement stage onset for the 
amorphous alloy mentioned. For two other 
AMAs, (a) and (b), the temperature determined 
by the Q„ = 0 condition, was found, too, to be 
corresponding with the onset of the 1st embrittle- 
ment stage. Thus, the zero heat evolution value of 
the low-temperature part of the relaxation spec- 
trum is the criterion of the 1st embrittlement 
stage commencement. 

Physically, this evidences the transition of an 
AMA from the plastic state to embrittled one. 
Expressed mathematically, the criterion men- 
tioned has a form 

Qn = \h(T0,T,x)dT=0 0) 

where the lower and upper integration limits cor- 
respond to temperature of the heat emission onset 
(T„) and to that of the upper limit of the low-tem- 
perature RS area (T*). 

Fig.4 shows the dependences of the heat emis- 
sion variations on isochronic annealing tempera- 
tures, T0, for the high-temperature part of the 
relaxation spectrum. For all the AMAs studied, 
intersection points of Q(T0) plot with the tem- 
perature axis, Q(T0)= 0, are positioned immedi- 
ately ahead of 2nd bend of the sj(T0) relationship 
(see Fig.l, alloy (b)). Therefore, the zero heat 
emission Q of the whole RS is the criterium of the 
completion of 1st embrittlement stage and onset 

12 - 

Fig.4. Dependence of heat emission (0 of the RS 
high-temperature part on the isochronic annealing 
temperature for AMA (b). The solid line is obtained 
by the least square method. 

of 2nd one; mathematically, this criterion is ex- 
pressed as 

Q„ = lh(T0J,x)dT=0 V) 

where the upper integration limit is the tempera- 
ture of the RS upper boundary. 

Thus, by measuring the heat emission of the 
relaxation spectrum, the onset, completion, and 
duration of 1st and 2nd stages of the AMA em- 
brittlement can be determined. It should be noted 
that the duration of 2nd embrittlement stage cor- 
responds physically to the incubative period of 
the surface crystallization, and the completion of 
the latter is evidenced by the crystallization phase 
occurrence. 

According to modern concepts, for the vast 
majority of AMAs of metal-metalloid type, the 
bulk crystallization is preceded by the surface one 
(SC) [13]. The SC differs from bulk one, first of 
all, by the composition of crystallizing phases. 
For Fe-based AMAs, the SC proceeds according 
to so-called primary mechanism. It consists in the 
formation of a-Fe crystallites in the surface-near 
areas of the strip having thickness of 0.5-2 urn. 
The boron and carbon atoms play a leading part 
in the change of the crystallization character 
[14,15]. The selective oxidation of B atoms which 
were bonded with Fe atoms in the freshly chilled 
state causes the a-Fe crystallization, since the 
chemical composition of the surface-near areas 
comes out of amorphization range due to car- 
bonization [6,7,14]. This explanation is supported 
by the analysis of surface-near layers of the 
freshly chilled and annealed AMA (a) performed 
by the Auger spectroscopy. Since concentrations 
of elements under analysis are proportional to the 
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corresponding Auger peaks amplitudes [16], con- 
centration profiles in depth of strip specimens 
were constructed in the scale of relative ampli- 
tudes of Auger peaks which were calculated as 

(3) 
ver *(0 

TAo 
where A(i) is the Auger peak amplitude corre- 

sponding to the element analyzed; ^A(iy the 
i 

sum of Auger peaks amplitudes for all elements. 
Correlation of the concentration profiles for 

strip-specimens of AMAs (a,b,c) in freshly chilled 
and annealed states leads to following conclu- 
sions: 
- boron atoms diffuse toward the surface where 
they undergo the selective oxidation; 
- a surface layer forms, depleted in boron; 
- the annealing effect causes the diffusion of at- 
mospheric oxygen atoms and carbonization of 
surface layers. 

To describe the SC kinetics, the Mehl-Jones- 
Avraami law is conventionally used [17]: 

X(0 = l-expH,.(r-fo)"] (4) 

where x(0 is the crystalline phase concentration; 
/0 is the incubative period duration; 
b = b0 ■ exp(-%T), b0 is a constant; U is the SC 

activation energy; R is the gas constant; T is the 
temperature (K). 

Thickness of layers containing the crystalline 
phase was studied experimentally as a function of 
the annealing temperature and duration. Strip 
AMA specimens after the thermo-magnetic treat- 
ment (TMT) are three-layer plates consisting of 
partially crystallized layers adjacent both to the 
contact and free surfaces and separated by an 
amorphous core [18,19]. Specimens after TMT 
had a straight form which indicated to the equal 
thickness, d, and properties of layers mentioned. 
The layer containing the crystalline phase was 
etched on one side of the strip specimen. Begin- 
ning from a certain thickness of the removed 
layer depending on the annealing duration 

(T0= 480 °C, T = 45, 60, 75, 90, and 115 min), the 
curvature radius of specimens remained constant. 
The technique of the crystallized surface layer 
thickness determination is described in detail in 
[18]. Table 1 shows the experimental results of d 
values determinations for the AMA(a). It is seen 
from those data that the SC, on its initial stages, 
is characterized by following features: 

236 

Table 1. Thickness of the crystallized layer, d, and 
stable curvature radius for AMA (a) as functions of 
the isothermal annealing duration, T, at T = 480 °C. 

Annealing time, min 45 60 75 90 115 

Layer thickness, 
d, \m\ 

0.2 0.39 0.47 0.67 0.92 

Stationary curvature 
radius, R, mm 

239.5 194 96 78 67.2 

1 

- the linear relationship between the thickness of 
layer containing crystalline phase and the high- 
temperature annealing duration; 
- the incubative period duration (f0) is close to 
25 min at T0 = 480 °C. 

To describe the movement of the surface crys- 
tallization front, let assume that the incubative 

period duration, t0, for a layer having thickness 

dz and positioned at distance z from the strip 

surface, is a function of boron atoms concentra- 

tion. The latter is, as it follows from the boron 
atoms concentration profile in depth, the linear 
function of z, i.e. 

(5) <#„(*) 
dz = k- Ch,    k = const 

By integrating of Eq.(5) with regard for boundary 
conditions 

I        -ä    * (6) 

where D is the maximum thickness of layer crys- 

tallized from the surface on and containing oc-Fe; 
Fis the SC front velocity, we obtain 

(7) 'ofe 0 V 
+ tn k-Cb=V 

Inserting f0(z,f) into Eq.(4), we have as an ulti- 
mate result 

%(t, z) = 1 - exp - b \t - to + j? 
(8) 

Unknown parameters U and« involved in Eq.(8) 
were evaluated by independent experiments. The 

SC activation energy, U, was determined using 
Kissinger method [6,19,20] from the temperature- 
caused displacement of the crystallization peak at 

varying heat rates (dT/dt - 2; 5; 10; 20 deg/min). 
The value of parameter n was obtained from ex- 
perimental relationships 

lnflnTl-^z^/lntl-x^,^]])       (9) 

ln(/, - t0)An(tj -10) 

Functional materials, 2, 2, 1995 



S.G.Zaichenko and V.M.Kachalov/Surface influence.. 

where ;',; are ordinal numbers corresponding to 
annealing durations x - 45, 60, 75, 90, 115 min 

(»*/); X(fr zi) is tne a"Fe concentration on the 
crystallization front, whose value, according to 
structural investigations, does not exceed 1-5 %. 
As is shown in [13-15], the x(0 value on the SC 
front depends only slightly on the time f at initial 
stages. Besides, it follows from [16] that, in the 
primary crystallization case (i.e. in that just under 
consideration), n = 1. The n value averaged over 
the entire experimental data set (9) amounted, in 
fact, ton = 1.0635 for AMA (a) and n= 1.0314 for 
(c). Numerical values of SC activation energy 
were U - 90 kJ/mol for the (a) AMA and 
U = 68 kJ/mol for (c). 

Furthermore, the direct experimental study 
was performed to confirm the above criterion 
(Eq.(l)) of the 1st embrittlement stage onset. The 
(b) AMA specimens were subjected to annealing 
at T = 300 °C (Fig.5). From some specimens, em- 
brittled layers were removed by etching, electro- 
polishing or machining methods. Thereafter, 
relative heat emissions in the low-temperature RS 
range were correlated expressed by ratios 

\h{TQ,T,z)dT (10) 

\h{T, T=20°C,x = 0)dT 

T 

where numerator is the heat evolution of speci- 
mens with and without embrittled layers, denomi- 
nator is that of the freshly chilled ctrip (see Fig.5). 
For specimens with embrittled layers, this ratio 
had always a negative value, while for those from 
which embrittled layers were removed, a positive 
one. Mechanical tests have shown that specimens 
devoid of embrittled layers demonstrated the 
plasticity in full measure (as much as the freshly 
chilled strip) what was evidenced by the occur- 
rence of a residual unbending angle after the test- 
ing of free bending by 180 degrees [21]. 

Discussion 

The performed study of the viscous-to-brittle 
transition (1st embrittlement stage) of amorphous 
metal-metalloid type alloys allow to conclude 

that: 
- the embrittlement of AMAs is a process de- 
velopping in time; the overlap of the whole trans- 
versal »section of a strip by embrittled layers 
indicates to the completion of the 1st embrittle- 
ment stage and onset of 2nd one; 
- this process commences from the strip surface; 
the thickness of layers having losen the plasticity 
is a function of the intensity and duration of des- 

-dAH/dT, J/gdeg. 

0.15 

0.10 - 
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100 200 300 400  T,°C 

Fig.5. Variation of the RSHE for AMA(b) at isother- 
mal annealings, T0 = 300 °C: for freshly chilled speci- 
men, (1), annealed for T = 10 min, (2), x = 40 min, (3), 
x = 90 min, (4), and x = 180 min, (5); specimens 4 and 
5 are embrittled. 

tabilizing effects, especially, at annealing, a func- 
tion of its temperature, TQ, and duration, x; 
- embrittled layers are in an amoqmous state, 
what is evidenced by the structure investigation 
results using X-ray analysis [22], Moessbauer 
spectroscopy [9,23], differential scanning cal- 
orimetry [6,7], electron microscopy [10], spectral 
ellipsometry [24]. 

The amorphous state of those deplasticized 
surface layers differs, however, both from initial 
one and from that of the amorphous core. The 
above-mentioned experimental results of me- 
chanical tests and variations of the RSHE associ- 
ated strongly with those results give the most 
compelling evidence for this statement. More- 
over, the difference between of Young module 
values for embrittled layers and for the plastic 
core is shown to amount up to 15 % [25]. 

There is a number of indirect evidences sup- 
porting the above interpretation of mechanical 
test results and calorimetric measurements. Espe- 
cially, the occurrence of second Curie tempera- 
ture, Tc, was found for AMA Fe4oNi4oP2o after 

annealing resulting in emhbrittlement. Spectro-el- 
lipsometric measurements performed on an AMA 
of Fe-Ni-Si-B system have shown the occur- 
rence of a doublet structure in the IR range of the 
optical conductivity spectrum after annealings 
[24]. This anomaly indicates that, in surface-near 
areas, structural inhomogeneities are appeared 
having dimensions of several hundreds of Ang- 
strom units. The doublet structure occurrence is 
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explained by collisions of conductivity electrons 
with those inhomogeneities. 

The sound emission study performed on 
freshly chilled and embrittled AMAs specimens 
of several compositions including alloys (a), (b), 
and (c), under uniaxial tension and bending test 
conditions, demonstrated substantial changes of 
the acoustic emission spectrum characteristics af- 
ter a thermal treatment. These changes involve a 
new pattern of distribution of shift pulses, a re- 
duction of their number and transformation of 
form, as well as the occurrence for embrittled 
specimens, ofseveral powerful pulses which cor- 
respond to the formation and growth of embrit- 
tlement fractures [26]. 

Experimental data relating to the X-ray small- 
angle dissipation showed the dissipation intensity 
increasing by 3-4 times for embrittled specimens 
as compared with freshly chilled ones [27]. 

Thus, it is believed that, in embrittled layers, 
some structural changes take place not removing 
the material from the amorphous state but result- 
ing in the formation of a new amorphous phase. 
That is supported by the Auger spectroscopy data 
[28,29] which evidence a change of the chemical 
composition of surface layers in AMAs strip 
specimens after annealing. That change consists 
in the increase of metalloid atoms concentration 
by 3-4 times in comparison with the initial state 
due to transition of those atoms into surface-near 
areas. We have found the inhomogeneity of the 
metalloid atoms distribution not only in depth 
but also in planes parallel to strip specimen sur- 
face. The measurements were performed using X- 
ray microprobe [30]. It follows from this fact that 
metalloid atoms are gathered together forming 
clusters having transversal dimensions ofseveral 

o 
hundreds of A and consisting, in our opinion, a 
new amorphous phase. 

The first reversible embrittlement stage termi- 
nates when deplasticized layers overlap the whole 
section of amorphous strip. From this instant on, 
the second irreversible AMA embrittlement stage 
begins. On this stage, the mechanical behaviour 
of an AMA of metal-metalloid type is charac- 
terized by a sharp Sydrop from values of-10"' to 
those of < 1(H (see Fig.l). This fact is associated 
with precrystallization processes: the crystal- 
lization centers formation and pre-critical growth 
of crystalline phase nuclei. These latter are, on the 
one hand, concentration sites for external stresses 
and, on the other hand, the source of internal 
ones. In [18], a mechanism is supposed for the 
occurrence of a stressed state in partially crystal- 
lized (from the surface on) AMAs, and the main 
contribution is shown to be due not to "phase" 

stresses [14, 15] but to those occurring as a result 
of the difference between thermal expansion coef- 
ficients of the crystalline phase and amorphous 
matrix. Processes resulting in the increase of in- 
ternal stresses and concentration of external ones 
cause a sharp drop of the relative deformation at 
failure, gy, to < 10~2 values. 

The result obtained can be used to resolve 
some practical problems: prediction of thermal 
stability of AMAs mechanical characteristics at 
any temperature [6]; evaluation of allowable tem- 
perature-and-time working ranges for AMAs 
used as construction materials; calculations of the 
guaranteed service life for cores made of AMAs 
in medium- and high-power transformers; regula- 
tion of hysteresis loop characteristics (the rectan- 
gularly coefficient and slope) by means of 
stressed state variation in partially crystallized 
strips of magnetic circuits [10]. 

Conclusions 
1. The decay process of amorphous alloys of 

the metal-metalloid type is accompanied by the 
degradation of mechanical properties and is char- 
acterized by a transition from plastic state to em- 
brittled one and from the latter to the crystalline. 
The AMA embrittlement is the two-stage process. 
On the first reversible stage, it is associated with 
the formation of deplasticized layers growing 
from the surface on. The second stage is the incu- 
bative period of the surface crystallization. 

2. A close correlation between the heat emis- 
sion of the relaxation spectrum and embrittle- 
ment kinetics is first revealed for AMAs of the 
type mentioned. The entire disappearance of the 
heat emission of the relaxation spectrum low- 
temperature part dropping, at a fixed tempera- 
ture, proportionally to logarithm of the thermal 
action duration, corresponds to the onset of 1st 
embrittlement stage, i.e. to AMA transition from 
the plastic state to the embrittled one. The onset 
of the second embrittlement stage is determined 
by zero heat emission of the relaxation spectrum. 

3. It is found that the free surface plays a lead- 
ing part in the process of amorphous state decay. 
Both embrittlement and crystallization begin 
from amorphous strip surface. In the first case, 
that is associated with the transition of metalloid 
atoms into surface-near areas and formation of a 
new amorphous phase clusters, while, in another, 
with selective oxidation of those atoms removing 
the composition of surface layers from the amor- 
phization area and causing the surface crystal- 
lization. 
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The results obtained allowed to develop pro- 
cedures for the determination of thermal stability 
of AMA mechanical characteristics, as well as to 
evaluate the time of transition from the plastic 
state to embrittled one and the duration of the 
surface crystallization incubative period for any 
temperatures. 

References 
1. D.G.Ast, T).JKiemtsky,Mater.Sci.andEng., 43,241 

(1980). 
2. A.MGlezer, B. V.Molotilov, Structure and Mechanical 

Properties of Amorphous Alloys [in Russian], Metallur- 
gia^ Moscow (1992). 

3. V.P.Alyokhin, VA.Khonik, Structure and Physical 
Regularities of Amorphous Alloys [in Russian], Metal- 
lurgia, Moscow (1992). 

4. K.Suzuki, H.Fujimori, K.Hashimoto, Amorphous Met- 
als [in Russian], Metallugria, Moscow (1987). 

5. 3.J.Gi\mm,Appl.Phys., 46,1625 (1975). 
6. S.G.Zaichenko, V.M.Kachalov, V.T.Borisov, Izv.RAN, 

Metally, 4, 165(1992). 
7. S.G.Zaichenko, V.M.Kachalov, Metally, 3,132 (1994). 
8. R.Gerling, F.P.Schimansky, R.Wagner, Ada Metall., 

36,575(1988). 
9. B.George, Ann.Chim., 10, 725 (1985). 

10. V.A.Makarov, S.G.Zaichenko, A.I.Zaitsev et al, Magn. 
andMagnMater., 133, 351 (1994). 

11. H.S.Chen, E.K.Koleman, Appl.Phys.Lett., 29, 245 

(1976). 
12. S.GZaichenko, V.V.Minin, V.M.Kachalov, Abstr. of 

3rd All-Union Conf. on the Struct.Investig. of Amor- 
phous Metallic Alloys [in Russian], (Moscow, 1988), 
Metallurgia, Moscow , Part 2, p.305. 

13. U.Koster, Mater.Sci. and Eng., 97, 233 (1988). 

14. G.Herzer, HR.Hilzinger,Mign. andMagnMater, 62, 

143(1986). 
15. H.N.Ok, A.HMorrish.^/.P/iys., 52, 1885 (1981. 
16. A.I.Kovalev, G.VShcherbedinsky, Modem Methods 

of Metals and Alloys Surface Investigation [in Rus- 
sian], Metallurgia, Moscow (1989). 

17. F.Varret, M.Bourrous, Solid State Comm., 63, 683 

(1987). 
18. S.G.Zaichenko, V.M.Kachalov, Poverkhnost. Fizika, 

khimia, mekhanika, 3, 119 (1994). 
19. H.F.Kissinger, ,W.C/iem., 29,1702 (1957). 
20. T.Ozawa, Therm.Analys.,2, 301 (1970). 
21. S.GZaichenko, V.T.Borisov, V.V.Minin et al., Zav.la- 

feor.,5,76(1989). 
22. AMGlezer, B.V.Molotilov, O.L.Utevskaya, FMM, 

58,991(1984). 
23. V.K.Sethy, R.Gibala, A.H.Hey er, Scr.Metall., 12,207 

(1978). 
24. S.G.Zaichenko, T.N.Krasnozhen, L.V.Poperenko et al., 

Abstr. of 4th Ail-Union Conf. on the Struct.Investig. of 
Amorphous Materials [in Russian], (Izhevsk 1992), Ud- 
murt GU Publ. (Izhevsk) p. 59. 

25. S.GZaichenko, V.V.Minin, in 9th Inter-High-School 
Collect, of Works on the Metal Amorphous Materials 
[in Russian], Udmurt GU Publ., Izhevsk (1988), p.46. 

26. S.G.Zaichenko, V.V.Braginsky, Metallofizika, 12, 15 

(1990). 
27. E.M.Vlasova, B.V.Molotilov, M.A.Arcishevsky, 

.FMW, 63,490 (1987). 
28. J.L.Walter, F.Becon, F.E.Luborsky, Mater.Sci. and 

Eng., 24, 239 (1976). 
29. F.Okuyama, N.Fujimori, S.Sobue et. al., Appl.Phys., 

60,2618(1986). 
30. S.GZaichenko, V.T.Borisov, V.V.Minin, in Abstr. of 

10th All-Unkm Seminar on Metallic and Non-metallic 
Glasses Structure and Nature [in Russian], (Izhevsk 
1989), Udmurt GU Publ., Izhevsk, 1989, p.154. 

BjiHHHiie noBepxHOCTH Ha npouecc pacna^a H 3BOJIIOUHIO 

MexaHHHecKHx CBOHCTB aMop<pHbix MeTajuiimecKHX cnjiaBOB THna 
MeTajiJi-MeTajuioHfl 

C.r.3afiHeHKO, B.M.KaMajioB 

npoBeaeHO HccjieflOBaHHe aMopcbnbix MexaJiJiHHecKHX cnjiaBOB THna Merajui-MerajuioHfl noÄ 

BJIHflHHeM TepMHHeCKHX BOSfleHCXBHH OT HCXOflHOrO COCTOflHH* flO HaMMbHb.X CXaflHH KPHCTajUIH3aUHH. 
YcraHOBJieHO, HTO MexaHHHecKHe xapaKxepHCTHKH AMC oxpa^aiox ocHOBHb.e cxaflHH sxoro npouecca, 
TO ecxb HaejuoaaercH nepexoa Maxepnajia m nJiacxHHHoro COCTOHHHJ. B oxpynHeHHoe. BnepBbie 
oÖHapyaceHa xecHaa Koppeln* Meawy HSMeHemwMK MexaHHHecKHx xapaKxepHCXHK AMC H SBOJIIO- 

UHefi xenjioBbweJieHH« pejiaKcauHOHHoro cneKxpa, KOJiHnecxBeHHbie napaMexpw Koxoporo nosBOJiaiox 
onpeneraxb cocxoaHHe Maxepnsuia AMC Ha pa3JiH4Hbix cxaÄH«x pacnafla. HsMeneHHe KOHueHxpauHH 
nocjieflHHX B nPHnoBePXHoeTHb.x oÖJiacxax o6ycJiOBJiHBaer sapoacfleHHe oxsexcxBeHHb.x 3a ox- 
nWwHBaHHe KJiacxepoB HOBOH aMop<hHOH cpasbi H npoxeKaHHe noBepxHOCXHOH KPHcxaJuiH3aUHH 3a cnex 
cejieKXMBHoro OKHCJieHHH MexaJiJioHflOB. KpaxKO paccMoxpenbi npaKXHHecKHe npHJiorceHH* nojiy- 

neHHbix pe3ynbxaxoß. 
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Distortions induced by surfacelike elastic constants in 
NLC confined to cylindrical cavity 

A.D.Kiselev and V.Yu.Reshetnyak* 

Chernigov Technological Institute, 95 Shevchenko St., 
250027 Chernigov, Ukraine 

♦Institute for Surface Chemistry, National Academy of Sciences of Ukraine, 
31 Nauki Ave., 252028 Kiev, Ukraine 

In this paper we consider NLC confined in a cylindrical cavity under the anchoring conditions of various 
types. The influence of the saddle-splay and splay-bend terms (the £24-term and the £13-term) on the axial 
director configuration stability is investigated. By using the Fourier expansion of director fluctuations over 
azimuth angle our analytical method of attack enables the stability conditions to be found in terms of the 
stability with respect to each fluctuation mode. Two ways to stabilize the structure are explored: the 
stabilization by magnetic field and by the action of the boundary conditions. We get the restrictions 
imposed on the values of the constants to make the stabilization possible. The dependence of the resultant 
stability threshold on the surfacelike elastic constant values is calculated. We discuss in detail experimentally 
detectable effects due to the presence of the £19-term. It is shown that the escaped-radial director structure 
exhibits some special features induced by the £13-term. 

B craTTi po3rjiaHyro HeMaTHHHHH pupcHH KpHcraji, saMKHyrHH y UHJiiHapHHHiH nopojKHHHi, npH 
pi3HHX yMOBax 3ienJieHHfl. .ZJocjiiflHceHO BnJiHB HJieHiB K2A i KIV mo onncyioTb KOMÖiHOBaHi 
fletjjopMaini (cKouieHy ciÄJioBHflHicTb Ta KOCHH BHI-HH), Ha CTiÖKicTb aicciajibHoT KOH(}>irypain'i' 
AHpeKTopa. AHajiiTHHHHH nurxifl aBTopis i3 BHKopHCTaHHHM po3KJiafly (JmyicryauiH OTpeicropa B pa« 
Oyp'e, ao3Bojiae BH3HaHHTH yMOBH CTifiKOCTi no BiflHouieHHio flo KOJKHOI MO^H duiyKTyainH. flocni- 
H>KeHo flBa cnoco6H cTa6iJii3auii' crpyicrypH: 3 jjonoMoroio MaraiTHoro nojw Ta BnjiHBy KpafioBnx 
yMOB. 3HafiaeHo oÖMexceHHH 3HaneHb KOHcrraHT, mo 3a6e3neHyioTb MoauiHBicTb cTa6ijii3auii. 
Po3paxoBaHO 3ajie>KHicTb pe3yjibTyioHoro nopory criHKocri Bia 3HaneHb noBepxHeBo-no«i6HHX 
KOHcraHT npyxcHocri. ^oicnaflHO po3rJWHyTO eiccnepHMeHTajibHO BHHBJiem e<})eKTH, oöyMOBJieHi 
Ha3BHicTK) HJieHa Kl9. rioKa3aHO, mo paaiajibaa crpyKTypa wpeKTopa Mae aesnd cneuH(J)iHHi 
ocoSjiHBOcri, oSyMOBJieHi HJICHOM K{y 

I. Introduction 

As it have been shown in the papers [1-3], in 

addition to the usual Frank terms (splay plus 

twist plus bend) the nematic free energy contains 

so-called surfacelike elastic terms, that is, two 

terms of divergence form, saddle-splay and splay- 

bend ones which can be transformed into inte- 

grals over the boundary surface and are 

proportional to the surface elastic constants being 

referred as K14 and KIV respectively. They may 

be taken in the following forms: 

A24 r 
F1A = - -y J dv div [n div n + [n curl n]] 

*, A.J3 r 
F13 = - —r- J dv div [n div tt] 

(1) 

(2) 

where n is the nematic director field. 
The surface terms are irrelevant if we are in- 

terested in the bulk properties of NLC, but they 

are of considerable importance in the under- 

standing of the physical properties of NLC con- 

fined in geometries more restrictive than bulk. 
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Taking up first the A.'24-problem, the case 
when the K13-term is disregarded, notice that the 
problem of minimizing the free energy with the 
£:24-term was shown to be always well-posed be- 
cause this term does not contain the director de- 
rivatives along the directions normal to the 
boundary surface [4,5]. Hence, the K24-term only 
affects the standard boundary conditions. Re- 
cently, physical effects whose very occurrence 
critically depends on the value of Ku has been 
shown to exist [5-7], and even estimates of the 
constant has been made [8.9]. 

In contrary to the K24 problem, the issue con- 
cerning K13-term is much more questionable. In 
the strict sense, the free energy functional with the 
Kl3-term is unbounded from below and that is 
the reason why strong spontaneous substrate di- 
rector deformations were found to be possible 
[10]. One way to avoid such an unphysical effect, 
proposed in [11,12], is to search the director dis- 
tribution minimizing the free energy functional 
among the solutions of the Euler-Lagrange equa- 
tions. To examine the validity of this approach 
we study in this paper how the surfacelike terms 
affect the stability threshold of axial director con- 
figuration for NLC confined in a cylindrical cav- 
ity in the presence of stabilizing magnetic field 
under the anchoring conditions of different kind. 

In Sec.II, the stability analysis is given in the 
one-constant approximation. But using the 
Fourier expansion of director fluctuation over 
azimuth angle we derive inequalities which give 
the stability condition for axial structure with re- 
spect to each fluctuation harmonics. We explore 
two ways to stabilize the structure in question: by 
the magnetic field and by the action of boundary 
conditions. In both cases we have had the restric- 
tions imposed on the values of Kl5 and Ku if one 
takes the assumption that the configuration can 
be stabilized. Namely, the stabilization is ap- 
peared to be possible provided that the quantity 
KnIAK takes the values lying between qu - 
(qu)m and q14 + (q24)m, where the notation qu 

denotes KUI1K. We also discuss whether the 
number of fluctuation harmonics, which deter- 
mines the resultant stability threshold, could be 
changed by the magnetic field or by the anchoring 
energy at the given values of Ku and Kl3. The 
results of numerical calculations are presented. 

The escaped-radial director configuration is 
investigated in Sec.III. The stability threshold 
with respect to zero fluctuation harmonics is 
shown to describe the transition between the axial 
structure and the escape-radial one. A compari- 
son of the energies reveals that there are the val- 
ues of K]3 at which the stability condition does 

not provide the global stability of the axial pat- 
tern. The /J13-term is found may produce an addi- 
tional degree of the energy degeneracy and that, 
in its turn, would result in the appearance of dis- 
clination circle a the surface. 

II. Stability of axial director 
configuration 

Let us consider a NLC confined in a the cylin- 
drical cavity of radius R in the presence of mag- 
netic field applied along the cavity axis, H = 11%.. 
The NLC free energy may be taken in its standard 
form: 

F = | J dv [(div n)2 + (curl n)2 - ?V] + ''24 + 
V 

+ Fu-
W±\ds^-"f\ds^J        0) 

where the one-constant approximation is used 
and q1 = %aH/K (q~l is the magnetic coherent 
length, xa is the anisotropic part of magnetic sus- 
ceptibility, which is assumed to be positive). In 
Eq.(3), the energy of the interaction between the 
NLC and the cavity wall is presented as a sum of 
two addens written in the Rapini-Papoular form 
[13]. The first one is the anchoring energy under 
the homeotropic boundary conditions (the vector 
of easy orientation is normal to the confining sur- 
face) and the last term represents the energy of 
planar director anchoring to the wall (the vector 
of easy orientation is directed along the cavity 
axis). To begin with the stability analysis it is con- 
venient to write the director in the cylindrical co- 
ordinate system (0Z axis is parallel to the cavity 
axis) as follows: 

n = cos0 cosO> e^ + cos© cosO e# + sin© e, =<p (4) 

where © = 0(r,cp) and <D = <D(r,cp). Evidently, the 
axial director distribution (n0 = ez) can be ob- 

tained from Eq.(4) on putting © = cp = 0. Herein- 
after, we shall use the notations 6 and § for small 
deviations of the angles © and O from zero. 

To study the axial configuration stability one 
has to substitute the director field given by Eq.(4) 
into the expression for the NLC free energy 
Eq.(3) and derive the second-order variation of 
the free energy functional as a second-order part 
of the energy in the angle fluctuations 6 and f 
For short, we omit the expression for the second- 
order variation from which one can obtain the 
Euler-Lagrange equations: 
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i 2   2 1 -q r 

-2 

where 

dip 

A = 

<9cp 
1 2   2 

(5) 

r — 
_apj 

Since the angle fluctuations are 27t-periodic 
functions of the azimuth angle, they can be ex- 
panded in the Fourier series over q>. 

Q = {2n)/1  X QJr) exp(H»<p) 

<t> = (2TI) 
1/2  X ,iW exp(//ncp) 

m = -<* 

(6a) 

(6b) 

To solve the Euler-Lagrange equations let us in- 
troduce new Fourier amplitudes in the following 
way: 

(7a) ♦>) = (4>(r) + i9w(r)/2 

8>) = (<|»W+ieB,(r)/2 (7b) 

The solutions are expressed in terms of modified 
Bessel functions [14]: 

e>) = Cjl Vn (<? r); «^(r) = Cm
2 /m+1 fo r), (8) 

where CV are the complex coefficients 

(Re Om = AJm and Im CJ, = BJm,j=l, 2), Im(x) is 
the modified Bessel function of order m. 

After inserting Eqs.(6-8) into the expression 
for the second-order variation of the free energy 
we have the one as a sum of quadratic forms in A ■ 
and Bj. 

m=0 
,(B)] (9) 

For the axial configuration to be stable all the 
quadratic forms 82Fm(A) should be positive defi- 
nitely, so that the condition of the axial structure 
stability is given by a set of inequalities descrip- 
tive of the stability with respect to each fluctua- 
tion harmonics specified by number m. Standard 
algebraic analysis provides the conditions for 
82Fm(A) to be definitely positive which are taken 
in the form suitable for subsequent discussion. 

m = 0: 

iwh < (1 + 20j3) Y+ito - 924 + WP = T0{x) 
[0<y+l(x)-q24 + wp=p0(x) 

m>0: 

\wh<TJx) = tJx)/(2Pm(x)) 
0 <pm{x) = ajx) + ßm(x) - 2q24 + 2wp 

(10a) 

(10b) 

where 

Ym+l(*) : 
**»»(*) ß*(*)        (lla) 

2(1« + l)/m+1(x)    m + \ 

,.    2m/ffl(x) 2      (lib) 

'niW = -?13(a«W-ßwW)   + 

+ ^«(«mGOPßmto -im+ 1)9241 + 

+ qzfa ~ Wm(x) + Wp(<X-m(x) + ßmto» + 

+ 4(am(x) + (m-l)q24 + wpy 

x^m(x)-(m + l)q24 + ^pj 

The following designations for four dimension- 
less parameters were used: wh = WhR/2K, 
wp = WpRI2K, qu = K24/2K and qi3 = Knl2K. 

Since parameter wh is nonnegative, we can de- 
termine the resultant stability threshold as a 
greatest lower bound of the quantities which de- 
termine the stability for each fluctuation mode: 

Wc{x) = M \TRm(x)) (13) 

TR   = \T«f^'   if7'mW>0and^M>0 
m    [0, otherwise O4) 

Then the stability condition becomes 

wh < Wc(x). (15) 

In what follows we consider the possibility for 
the axial director pattern to be stabilized either by 
applying the magnetic field or by increasing the 
anchoring energy W. Mathematically, if 
Wc(x) = 0 at w - 0 for all x > 0 one can say that 
the magnetic field fails to stabilize the axial con- 
figuration under the homeotropic anchoring con- 
ditions. In other case, of Wc(x) = 0 at x = 0 for all 
Wp > 0 we have the configuration to be unstable, 
even though the boundary conditions make the 
molecules of NLC orient along the cavity axis. 

KiA-term influence on the stability threshold 

In this subsection, we deal with the case of 
Kl3 = 0. There is no need to make numerical cal- 
culation to arrive at the conclusion that the axial 
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WhR/2K WhR/2K 

Fig.l. «.The plots of TRm versus qR for m = 0 - 3 at q24 = 0.8. ft.The stability diagram in wh-q14 plane at 
qR = 1 - 3. In both figures the stability region is arranged below the curves. 

structure cannot be stabilized by the magnetic 
field if the value of q24 does not lie within the 
interval (0,1). In other words, it means that, for a 
given value of x, it is possible to find a number m 
such that either Pm{x) < 0 or Tm(x) <0 if q24 takes 
the value which is outside the interval (0,1). To 
prove our contention let q24 initially be negative, 
so that Pm(x) > 0 for any m. The expression for 
tm(x) can be derived from Eq.(12) on putting 
wp = qn = 0. 

tjx) = 4 (m + 1) [am + (m - 1) <?24] x 

x [vm+i - <?24J (16) 

Obviously, the sign of tm(x) is determined by 
the first factor enclosed in square brackets and it 
remains to see that the factor goes negative if m is 
a sufficiently large number, since am(x) goes to 
zero asm->» (see Eq.(llb)). If q24 is greater 
than unity it will suffice to note that ym+i(x) is 
monotonically decreasing function of m, which 
tends to unity as m -»oo, and therefore, the sec- 
ond factor of Eq.(16) enclosed in square brackets 
will be negative, beginning with sufficiently large 
number m, while the first one is positive. 

In the case of the stabilization by the action of 
boundary conditions {x = 0 and wp > 0), we come 
readily to the similar conclusion. As am(0) = 0 
and ßm(0) = m+1, from Eq.(12) one can obtain 

tm(0) = 4 (m + 1) [wp + (m - 1) ?24j x 

x[l-<724 + V(m + 1] 

It is clear that fm(0) goes negative for sufficiently 
large number m under q1A being out of the inter- 
val [0,1]. 

The plots of TRm in relation to x = qR are 
presented in Fig. la at q2A - 0.8 and m = 0 - 3. As 
illustrated, the first fluctuation harmonics (m = 1) 
defines the stability threshold in the case of small 
magnetic field strength (77*,(0) = 0), but the 
number of the mode, governing the threshold, 
changes to zero as the field strength increases. 
The harmonics which contribute to the resultant 
stability threshold, Wc(x), are increasing in num- 
ber with the quantity q2A approaching zero or 
unity. Interestingly, TRm(x) are not equal to zero 
for all m, if q24 takes a critical value (0 or 1) and 
x * 0, but lim TRm = 0 as m -» oo and, as a conse- 
quence, Wc(x) = 0 for any x. Hence, high order 
harmonics play an important part in the vicinity 
of critical values of K24 causing the axial structure 
to be destabilized. The effect of the destabiliza- 
tion is illustrated in Fig. lb, where the plots of Wc 

as a function of q24 are shown at qR = 1,2,3. 
When we alter the anchoring energy Wp to 

gain the stabilization of the axial director struc- 
ture, the situation we encounter is rather differ- 
ent. Simple analysis reveals the fluctuation mode 
with m = 1 alone to determine the stability thresh- 
old Wc(0): 

W, 
wp(2-2g24 + V 

'924 + wr (18) 
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whR^K FER/87IK 

3.0 

2.0 

1.0 - 

0.0 
0.0 2.0   z 

Fig.2. «.The ^-dependence of TRm for m = 0 - 3 at ?24 = 0.8 and ?13 = 0.5. A.The energy of the escaped-radial 
configuration as a function of parameter z at qu - 2.0, ql3 = l .2, wA = 0.75 and w  = 0. 

so that it is impossible to change the number of 
fluctuation mode contributing to the threshold. 
At last there is nothing to forbid the value of q24 

be equal to zero or unity. 

1+?13-[1+?13]/S<2?24<1+?13 + [1 + 2?13]'/* 

<7l3>-l/2 

K\3-term influence on the stability threshold From the inequality P,(0) > 0 we have the thresh- 

Here we find out how the surface elastic con- 
stant A',3 affects the axial pattern stability. As can 
be seen from Eqs.(l la I lb), the quantities Pm(x) 
do not depend on Kl3 and, even if q24 > 1, it is 
possible to meet the condition Pm(x) > 0 by 
choosing an appropriate magnitude of the field 
strength, that is x, or the anchoring energy, W . 
Because of this, one has to analyze the expression 
for tm(x) as it has been done above. Let us first 

0 and w  > 0. From Eq.(12) 

old for w : 

2 2   '^ 
-913-1)   +913] 

(22) 

have the case of x 
we have: 

tm(0) =Am2 + 2 (-q?3 + 2qnwp + 2wp) m - 

-4l23+4<7l3(w,7-924) + 

+ 4(wp-?24)(Wp-924+1) (19) 

where 

A^-q^ + Aquq24 + ^qu(\-q2A)      (20) 

The requirement A > 0 places the restrictions on 
quandq24: 

2 [<?24 - (<?24)'/2] < «13 < 2 [l24 + (fei)'"*} 

924 >0 

or 

wp>924-9l3-1+[(924 

Bearing in mind Eqs.(21,22), the function 
TRm(0) can be proved to be an increasing func- 
tion of m for m > 1. Thus we arrive at the conclu- 
sion that Wc = TRX(Q): 

ff/_-9i23+^(^ + 2+2gl3-2g24) 

Notice that the result of the previous subsection 
0 <?24 < 1 is a direct consequence of Eq.(21) and 
from Eq.(22) we get wp > 0. The latter implies no 
threshold for w at qi3 = 0. 

Coming back to the stabilization by the action 
of magnetic field under the homeotropic anchor- 
ing conditions, wp = 0, one can see the restriction 
given by Eq.(21) remains unchanged since the co- 
efficient A of the quadratic polynomial in m of 
Eq.(19) differs from one in the case of nonzero 
magnetic field by quantities which tend to zero as 
m ->oo. Interestingly, there are no restrictions on 
qu value from above and q24 just must be posi- 
tive. Referring to Fig.2a, it can be seen that, even 
if wh = 0, the axial pattern is unstable until the 

(21)       strength of magnetic field reaches its critical 
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value, x = xc, which depends strongly on qu and 
qxy Indeed, from Eq.(17) we find out that 
f,(0) < 0 at w = 0. Therefore, it is necessary to 
apply the magnetic field of finite amplitude to 
make f,(0) positive. So in the presence of K]y 

term both the magnetic field (wh > 0, wp = 0) and 
the anchoring energy Wh(x = wh = 0) must exceed 
their threshold values to make the axial structure 
stable. Here we have the effect to be detected ex- 
perimentally. 

in. The escaped-radial structure in 
the presence of Ä"o- term 

To clarify the role of that term we study here 
how the surfacelike elastic constants affect the es- 
caped-radial director structure [15]. The configu- 
ration had been explored in [9,16] with K24-term 
alone, but some new effects are appeared to be 
induced by the K13-term. The director field and 
the free energy for the structure under investiga- 
tion are given by 

(24) n = sinx(>-)ez + cosx(>)eR 

2        2 

sinxW = £2^ 2 
p +r 

(25) 

(26) 

where p is the integration constant. 

Fm(z)/(2nK) = 2 z (1 + z)~3 x 

x[z2 + (3-2^24 + 2w/)-2wA)z + 

+ 2(l-q24 + wp-wh + 2qu)]-wp 

where z = (R/p)2. It is easy to see that Eqs.(25,26) 
lead us to the axial structure, provided that z = 0, 
and FA = 2-n.Kw . Therefore, the stability of the 
structure is governed by the sign of the term in 
square brackets of Eq.(26). We have the axial 
configuration favourable in energy over the es- 
caped-radial on under the term being positive for 
all z > 0. Interestingly, the stability condition 
wh < r0(0) yields the increasing of FER(z) at z = 0, 
that is to say it means the local stability of the 
axial configuration. In the event when Kn = 0, 
the condition is sufficient, but äs evident from 
Fig.2b, in the presence of the K13-term, the local 
stability does not imply the global one. Thus, we 
encounter here the effect which looks like as bis- 
table and caused by the K13-term. For sake of 
definifqness, one has to point out the fact that 
Eq.(22) supplies more rigid requirement for the 
axial configuration to be stable which makes the 
difference FER-FA positive under the planar an- 
choring conditions, so that there is nothing to 
contradict our stability analysis and the effect 

may be attributed to the existence of the thresh- 
old for w . 

Another effect which we are able to discuss is 
connected with the escaped-radial configuration 
degeneracy in energy. The structure is known to 
be doubly degenerate due to the mirror symmetry 
x-> -£, that is the reason for the point defects to 
appear along the cavity axis [9]. The K,3-term 
may result in an increase in the degree of the de- 
generacy in the event when the energy FER(z) 
reaches its minimum at z = zmin > 1 (see Fig.2b). 
If so, a new configuration of the same energy can 
be defined in the following way: 

[sinxW,     r<Pmin 
Sm*('> = {-sinxW,   Pmin<r^ 

(27) 
where sin%(r) is given by Eq.(25) with p = pmin = 

= fl/zjnn- In tne same manner as i* had been 

shown for the mirror symmetry one can expect 
such kind of degeneracy to produce circles of the 
disclinations at the surface. It must be empha- 
sized that the A:13-term do not necessary make the 
value of zmin greater than unity, but we always 
have zmin less than unity provided the term being 
neglected. 
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B03MymeHHH B H>KK, 3aKJIH)HeHH0M B UHJIHHJipHHeCKOii nOJIOCTH, 
no,n BJiHHHHeiM noBepxHOCTHO-noiioÖHbix KOHCTaHT ynpyrocTH 

A.^.KHceneB, B.IO.PemeTHaK 

B   CTaTbe paCCMOTpeH   HeMaTHHeCKHH   *HÄKHH   KpHCTajlJI,   3aKJIIOMeHHbIH   B   UHJIHHflpHHeCKVKl 
nojiocTb, npn paMHHHbix ycjioBHSx cuenjieHHH. HccjieaoBaHO BJiHflHHe HJICHOB K24 n K[3, onHCbma- 
KIJJHX KOM6HHHpOBaHHbiefle<t)OpMaUHH (CKOUJeHHyiO Ce&TOBHflHOCTb H KOCOH H3rn6), Ha yCTOHMHBOCTb 
aKCHaJibHoft KOH({)HrypaunH anpeKTopa. AHajiHTHnecKHH noaxoa aBTopoB c ncnojib30BanHeM 
pa3Jio)KeHHH 4"iyKTyai4HH flHpeKTopa B paa Oypbe, no3BOJiseT onpeflejiHTb ycnoBHa ycTOHMHBocra no 
oraouieHHjp K KaTOOH Mofle 4>jiyKTyaqHH. Hcnojib30BaHbi «Ba cnoco6a cra6H.riH3aqHH CTpyKTypbi: c 
noMoujbio MarHHTHoro noJia H B03fleHCTBHH KpaeBbix ycjioBHfi. HaftfleHbi orpaHHHemiH 3HaneHHH 
KOHCTaHT, oßecneiHBaiomHe B03MO*HocTb CTaÖHJiroauHH. PaccHHTaHa 3aBHCHM0CTb pesyjibTH- 
pyioiuero nopora ycroHHHBOCTH OT 3HaneHHH noBepxHOCTHO-noao6Hbix KOHCTaHT ynpyrocTH. 
IIoflpoSHO paccMOTpeHbi 3KcnepHMenTanbHo o6Hapy)KHBaeMbie 3<jx{)eKTbi, o6ycnoBJieHHbie HajiHineM 
HJieHa Kl9. IloKa3aHO, HTO paflHajibHaa crpyKTypa anpeicropa o6jiaaaer HeKOTopbiMH cneun(j)HHecKHMH 
OCo6eHHOCT5MH, 06yCJI0BJieHHbIMH MJieHOM Kiy 
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Interaction with surface and the director field structure 
in the plane-parallel cell of liquid crystal with 

Grandjean-Cano type disclinations 

M.F.Ledney andI.P.Pinkevich 

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine 

The cholesteric liquid crystal with monotonous change of twisting power along the plane-parallel 
odfniÄ^lpp««»" of Grandjean-Cano type disclinations is considered. It .s shown that 
fee Komogeneity of the cholesteric twisting power and the finite value of the director adherence 
Energy 31 ill bounding surfaces influence considerably the director fie d structure near he 
SLation. The director field in the neighbourhood of disclinat.on ,s found for the case of the hm.ted 
longitudinal dimension (d * «) of disclination structure. It is shown that ,t» dependence on the value d 
is significant if d has the order of the cell thickness or less. 

Po3rJiHHyTO xoJiecrepHHHHH piflKHH KpHcraji, saicpynyioHa 3AaTHicrb axoro MOHOTOHHO 
3Mtobc" no AOB^HHi LocKonapajienbHoi KOMipKH, mo npHBO«HTb flo HOSBH AHcumiauiH ™ny 
rpaH^Ha^aHO nowoaHO, u,o neoflHopiflHicrb 3a»cpyHyK>MoI 3ÄaTHOcri xoJiecrepHHa , x.HueBa 
™HHa e„Zi *KLHH» «npeKTopa 3 o6Me*yK>HHMH noBepxnaMH KOMiPK„ cyrreso Bn^Baiorb 
™ynl «HPSKTopa ro&nfy «mauli. 3„aHfleHo no.e „npeKTopaB OKO*. „HCK™, 

np„7o3oMy noB3fl0B*„bOMy po3Mipi «/*») «HCdiHauiflHoi ^y^.^°^:HZrr° 
aLacHicTb Bi« BeJiHHHHH d crae snaHHOK), «Kino d Mae nopwoK TOBUIHHH KOM,PKH a6o MenuiHH. 

1. Introduction 

Unique physical properties of liquid crystals 
(LC) depend on the director field spatial structure 
which, in its turn, is determined by the director 
interaction with external fields and the cell sur- 
face. This interaction, in some cases, causes dis- 
continuities in the director variation, i.e. so-called 
disclinations. 

The Grandjean-Cano disclinations are known 
[1] to arise in wedge-shaped cells of cholesteric 
liquid crystals (CLC) when a jump-like director 
change by one-half revolution of the cholesteric 
spiral occurs. Expressions for the director field 
distribution near a Grandjean-Cano disclination 
were derived earlier [2] in form of infinite series, 
while in [3] a solution by means of elementar 
functions was found, though neglecting the cell 
wedge-like shape. In both works mentioned, infi- 
nitely rigid boundary conditions were supposed 
for the CLC director on the cell surface. Actually, 
the director interaction with the cell surface is of 
course not infinitely strong, and, since significant 

strains take place near to a disclination due to the 
director jump-like change, an essential change of 
the CLC director field structure in the vicinity of 
a disclination are to be expected already at rela- 
tively small diminishing of the boundary condi- 
tions rigidity. 

In a plane-parallel CLC cell with planar 
boundary conditions, disclinations can be ob- 
tained if use is made of the molecular photo con- 
version phenomenon. In fact, molecules of some 
LC are able, as a result of the incident light ab- 
sorption, to change its conformation transform- 
ing into relatively long-lived photo-converted 
states [4]. Parameters of such photo-converted 
molecules (PCM) differ from those of LC mole- 
cules in the ground state. In the case of CLC, this 
fact can result in a dependence of the twisting 
power (the spiral pitch) on the PCM concentra- 
tion. 

Then, if the PCM concentration varies mono- 
tonically along the planar cell length, whole num- 
bers of cholesteric spiral half-waves will fit in the 
cell thickness in its certain areas. In the case of 
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rigid boundary conditions, the half-waves num- 
ber will change jump-like at the transition from 
such an area to a neighbouring one, and Grand- 
jean-Cano type disclinations will occur. The di- 
rector field structure nearby such a disclination 
will discussed below for the case when the bound- 
ary conditions on the cell surface are not abso- 
lutely rigid. The influence of finite longitudinal 
dimension of the area where the disclination is 
located on this structure will also be considered. 

2.Basic equations 

Picture a CLC plane-parallel cell of 2L thick- 
ness with planar boundary conditions. Let OZ 
axis of a Cartesian coordinate system be directed 
normal to the cell planes, the coordinates origin 
being placed in the cell center. Assume that the 
cell is infinite in the OX and OY directions. Let us 
imagine, further, that, by means of an incident 
light field, in the CLC cell, a stable, inhomogene- 
ous along the cell, distribution of PCM is main- 
tained, whose chirality differs from that of 
ground CLC molecules, so the cholesteric twist- 
ing power depends monotonically on the x coor- 
dinate: t = t(x). Assume, however, this 
dependence to be small, so the t(x) function 
change on the characteristic length of director 
change in the CLC cell (having order of the twist 
pitch) can be neglected. 

Then, the CLC cell free energy can be written 
[5] as 

F = F +F 

Fv = UdV(A:, J(div )2 + K22[f^- rot 5*1- t(x)]2 + 

+ £r33[n
>xrotn*]2 

W 
2 

(1) 

Ff = -yJdS(n*. ef,    w>0. 

where Fv is Frank volume elastic energy; Fs is the 
surface free energy expressed by Rappini poten- 
tial [6]; n^is director; e>={coscp0, sincp0, 0}, unit 
vector of easy director orientation on the cell 
planes. In the expression(l), terms containing the 
elastic constants Ki3, K2i are absent, since their 
corresponding integrals over the plane-parallel 
cell surface with planar director orientation equal 
to zero. Moreover, since the light field being ab- 
sorbed with the PCM creation is assumed to be 
weak, its contribution to the CLC free energy due 
to the interaction with director will be neglected. 

For definiteness sake, let us believe that the 
axis of the director easy orientation on cell planes 
is directed along the OX axis, i.e. assume cp0 = 0. 
Since the boundary conditions are planar, the di- 

rector spatial distribution in the CLC cell volume 

can be looked for in form n*= {cos(p(x,z), 

smq>(x,z), 0}, where <p(x,z) is the angle between 
the director and OX axis depending also on the x 
coordinate value because of inhomogeneity of the 
CLC twisting power. 

Minimizing the expression (1) in relation to cp 
angle, we obtain, in the one-constant approxima- 
tion (Ku = K22 = K33=K) the following equa- 
tion: 

dx2     dz2 

and the boundary conditions to it 

f-/Cr)±^sin2«p 

(2) 

(3) 

Jz = ±L 

Here, the parameter a = WL/K. 

3. The director spatial distribution 
at a finite adherence energy W value 

Let a function t(x) be monotonic over the (-oo, 
+oo) range and of such character that, in the case 
of the infinitely rigid adherence of the director to 
the cell surface (a = oo), the CLC spiral pitch, at 

27i       4L 
x -» -oo,   equals   to  P _ = = —,   i.e.   n 

~°°    f(-oo)     n 
halfwaves of a cholesteric spiral fit in the cell 

271      4L 
thickness, while, at x -» oo, P   = =  and 

00    r(oo)    n+\ 
n+\ of spiral half-waves fall in the cell thickness. 
Then, as it is known, a disclination of Grandjean- 
Cano type arises perpendicular to XOZ plane; let 
the OY axis be directed along that disclination. 
The development of the director disclinational 
structure along the OX axis is quite unlimited and 
depends only on the type of the disclination itself. 

If the parameter a = oo, the problem of the 
director orientation determination in the volume 
of a CLC plane-parallel cell with a specified t(x) 
is similar to that considered in [3] for a flat wedge 
with CLC having the homogeneous twisting 
power. 

The solution of Eq.(2), in this case, is 

,    .    2n+1 nn      ,,    x 
9» to) = -^— nz + — + q>'(x,z); 

^)=1/2H^} + (P'°; 
\-Vi; x>0, z>0 

cp'0= 0;     x<0 
V2    x>0,  z<0. 

(4) 
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Generally, for finite c values, equation (2) and (3) 
can be solved only numerically. For the most inter- 
esting and often practically realizable case o» 1, 
however, the approximative solution of these equa- 
tions can be obtained in the analytical form. To this 
end, let the solution sought be presented as 

t(x) 
2n + l 

4L 
z + b(x,z) 

(5) 

and let believe, because function t(x) varies 

smoothly, that LJ^«0 
Then' U follows 

from (2), (3) that the function b(x,z) satisfies the 
two-dimensional Laplace equation and the fol- 
lowing boundary conditions on the cell surface: 

Wi (6) 
b(xj=±L) = + ^th |^ 

At the obtaining of Eq.(6), terms of order 

higher than a-1 were discarded. 
At x -> ±00, the CLC spiral distortion due to a 

disclination disappears, and cp(-^o,z) = 2L >' 

(p(oo,z) = ^p- iK + C2. Then, using the expression 

(5), the following values for b(x,z) function at 

x -> ±ao can be obtained: 

• N        nz (?) 
6(±00,Z) = +   ^. 

It follows from the sense of the <p(x,z) func- 
tion definition as the angle between director 
and OX axis as well as from the symmetry of the 
problem, that the b(x,z) function is an odd one 
of the z coordinate. Thus, the problem of the 
cp(x,z) determination is reduced to the solution 
of Laplace two-dimensional equation for the 
b(x,z) function in the range -oo<x<oo, 
0 < z < L with boundary conditions (6), (7), ac- 

counting for b(x,Q) = 0. 
The solution of this boundary problem can be 

presented [6] in the form 

b(x,z) = ~lb(x'•*')■§,G^;*''z'} ^' 

where G(x, z; x ', z ') is the Green function corre- 
sponding to the boundary problem; N is the inter- 
nal normal to the integration contour enclosing 
the two-dimensional area under consideration. 
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The function 

'nS exp-7- -exp L 
nS'* 

can be 

L 
shown to display conformically an infinite stnp 
-oo<x<oo, 0 <z<L of the complex plane 
S = x + iz onto the internal area of a circle of unit 
radius. Then, as is known [6], the sought Green 
function will be determined by the expression 

G(x,zs',z,) = — \n 
Vllx+iz)_eVL(x' + iz') 

%(x+/z)_eM.(x'- ■;z') (9) 

Inserting the expression (9) in Eq.(8) and ac- 
counting for values (6), (7) being taken by the 
function b(x',z') on the integration contour, we 
obtin, after integration: 

x situ -r - z 
v    '    4L     , fron 

sh 
TOC (10) 

v J"C0{?J 
Thus, it follows from Eqs.(5), (4) and (10), 

that the director spatial distribution in the neigh- 
bourhood of a Grandjean-Cano disclination de- 
pends on the adherence energy of the director 
with the cell surface, that energy is characterised 
by the a parameter. At a finite value of a » 1, 
two mechanisms contribute to the change of the 
disclination structure: the CLC twisting power in: 

homogeneity which is described by the first 
braced term of Eq.(5), and the straightening of 
the disclination structure due to the weakening of 
the boundary conditions rigidity. The contribu- 
tion of this mechanism is described by the b(x,z) 
function and does not depend on the form of the 
smooth monotonous function t(x). 

t(x) - —7T- ■ n The function 4L 
z accounting, 

in Eq.(5), the influence of variation of the CLC 
twisting power from its average value in the (-00, 
+00) range on the director distribution, attains its 

maximum value ±jf at x -»+<». 

Fig.l shows the calculated values of the b(x,z) 
function for several values of z argument. It is 
seen that the maximum b(x,z) values do not ex- 

~ 2/i + 1     n 

t(x) - ceed those of 4L 
z function; how- 

ever, the b(x,z) function achieves these values 
already in the distance ~ L from the disclination 
center. Therefore, in the vicinity of a disclination, 
the director orientation variation at finite values 
of its adherence energy with the cell surface is 
associated mainly with the dislocation structure 
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-0.8 
0.0 2.0 

Fig. 1. z = L/3 - a, L/2-b, L-c. 

straightening not amending on the form of r(x) 
function. 

4. Influence of the finite 
longitudinal dimension of 

disclination structure 

Let now be a smooth function t(x) such that, 
in the point x = xn, n half-waves of the cholesteric 
spiral fit in the cell thickness, and in the point 
x - x,       ■■ • ' *'    '   "" n+\ „,,, rt+1 the half-waves, i.e. the disclination 
structure is limited, along the OX axis, by a finite 
length [xn, xn+{\. Let assume, for simplicity sake, 
that a disclination (x = 0) is positioned in the cen- 
ter of this length, i.e. x„=-d, x„+1= d, and the 
director adherence with the cell surface is abso- 
lutely rigid (W=o6). 

It is convenient, in this case, to look for solu- 
tion of Eq.(2) in the form similar to the solution 
(4) of the problem involving the infinitely rigid 
director-to-surface adherence but with an unlim- 
ited, along OX axis, dimension of disclinational 
structure area: 

Cp(X,Z) : 
2«+l nn        , (11) :-4£-*z + y + (Pl(x;z), v    > 

where cp,(x,z) satisfies the two-dimensional 
Laplace equation and the same boundary condi- 
tions on the cell surface as q>'(x,z). Similar to 
cp'Ou), the cp,(xz) function is odd in relation to z 
coordinate, therefore, it is sufficient to consider it 
in the area 0 < z < L, -d < x < d. 

The values of cp,(x,z), at x = ±d can be found 
taking into account that, in these planes, whole 
numbers of CLC spiral half-waves are specified to 
fall in the cell thickness. We obtain 

<Pl(-^) = -ff.    cpl(^) = -g    * IB       71 (12) 

4L'    ^"^--47-2 

To find cp,(x,z), let consider the plane of com- 
plex vanable S - x + iz and display conformically 
the tetragon (x = -d, x - d, z = 0, z = L) onto the 
upper half-plane of the complex variable 
W = U + IV. 

Such a displaying is realized by means of the 
elliptic sine function and has the form [6] 

where 

w = sn I - • s, m 

k = F(\,m) = \ dt 

V(l-/*)(l-i»2r2) 

(13) 

(14) 

is the full elliptic integral of 1st order; m is the 
module of elliptic integral. 

As a result of displaying (13), the function 
cp,(y) = cp,(x,z), will transform to the function cp(w) 

and boundary points of the tetragon (x = ±d, 
z = 0,L) will convert to points on the real axis in the 
plane w; therewith, an equation to determine the 
module of elliptic integral will also be obtained: 

K=d_ (15) 
k    Z 

where 

■'-(l-m2)/2 

(16) 

The boundary conditions for the function 
<Pi(x,z) will give, after the conversion (13), the 
function cp(w) values on the real axis. 

Thus, for a harmonic function q>(w), we have 
the TDirichle problem for a half-plane. Its solu- 
tion can be written by means of the Poisson inte- 
gral [6]: 

VM—Jq*/)— 4 
{t-uf+vT (17) 

Inserting the cp(vv) values on the real axis and 
integrating, we obtain 

cPl(x,z) = ?0,) = |ri-|]arctgi±^ + mv 

_i_ 1 tz    n      .1 -mu     z 1 -u + 7 (7 - 1) arctg-^— - — arctg^ + 4KL 

z 
4L 

.   U      K 
-z arctg- - - 
2       °v     4 

(18) 

where 
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(19) 

dn(a,OT) = (1 - m   sn (a,m) 
The expressions (11), (18), (19) define the 

sought distribution of the director at a finite lon- 
gitudinal dimension of a disclination structure. 

In a specific case, when tf-»°o, we will obtain, 
from Eqs.(15), (16) for the module of elliptic inte- 
gral, that m = 1, m ' = 0, k' = TC/2, k/d = 7t/(2L). 
Then, after simple conversions, it follows from 
Eqs.(18), (19) that cp,(x,z) = cp'(x,z), i.e. we obtain 
the problem solution for the case of unlimited size 
of the disclination structure along OX axis. 

Fig.2 shows the calculated dependence of 
cp,(x,z) function values on the distance to a discli- 
nation along OX axis for several z coordinate val- 
ues and two longitudinal dimensions of the 
disclination structure described by the parameter 
d/L. It is seen that it is in the vicinity of the discli- 
nation where, at a change of d/L parameter, the 
maximum variation of the <p,(x,z) occurs. There- 
with, when the z coordinate increases (i.e. as the 
cell limiting planes are approached), the maxi- 
mum changes of the cp,(x,z) function are shifted 
themselves toward larger x values. It should be 
noted that, as the calculation shows, already at 
d/L>2, the director field of a disclination struc- 

^(x,z) 

-0.6 - 

Fig.2. d/L - 2 - solid lines, d/L = 0.5 - broken lines; 
z = 0.1-a,0.5-b,0.9-c. 

ture becomes close to that at its unlimited size 
along OX axis (i.e. at d = <»). Therefore, the direc- 
tor field structure variations near to a disclination 
become significant only at d < 2L. 
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B3aHM0fleficTBHe c noBepxHocrbio H cTpyKTypa nojia iinpeKiopa B 

njiocKonapajiJiejibHOH smeiiKe jKiiaKoro KpncTajuia c 
üHCKMHuaiuiHMH THna FpaH^ana-KaHo 

M.O.JleflHefi, H.n.riHHKeBHH 

PaccMOTpeH xojiecTepHHecKHH «HAKHH Kpiicrajui, 3aKpyHHBaiomaH cpocoÖHocTb KOToporo MOHO- 

TOHHO H3MeHHeTCH no fljiHHe njiocKonapajiJiejibHOH anefiKH, HTO npHBO/jHT K noHBJieHHio aHCKJiHHauHH 
Tuna JIarpaH)Ka-KaHo. IloKa3aHO, HTO HeoflHopoflHocrb 3aKpynHBaiomeH cnocoÖHOc™ xojiecrepHHa H 

KOHeiHocTb SHeprmi cqenJieHH« «HpeKTopa c orpaHHHHBaroujHMH noBepxHocTHMH sweHKH cymecTBeHHO 
BJIHHIOT Ha CTpym-ypy nojra flHpeKTopa B6JIH3H flHCKJiHHauHH. HafiaeHO nojie aiipeKTopa npn orpaHH- 
HeHHOM npoaoJibHOM pa3Mepe (d* °o) jyiCKJiHHauHOHHOH crpyKTypbi. IloKa3aHO, HTO ero 3aBHCHMOCTb 
OT BejlHHHHbl rfCTaHOBHTCa 3HaHHTejIbHOH, eCTIH rfnopflflKa H MeHbUie TOJIIJUHHbl HHeHKH. 
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Influence of aerosil surface on frequency characteristics 
of filled nematics 

G Ya Guba** A V.Glushchenko*, N.Yu.Lopukhovich**, V.V.Ogenko**, 
Yu.ARezmkov*, V.Yu.Reshetnyak**, O.V.Yaroshchuk* 

♦Institute for Physics, National Academy of Sciences of Ukraine, 
46 Nauki Ave., 252650 Kiev, Ukraine 

"""Institute for Surface Chemistry, National Academy of Sciences of Ukraine, 
31 Nauki Ave., 252022 Kiev, Ukraine 

Influence of the aerosil surface modification on the electrooptical properties of heterogawous 
systanTLosil - liquid crystal has been investigated: It is found that aeros.l part.cles can be cons d- 
eSTithln systems in question, as macroscopic admixtures. A model is proposed according o which 
tne^CnÄuency limit of t'he system is associated with the minimum size of the d.rector .nhomo- 
geneity regions. 

HocjnaaceHO BHJIHB Moa^iKaiiii noBepxni aepocHJiy Ha ejieicrpoonTHMHi BJiacrHBOcri 
rerepo^Hx cHC;eM aepoL - piflK„H KpHcra,. IIoKasaHO, nto B ÄocOTBa„„x cHcreMax 
HSHKH aiocH,y «n poarjjm, « MaxpocKoniHHi «OM.UIKH. 3anpono„OBaHo Mofl* P^HO 
TnZ rpLnHa nacrora BiaryKy cucreMH noB^yerbca 3 M.H.M^HHM PO3M1POM oßnacre». 
HeoÄHopiflHocri «Hpeicropa. 

1. Intensive investigations of various systems 
on liquid crystals (LC) basis got recently under 
way [1-3] what is motivated by the perspective of 
creation, on that basis, of new information dis- 
playing systems as well as by that such systems 
offer new possibilities to study interactions be- 
tween a LC and a surface. 

Among various geterogeneous LC media are 
so-called filled nematics, consisting of small-size 
silica (aerosil) particles suspended in a nematic 
LC [4,5]. Such systems are characterized by a 
strong effect of the electrically controlled light 
dissipation, i.e. an electric field application 
thereto causes the clearing-up of the medium 
which was initially opaque [6]. 

Since any filled LC is a system with largely 
developed surface, the state of the aerosil-LC in- 
terface can influence significantly the macro- 
scopic characteristics of suspension. Influence of 
the aerosil surface modification on the charac- 
teristics of optical response of filled nematics at 
the electric field application thereto was studied 

Functional materials, 2, 2, 1995 

earlier by us. The chemical grafting of various 
molecular fragments to the aerosil surface makes 
possible to vary the state of surface endowing it 
with hydrophilic or hydrophobic properties. The 
investigations have shown that the electooptical 
features of filled LC become enhanced when the 
hydrophobic character of the aerosil surface be- 
comes more pronounced: the working stability 
and switching contrast increase, the saturation 
voltage (Usat) of the T(U) dependence decreases 
(here T is the system light transmission; U, the 
voltage applied to a sample). 

A more comprehensive study of the electroop- 
tical characteristics of filled LC is necessary to 
understand physical processes occurring therein 
at the electric field application and to choose a 
working model for calculations. The purpose of 
this work was to investigate the dependence of the 
filled LC light transmission on the applied field 
frequency and on aerosil surface modification 

type. 
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2. The commercially available aerosil A-300 
o 

with the grain size 100 A was used to suspensions 
preparation. The surfaces of silica particles were 
hydrophobized to depress the particles aggrega- 
tion in the suspension. The modification was per- 
formed by means of surface fragments deposition 
from a solution. It is known from literature [7] 
that organosiloxanes are excellent silica surface 
hydrophobizing agents widely used in practice. 
Octamethylcyclotetrasiloxane (OMCTS), methyl- 
phenylcyclotrisiloxane (MPhCTS), methylvinyl- 
cyclotrisiloxäne (MVCTS), aminopropyltri- 
ethoxysilane (AGM-9), poly(dimethyl)siloxane 
(PMS-5), and hexamethyldisilazane (HMDS) 
were chosen as modifying agents. 

The aerosil surface modification was per- 
formed both by liquid-phase method and by cata- 
lytic method under vacuum [8,9]. Silica was 
pretreated by heating at 610 K for 2 h (in the case 
of liquid-phase synthesis) or at 720 K under vac- 
uum. 

The chemical modification of the silica surface 
with OMCTS was performed by vacuum-treat- 
ment method at 720 K for 2 h. 

The modification with MVCTS was per- 
formed at 580 K with consequent vacuum treat- 
ment at 620 K for 2 h. 

The reaction with MPhCTS was conducted at 
430 K in the presence of diethylamine. 

The liquid-phase technique was used to mod- 
ify the aerosil surface with AGM-9, HMDS, and 
PMS-5. The reaction with AGM-9 was performed 
in the presence of OMCTS, that with HMDS in 
the presence of trimefhylacetoxysilane over 66 h 
with subsequent thermal treatment at 350 °C for 
1 h in the case of HMDS or at 100 °C for 1 h in 
that of AGM-9. 

The surface modification with PMS-5 was 
conducted in 5 per cent solution in hexane under 
the presence of OMCTS with subsequent thermal 
vacuum treatment at 670 K for 2 h. In the course 
of the investigation of samples where the silica 
modified with PMS-5 was used as the filler, the 
reaction conditions mentioned above were found 
to be the best ones for the preparation of silicas 
intended to serve as LC fillers. 

The IR spectra consideration had shown that 
surface hydroxyls are effectively substituted in all 
silicas modified. Materials modified with 
MPhCTS were the only exclusion. The cause is 
perhaps that the phenyl group is more volumi- 
nous than vinyl one and thus hinders the reaction 
between MPhCTS and surface hydroxyls. 

In the course of chemisorption of modifying 
agents mentioned, siloxane complexes become 
grafted to the aerosil surface (Fig.l,a). In the case 

Si 

Si 

/ 

H3CV   / 
O—Si. 

o 
\,CH3 
Si Si 

X>—Si 

CH, 
I 

-tO—Si-]n-CH3 

CH3 

Fig.l. a) Siloxane complexes on the aerosil surface. 
R = CH3 for OMCTS, C6H5 for MPhCTS, CH2=CH 
for MVCTS, CH2CH2CH3 for AGM-9, CH3 for 
HMDS, b) Linear siloxane structures on the aerosil 
surface after its modification with PMS-5; « = 1-4. 

of modification by PMS-5, linear siloxane struc- 
tures are formed on the surface (Fig. l,b). 

The nematic ZhKM-1285 (NIOPIK, Russia) 
having the dielectric constant anisotropy 
As = 11.8 and birefringence An = 0.156 was used 
as the LC. It is a mixture of cyanobiphenyls and 
cyclohexancarboxylic acids esters. Suspensions 
were prepared by blending the components in an 
ultrasonic mixer. The aerosil concentration in the 
mixture varied from 2 to 20 %. The suspension 
layers of 10 um thickness placed between two 
glasses with transparent electrodes were investi- 
gated. The sample thickness was preset by means 
of a small amount of spacers added to the mixture 
under study. 

In Fig. 2, the device used to measure the de- 
pendence of sample light transmission, T, on the 
frequency, /, of the voltage applied, U, is sche- 
matically presented. The light beam of a HeNe la- 
ser (X = 0.63 um) goes through the sample under 
study, dissipating partly therein. The undissi- 
pated light as well as that dissipated within a solid 
angle not exceeding 2 ° is registrated by the pho- 
todiode Phdl connected with a digital oscillo- 
scope. The photodiode Phdl is intended to 

Phd1 

>,= 0.63^m"y^ 

Fig. 2. Schematic view of the experimental device used 
to measure the dependence of samples light transmis- 
sion, T, on the frequency,/, of the voltage applied, U. 
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Fig.3. a) Dependence of the light transmission constant 
component, variable one, and sum thereof on the volt- 
age [/for first type samples; b) the variable light trans- 
mission component for second type samples. 

control the testing beam intensity. The voltage U 
is applied to the sample by means of an audio-fre- 
quency signal generator GS allowing for the fre- 
quency variation in the range 0.1 - 20000 Hz. The 
signal intensity proportional to that of the light 
incident on the Phdl photodiode was measured as 
a function of the applied voltage frequency, /, at 
U - 15 V. The stability of U at frequency vari- 
ations was controlled by means of a selective volt- 
meter. 

We have noticed that the experimental results 
reproducibility can be attained, for some filled 
LC samples, only after several measurements of 
electro optical characteristics. Namely, at the first 
voltage-contrast characteristic measurement, 
curves obtained under voltage increase and de- 
crease do not coincide with each other; what re- 
sults in a residual cell clearing. The degree ofthat 
residual clearing depends significantly on the sur- 
face modification type and diminishes when the 
aerosil surface becomes more hydrophobic. A 
constant response to the alternating field applied 
was established a few minutes after the start of 
experiment. All the results described below have 
been obtained for cells preconditioned in an alter- 

150f, Hz 

Fig".4. Dependence of the frequency characteristics on 
the aerosil concentration, C, for first type samples. 

Table. 

Aerosil No. Modifying agent Frequency 
type characteristic type 

1 OMCTS 1 

2 MPhCTS 1 

3 MVCTS 1 

4 AGM-9 1 

5 PMS-5 2 

6 HMDS 2 

nating electric field what assured the results re-' 
peatability. 

At applying of alternating voltage to the sam- 
ple, a time constant light transmission component 
(7=) as well as variable one (T„) were observed 
(Fig.3). The frequency of the variable component 
exceeded twice that of the electric field. As'a re- 
sult, two types of the T= and T„ curves behaviour 
were revealed. The first type (1) is characterized 
by monotonic increase of T= component and 
monotonic decrease of T_ with the applied field 
frequency (/) rise. Therewith, the total light trans- 
mission, T= + r_, depends only slightly on the 
frequency (Fig.3,a). This fact suggests that the 
eventual redistribution of the light dissipation in- 
tensity between various angles at the field appli- 
cation is small. 

For two samples (see Table), another behav- 
iour type of frequency dependencies was ob- 
served: those were unmonotonic. The T„ 
dependence characteristic for that type (2) is pre- 
sented on Fig.3,b. 

The frequency characteristics dependence on 
the aerosil concentration, C, was also studied. 
Fig.4 shows the 7_ dependence for the suspen- 
sion 1, which corresponds to the type 1. In the 
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T,% 

100 200 300 f, Hz 

Fig.5. Dependence of the frequency characteristic on 
the aerosii concentration, C, for second type samples. 

same figure, the r_ dependence is displayed for 
the pure liquid crystal of 100 urn thickness. As is 
seen from these data, the frequency characteristic 
steepness increases at 1 e aerosii admission into 
suspension and the subsequent increase of its con- 
centration. 

In Fig.5, the frequency characteristics are pre- 
sented for the suspension 5 belonging to second 
type. It is seen that the curve unmonotony begins 
to manifest itself only when a certain aerosii con- 
centration (9 %) is achieved. At smaller concen- 
trations, curves show the same appearance and 
the same dependence on the aerosii concentration 
as similar relationships for first type samples. 

3. The electrically controlled light transmis- 
sion variation in pure liquid crystal was studied 
on a non-oriented sample, i.e. on the sample 
formed by domains having randomly distributed 
director orientations. The transmission variation 
of such a system is due, in this case, to the reori- 
entation of individual domains along the electric 
field direction. In such a geometry, the light dissi- 
pation is less effective [10] what result in an ob- 
servable increase of the system light transmission. 

Effectiveness of the domains response to an 
electric field application is determined by their 
characteristic times of reorientation in the field 
and is, to a first approximation, proportional 
thereto [10]. Since the reorientation time depends 
on the domain dimensions, the frequency charac- 
teristic T^(f) is defined by the domain size distri- 
bution. 

The reorientation time in an electric field for 
an individual domain naving the characteristic di- 
mension d can be evaluated as 

71 A' 

(1) 

f,*Hz 

100 - 

75 

50 

25 

dmin>M-m 

0.7 

1.3 

-41.9 
2.1 

8 c, % 

Fig.6. Dependence of the limit response frequency/* of the 
system and of dmin value on the aerosii concentration. 

where r| is the orientatiohal viscosity; K, the 
Frank constant. 

In the case of monodomain sample, the T^(U) 
value must not depend on frequency at 
f< 1/T* an K/r] L2 and drops sharply at the at- 
taining of the limit frequency/« \/%*. In a poly- 
domain sample, the TJf) is influenced by the 
domain size distribution and has, therefore, a 
more complex character. The drop of the TL 
value with the frequency increase is caused by fact 
that lesser and lesser size domains "leave the 
field". It is obvious that the limit frequency of 
system response, f*, is defined by the reorienta- 
tion of the least domains, the size of the latter can 
be evaluated as 

4nin * V71K//T1. (2) 

In our case, f* « 100 Hz what corresponds to 
dmin » 1 urn. It should be noted that this value is 
substantially less than the LC layer thickness 
(100 um) and is defined likely by the balance of 
the free energy of a homogeneously oriented do- 
main system and the disordering effect of heat 
energy. 

The admission of aerosii to LC results in an 
increase of the T„(f) curve slope and diminishing 
of the frequency limit value,/*. In Fig.6, depend- 
ences off* as well as of dmin value on the aerosii 
concentration, C, are shown. The character of 
those dependences indicates that the aerosii addi- 
tion causes an increase of the characteristic region 
of the director inhomogeneity. 

We have found that the aerosii presence does 
not influence substantially the temperature of the 
system transition into the isotropic state, Tc (the 
relative shift ATC'TC< 10~2). This indicates that 
aerosi! is to be considered not as a molecular ad- 
mixture, but as a macroscopic particle which is a 
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source of defects. This, in turn, allows to use the 
notions of the LC macroscopic theory (director, 
Frank constants, cohesion energy, etc.) when 
considering the LC-aerosil system characteristics. 

At low concentration of aerosil particles, the 
dmin value must be of the same order of magni- 
tude as the average distance between the aerosil 
particles, d, when corresponding inhomogeneity 
regions begin to overlap. If a concentration, C, of 
2 % can be considered as a small one, then 
da 1.3 um. Such a correlation between C and d 
values points on the aggregation of aerosil parti- 
cles in the LC. In fact, there are agglomerates 
consisting of approximately 3,000 microscopic 
aerosil particles which were estimated to corre- 
spond to the d value about 1.3 |im. This estima- 
tion supports our conclusion that, in our case, the 
aerosil particles can be considered as macroscopic 
admixtures. 

The increase of the minimum domain size 
with the concentration (C) rise can be explained 
either by the increase of the aggregation effective- 
ness with growing C, or by the intensifying influ- 
ence of collective interaction effects between 
aerosil particles through the LC director field. To 
elucidate the role of each of these factors, a fur- 
ther study must be performed. 

4. Thus, the work results lead to following 
conclusions: 

- In systems under question, the aerosil parti- 
cles can be considered as macroscopic scale ad- 
mixtures distorting the director field of the LC 
matrix and influencing only siightly its average 
ordering parameter. 

- The frequency dependence of system light 
transmission at the electric field application is de- 
fined by the spatial size distribution of aerosil 
particles at a constant concentration thereof in 
the system, and the limit response frequency of 
the system corresponds to the minimum size of 
the director unhomogeneity region. 

- The admission of aerosil to LC results in an 
increase of the minimum size of the director un- 
homogeneity region in the system. 
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O BJiHHHHH noBepxHOCTH aapocivia Ha HaCTOTHbie 
xapaKTepucTHKH HanojiHeHHbix HeiwaTHKOB 

r.^.ry6a, A.B.rjiymeHKO, H.IO.JIonyxoBHH, B.B.OreHKO, 
K).A.Pe3HHKOB, B.IO.PemeTHflK, O.B JIpomyK 

HccjieflOBaHO BJiHHHHe MO,n.H<pHKaiiHH noBepxHOCTH aapocHJia Ha 3JierrpoonTHHecKHe cBOHCTBa 
rereporeHHbix CHereM aapocwi - Kuwait KpHCTajw. noica3aHO, HTO B paccMaTpHBaeMbix cHCTeinax 
nacTHUbi aapocHJia MOHCHO paccMaTpHBaTb Kax MajcpociconHHecKHe npmnecH. YlpenAOxeHa Mo«ejib, 
coraacHo KOTopoB npeaejibHaa HacTOTa oTKJiHKa cHcreMbi CBsrebiBaerca c MHHHMaJibHbiM pasinepoM 
oSjiacTH HeoAHopoflHocTH ÄHpeicropa. 
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Spectroellipsometry of surface layers of deformed 
strips made of amorphous metal alloys 

M.V.Vinnichenko and L.V.Poperenko 

T.Shevchenko Kiev University, 6 Acad.Glushkov Ave., 252022 Kiev, Ukraine 

The angular and spectral dependences of ellipsometric parameters have been measured for the 
amorphous metal strips of Fe81(B,Si,C)19 with the aim to study the plastic deformation (rolling) 
influence on the structure and optical properties of their surface layers. It is established that the plastic 
deformation results not only in changes of ESESD features near the Fermi level, but influences also the 
mechanisms of current carriers scattering. 

ITpoBeaeHO BHMipioBaHHa KyTOBHX Ta cneiapajibHHX 3ajie>KH0CTeH ejiincoMerpHHHHX napaMeTpiB 
aMop^HHx MeTajieBHX crpiHOK Fe81(B,Si,C)19 3 MeToio BHBieHHa BnjiHBy njiacraHHoi' aecJtopMauii' 
BHacjiiaoK npoKaTKH Ha CTpyKTypy Ta onTHHHi BJiacTHBOcri i'x npnnoBepxHeBHX npouiapKJB. 
3'acoBaHO, mo njiacTHHHa a«j)opMaqia BHKJiHKae He TuibKH 3Mmy oco6jiHBOCTeH ECrCE no6jiH3y 
piBHH OepMi, a H BnjiHBae Ha Mexam3MH po3ciioBaHHfl HOCü'B crpyiny. 

In the modern materials science, one of the most 
important problems is to determine, reliably and 
operatively, the atomic and electron structure pa- 
rameters for disordered systems, especially for 
amorphous metal alloys (AMA), and the depend- 
ences of such parameters on action of various 
physical factors (e.g. deformation, temperature, 
etc.) The plastic deformation influence on mechanic 
[1] and magnetic [2,3] properties of AMA is rela- 
tively well studied; but the question about AMA 
optical characteristics changes after a deformation 
remains still not clearly investigated [4]. 

Ellipsometry methods [5] can contribute sig- 
nificantly to the solution ofthat problem because 
of their high sensitivity to short-range order 
changes on the background of the destructed 
long-range one. Therefore, we have studied the 
optical properties and structural peculiarities of 
surface layers of fast-chilled iron-metalloid strips 
using angular ellipsometry, reflectometry near to 
normal incidence angle and spectral ellipsometry 
(Bitty method). Specimens of the amorphous 
Fe81(B,Si,C)19 were studied, made by the melt 
spinning method, in the forms of strips having 
approximately 1 cm in width and thickness 
d= 16 urn and d- 10 um; both the contact side 
(i.e. having contact with cooler during the prepa- 
ration) and incontact one (remaining free during 

preparation) are investigated. Before measure- 
ments, specimens were polished using the ASM 
diamond paste with minimum grain size 1/0. 

The angular dependences of ellipsometric pa- 
rameters, such as phase shift A between the or- 
thogonal components of polarization vector and 

azimuth y of the restored linear polarization, 
were studied, for the strips described above, on a 
LEF-3M-1 ellipsometer with operating wave- 
length X = 632.8 nm. From these dependences, 
the main angle of incidence 9 = (p0, correspond- 
ing to A = 7i/2, was determined. The average abso- 
lute error of the value obtained did not exceed 
0.2 deg and was due to specimens surface quality. 

Reflectometric measurements designated to 
determine the surface state were performed using 
a reflectometer of normal incidence [6]. By its 
means, the scattering indicatrices over the polari- 
zation azimuth (SIPA) were obtained which pro- 
vide information on the structural anisotropy of 
specimens. 

Spectroellipsometric investigations of the op- 
tical constants, namely, of alloy surface layers re- 

fraction index, n, and absorption coefficient, K, 

were performed on a universal ellipsometer ac- 
cording to Bitty's method in the range of sound- 

ing photons energy   fico = 0.5 - 3.82 eV, at the 

258 Functional materials, 2, 2, 1995 



M. V. Vinnichenko and L. V.Poperenko /Spectroellipsometry.. 

angle of incidence cp = 72 deg. The RMS error of 
n and K determination was within 3 percent. A 
filmless plane surface confining a semi-infinite 
conducting medium was chosen as the system 
model; on its basis, the dispersion characteristics 
were calculated for the optical conductivity, 

o(fico) = mcco/27i, real part of the dielectric con- 

stant, s(fe) = n2-K2, and reflection coefficient, 

fl(?to) = [(B - l)2 + K2
]/[(B - l)2 + K2

]. 
To characterize the structure anisotropy of 

Fe81(B,Si,C)19 AMA surface layers, the following 
parameters were proposed: the difference between 
main angles, Acp0 = tp«, - (Pox, at the two mutually 
perpendicular orientations of the strip longitudinal 
axis in relation to the incidence plane, and charac- 
teristics of SIPA being presented in form of an oval, 
namely, the ratio ot its axes and slope the long axis 
to a chosen fixed direction coincident with the strip 
longitudinal axis. 

As the result of investigation of the parame- 
ters mentioned in relation to the plastic deforma- 
tion degree during rolling, a structural anisotropy 
has been found on the both surfaces of freshly 
produced amorphous strips; and what is of im- 
portance, its characterizing parameter, A<p0, is 
noted to increase after the rolling and to diminish 
during a further deformation. The previous stud- 
ies [7] allow to associate the structural anisotropy 
on the incontact side of the initial specimen with 
different melt flow velocities in the longitudinal 
and transversal directions during the specimen 
preparation; this difference is believed to be re- 
sponsible for the strength anisotropy (that of 
breaking stress, a A relative to those directions [8]. 
This factor is absent on the contact surface of a 
specimen having d = 25 urn, where, however, me- 
chanical stresses may reveal themselves which 
arose in the strip during its production. The spe- 
cific behavior of parameters characterizing the 
structural anisotropy under the influence of two 
sequential deformations is to be associated, most 
likely, to the structure changes in the alloy (the 
crystallization fronts arising after first deforma- 
tion and additional structure disordering after 
second one). The reflection from oriented imper- 
fections cannot be used to explain the surface lay- 
ers structural anisotropy since the latter does not 
disappear after the mechanical polishing of the 
surface.; 

Having revealed the plastic deformation influ- 
ence on the atomic structure of the alloy, its elec- 
tron structure changes must be considered. For 

this purpose, the spectra of cr(fao), e,(ft(B), R(tla) 

were calculated according to above formulas; these 

spectra are showed on the Fig.l. The dispersions 

of a(/to) and Rtfko) (curves 1-4) for the initial speci- 
men show an absorption band at photon energy 

fho = 1.3 eV characteristic for iron-metalloid type 
systems; that band can be assigned to the electron 
transitions from Fe 3d zone levels to Fermi level EF. 
In the IR range (1-2.48 um), the relationships men- 
tioned run like to those described by Drude, which 
evidences the predominant absorption by free elec- 
trons and allows to determine, in terms of Drude 
model, the dynamic characteristics of the conduc- 
tivity electrons in the alloy: the relaxation fre- 
quency, Y, and plasma one, Q. To this end, the 
following function [9] was calculated: 

F1(co2) = (l-e,)-1=co2/n2 + Y2/a2 

which was then linearly approximated using least- 
squares method. The error of these parameters 
determination did not exceed 9%. For a freshly 
produced specimen, the values Q = 6.23-1015 s-1, 
Y = 0.97-1015 s-1, have been obtained. 

It is found that, after a deformation, the ab- 

sorption band in the a0Ua) and RQto) spectra be- 
comes broadened and shifts somewhat toward IR 
range, while the absolute values of a and R di- 
minish, what was observed already for other 
AMA [4]. Therewith, according to calculations, a 
deformation causes also a decrease of Q to 
5.401015 s-1 and increase of y to 1.07-1015 s"1.' 
The further rolling results in a fading of absorp- 
tion band in respective spectra, while Q and y 
estimations show some increase of Q value at y 
remaining unchanged. 

Thus, the absorption band broadening in the 
corresponding relationships indicates the broaden- 
ing of Fe 3d zone due to an additional structure 
disordering at the rolling, since the deformation is 
associated intimately with the atomic structure rear- 
rangement, the deciding part is therewith played by 
the places exchange between the nearest neighbor- 
ing atoms. The absorption band shift toward long- 
wave spectral region is explained by the EF shift to 

the Fe 3d zone, while the intensity drop of crtfto) 

and R(Ha) spectra is due to decreasing of the rf-like 
peak in the energetic spectrum of the electron states 
density (ESESD). These conclusions are in agree- 
ment with results of study of the disordering influ- 
ence on the ESESD of amorphous systems [10]. 

In our opinion, the results obtained allow to 
state that plastic deformation not only causes 
changes in the ESESD characteristics near the 
Fermi level, but also influences on the mecha- 
nisms of current carriers scattering (taking into 
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Fig. 1. The reflection coefficient (curves 1-4), optical conductivity (curves 4-6) and dielectric constant (curves 7-9) 
for a freshly prepared specimen d = 25 urn (1, 4, 9) of amorphous strip of Fe81(B,Si,C)1g alloy, and for similar 
strips rolled one time, d = 16 urn (3, 5, 7) and two times, d = 10 urn (2, 6, 8). 

account the ^(TKO) and e,(7to) behavior changes in 

the IR spectral region). 
Thus, plastic deformation results in signifi- 

cant changes in the atomic and electronic struc- 

tures of Fe81(B,Si,C)19 amorphous alloy strips, 

as it is seen from their optical properties analyzes, 

and that fact allows to suggest the weak resis- 

tance of such alloys against the rolling. 
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CneKTpcojieKTpoMeTpHH npmiOBepxHOCTHbix cJioeB 
aiviopcpHbix MeTajuiHHecKHx jieHT 

M.B. BHHHHHCHKO, JI.B. IlonepeHKO 

IIpoBefleHbi H3MepeHHfl yrjioBbix H cneicrpajibHbix 3aBHCHMOcreH ajuiMncoMerpHHecKHX napaMerpoB 
aMop<pHbix MeTajuiHHecKHx JieHT Fe81(B,Si,C)19 c uenbio rayHeHHa BJIHAHHA njiacTHiecKOH «edropMauHH 
BCJieacTBHe npoKancH Ha crpyicrypy H onrHHecKne cBOHcraa HX npHnoBepxHocrabix CJioeB. ycraHOBJieHO, 
HTO nJiacTHHeacaa aecpopMauHH npHBO/urr He TOJIMCO K H3MeHeHHflM oco6eHHOcreH B 3CITC3 B6JIH3H 

ypoBHH OepMH, HO H BJIHACT Ha MexaHH3Mbi pacceaHHfl HOCHTenefi TOKa. 
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Magnetism and electronic structure of the Ni-Cr-Si-B 
amorphous ribbons 

N.G. Babich, O.I.Nakonechnaya, L.V. Poperenko, 
TM Tsvetkova and N.I. Zakharenko 

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine 

Magnetic susceptibility, optical conductivity spectra and thermo-e.m.f. data were obtained for 
amorphous Ni-Cr-Si-B ribbons, prepared at different overheating degrees of the melt. The experi- 
mental results show that the properties of these alloys are determined by the density of electronic states 
variation in the vicinity of the Fermi level rather than by the presence of the magnetic inhomogeneities. 

OaepacaHO flaHi npo MarHiTHy cnpHHHSTUHBicTb, cneicrpH onTHHHoi npoBiflHocri Ta TepMO-e.p.c. 
aMop4>HHX cTpinoK Ni-Cr-Si-B, BHTOTOBJieHHX npu pi3HHX TeMnepaTypax neperpißy po3njiaBy. 
EKcnepHMeHTajibHi pe3ynbTaTH cBianaTb npo Te, mo BJiacTHBOCTi qnx cnJiaBiB BH3HaHaioTbC5i Ha- 
caMnepea 3MiHoio rycrnHH ejieKTpoHHHX CTaHiB no6jiH3y piBHa OepMi, a He npHcyTHicTio MarHiTHHX 
HeoflHopiaHocrefi. 

Amorphous alloys of the transition metal- 
metalloid type (TM—M) with TM = Ni have not 
been studied in such detail as those with 
TM = Co, Ni. According to Krishnan et al. [1] and 
Bakonyi et al. [2], the magnetism of Ni-based me- 
tallic glasses reveals an inhomogeneous behavior, 
e.g. the magnetic moment is attributed to the 
presence of Ni-rich paramagnetic clusters. How- 
ever, this situation is still not clear enough. 

In order to gain a better understanding of the 
nature of the magnetism in Ni-based glasses, we 
investigated the temperature dependences of mag- 
netic susceptibility %(T) of Ni62 3Cr176Si13 8B63 

ribbons prepared at different overheating degree 

of the melt AT = 250, 300, 350 and 400 K. %(T) 
curves (Fig.l) were obtained by Faraday-type 
technique. One can see that % is decreases slowly 
in the range T < 680 K and then changes abruptly 
at T = 680-700 K. The latter is associated with 
crystallization of the samples. Obviously, the 
crystallization temperature Tx is almost inde- 

pendent of AT. The value of \cty/dT\ below Tx 

decreases monotonously as AT increases. How- 
ever, for all investigated alloys it is always higher 
than for earlier investigated Ni—Si—B alloys [3]. 
Apparently it is due to the influence of chromium 
on the electronic structure of alloys. To confirm 

this assumption we treated our data according to 
the following equation: 

X(r) = xQ+AT2 + N^l/3k(T-e)        0) 

X106, cm3/mole 

250 

250 

250 

150 

250 

150 

300 500 700      T, K 

Fig.l Temperature dependences of magnetic suscepti- 
bility for Ni62 3Cr17gSi138B63 ribbons with 
AT = 250 (l), 300(2), 350(3) and 450 K (4) (• - heat- 
ing, c - cooling). 
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where %0 + AT1 is the temperature independent 
term, A^/3fc(7--9) is the Curie-Weiss suscep- 

tibility xcw H is the magnetic moment and 6 is 
the paramagnetic Curie temperature. The Xo val- 
ues are listed in Table 1. Its main contribution is 
the Pauli susceptibility due to predominantly d- 

like itinerant electrons [4]. Hence, Xo ^fleets ma 
way the change of electronic states density at the 
Fermi level n(EF) at AT increase. One can see that 
yn values are increased with AT indicating Fermi 
level is shifted to higher n(EF) values. Further- 
more, xo is greater for   Ni-Cr-Si-B type amor- 
phous alloys than for Ni-Si-B ones [3], what is 
probably caused by additional rf-bonds formation 
between Ni and Cr atoms and, as a result, due to 
increasing of itinerant electrons quantity. 

To study the role of overheating in the elec- 
tronic localization effects and to eliminate the in- 
fluence of composition inhomogeneities on 
magnetism of Ni-based amorphous alloys let us 
consider the Curie-Weiss constituent %cw. This 
term has been analysed in a routine manner. The 
9 values (not higher than 60 K) reflect the weak 
interactions between magnetic moments. For all 
alloys in amorphous state, the magnetic moment 
per Ni atom, according to u,Ni   -   H-(CNi) 
(CNi = 0.623), was found to be equal to 
(0 37±0 10) \kB. Such a small uNi value can be ex- 
plained, as in the case of Ni-Si-B ribbons [3], by 
partial quenching of the Ni spin moment. But u^ 
values for studied ribbons exceed somewhat those 
found for Ni-Si-B. To our knowledge, this may 
be due to the presence of Cr atoms which form 
the additional <i-bonds with Ni atoms, decreasing 
the degree of spin moment quenching. 

Another conclusion can be drawn from our 
investigations: the nNi values remain almost con- 
stant while AT increases. Obviously, the larger is 
Ar the more homogeneous is the spatial distribu- 
tion of component's atoms. If the magnetism of 
investigated alloys is defined by Ni-rich clusters, 
as is shown in [2], one would expect a decreasing 
of uN while AT increased. So far, such behavior 
has not been observed, so one can assert that 
composition inhomogeneities influence on the 
magnetic susceptibility of these alloys is negli- 

gible. ■ , 
Additional information on this problem was ob- 

tained-from optical conductivity spectra o0to) 
(Fig.2), obtained by the Beattie method. Evidently, 

otfto) curves demonstrate the presence of the wide 
maximum with some structure for all AT values 
within the photon energy range 0.5-2.2 eV. On the 
one hand, the atoms in the samples prepared under 
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1.   The  values   of Xo   and   T> Table 
Ni62.3Cr17.6Si13.8B6.3 
ferent AT. 

for 
amorphous ribbons with dif- 
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conductivity 

fia>, eV 

spectra    for Fig.2    Optical 
Ni623Cr176Sii3.8B6.3 amorphous ribbons (curves 
numbering scheme corresponds to Hg. 1) 

lower AT are located closer to each other than in 

samples prepared at higher AT". In the latter case, 
the stronger electron localization effects take place 
resulting in narrowing of the energy band. On the 
other hand, in amorphous systems the energy band 
is broaden because of chaotic deviation of the in- 
teratomic distances from the average value, which is 
greater at higher AT. Taking into account this rea- 

soning one can explain the oQto) peculiarities for 
these ribbons in the visible region [5]. Thus, no es- 
sential changes in electronic structure ot 
Ni62 3Cr17 6Si13 8B6.3 amorphous ribbons m the vi- 
cinity of EF is found while AT increases. Our 
thermo-e.m.f. measurements also indicate zero val- 
ues in a couple consisting of the ribbons prepared 

with different AT. This is another confirmation of 

the above conclusion. 
So, all the experimental facts disclosed here 

permit us to state that it is impossible to assume, 
at least within the experimental temperature re- 
gion, the existence of Ni-rich magnetic clusters 
that might essentially influence the electronic 

properties of the ribbons studied. 
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MaraeTinM H JJiekrponiiaH CTpyioypa 
aivfop4)Hbix jieHT Ni-Cr-Si-B 

H.r.BaÖHH, O.H.HaKOHeHHaa, JI.B.rionepeHKo, 
T.M.IJlBeTKOBa, H.H.3axapeHKO 

noJiyneHbi aaHHwe o MarHHTHOH BoenpHHMHHBocra, cneKTpax onranecKOH npoBOflHMOcra H 

TePMO-3.a.c. aMopcbHbix JieHT Ni-Cr-Si-B, npHroTOBJieHHbix npn pasjiHiHbix TeMnepaTypax neperpeBa 
pacnjiaBa. 3KcnepHMeHTajibHbie pesyjibTaTbi CBHfleTejibCTByioT o TOM, HTO CBOHcraa STHX crmaBOB 
onpeflejWKiTca npeame Bcero H3MeHeHHeM nJiOTHOCTH ajieKTpoHHbix COCTOHHHH B OKpecTHocTH ypoBHa 
OepMH, a He npiicyTCTBHeM MarHHTHbix HeoflHopo/jHocTeH. 
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Optical properties of metallic surfaces 
modified by the ion implantation 

L V.Poperenko, O.M.Tolopa and V.D.Karpusha 

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252601 Kiev, Ukraine 

The results of optical and Auger-electron spectroscopy experiments for surface of Mo specimens 
modified by high-dose implantation by Cu+ and mixed beam of Fe+ and B+ are analysed. It is shown 
that the role of the foreign impurity atoms such as carbon in the formation of interatomic binding into 
the near-surfaces layer is essential. 

npoaHajiisoBaHO pesyJibTara OIITHHHHX Ta oHce-cneiapocKoniHHHX aocjiiflXceHb MoflH(})iKOBaHHX 
BHCOKOA03HOK) JMIlJiaHTaUieiO nOBepXOHb MOJlißfleHOBHX 3Pa3KiB J0H3MH CU     T3 3M.UI3HHM IIOTO- 
KOM Fe+ i B+. BHSHaneHo, mo y npnnoBepxHeBOMy npouiapKy penoBHHH BHHHKae MIK3TOMHHH 
3B'a30K Taxoro THny, as pojib MerajioifÄHHX aTOMiB BiflirpaioTb cropoHHi AOMIUIKH Byniemo Ta 
iHUiHX ejieMeHTiB. 

One of the most urgent tasks of modern ap- 
plied physics is to obtain the scientific data which 
are used as the basis of new techniques to extend 
the machines and tools lifetime, to change the 
surface conductivity and metallization of dielec- 
trics, to create the anti-frictional, corrosion-resis- 
tant, erosion-resistant, and other coatings 
including those made of elements which, in the 
equilibrium conditions, are mutually insoluble, 
e.g. Cu-Mo or Cu-W type [1]. Investigation in 
this area are performed in two directions comple- 
menting each other: the creation of large-aperture 
streams of ions and plasma and the study of 
properties of coatings obtained by such tech- 
niques. 

The purpose of this work is to study the opti- 
cal properties of the coating obtained by high- 
dose ion implantation (HII) and also to elucidate 
the elements distribution in depth for specimens 
treated by HII and by ion-plasma mixing (IPM). 
As a ions source, the vacuum-arc large-aperture 
(5 = 200 to 400 cm2) ion injector was used [2]. 
The accelerating potential was 80 kV, the ion im- 
plantation dose 10'7 - 1018 cm-2. As the implan- 
tation object, a Mo substrate was used in 
combination with the copper cathode; also, the 
mixed Fe+, B+ stream implantation into 
molybdenic substrate was performed. For optical 

studies, a specimen of unimplanted Mo was used, 
too. 

The elements distribution in depth was meas- 
ured by Auger spectroscopy. The optical proper- 
ties of coatings were studied by means of 
Beattie-Cohn spectroellipsometric method in the 
energy range 0.5 - 4.5 eV. The angle of beam inci- 
dence on the specimen was 70 °. From the optical 
measurements data, the absorption and refrac- 
tion coefficients were calculated as well as the op- 
tical conductivity a = «KV, where v is the 
sounding light frequency, and the real component 
of the dielectric constant, s,. The error of meas- 
urement of optical absorption and refraction in- 
dices did not exceed 3 %. 

It follows from the consideration of concen- 
tration profiles for the implanted surfaces (Fig.l) 
that, in the IPM mode, a significant increase of 
concentration and of modified layer thickness 
takes place. The observed distribution of ele- 
ments in specimen depth cannot, in this case, be 
predicted on the basis of the equilibrium state 
diagram for respective systems. Such a situation 
is possible if either the amorphous state exists, or 
a phase distribution induced by high-dose im- 
plantation with formation of micro-clusters of 
each element atoms having size of several coordi- 
nation spheres. The prevailing diffusion of sur- 
face atoms having affinity both with implanted 
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C. at.% a-10"15, c"1 

50        100       150 h, nm 

C. at.% 

500 1500  h, nm 

Fig.l. Admixtures concentration profiles for molyb- 
denum coatings implanted with Cu+ ions by HII (a) 
and IPM (b). 

atoms and the substrate confirms the hypothesis 
about the advantage of radiation-atimulated dif- 
fusion processes over the ballistic mixing of at- 
oms with neighbouring ones [1]. When, in the HII 
method, the implantation dose (time) increases 
up to Z), > 5-10l7 ions/cm2, the target sputtering 
and implanted ions penetration processes come to 
saturation. Thus, in that technique, the concen- 
tration of ions implanted into a surface is limited 
by a value of 20...30 atom.%. The coating thick- 
ness can be increased if carbon is present on the 
target surface due to diminished surface sputter- 
ing during the HII process. 

Considering the spectral dependence of the 
optical conductivity, CT(E) (Fig.2), one can sup- 
pose that, at HII, the optical features of coatings 
under question undergo an essential change. So, 
after the Cu+ ions implantation into Mo, the ab- 
sorption peak at the impinging photons energy 
1.8 eV which is characteristic for Mo vanishes 
completely. Such a relationship, however, differs 
also from the optical properties of Cu, what is 
due to a substantial content of carbon and other 
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Fig!2. Spectral dependences of'the optical conductiv- 
ity of coatings. 

impurities atoms in the surface layers. The im- 
plantation of a mixed Fe and B ions stream re- 
sults in a certain modification of the absorption 
peak at 1.8 eV energy: the absorption maximum 
shifts toward the IR spectral range, and an addi- 
tional singularity at the photons energy 2 eV ap- 
pears. It is characteristic, too, that, in the case of 
modification by Cu atoms, some lowering of ab- 
solute a(E) values takes place, while the implan- 
tation of a mixed Fe+ and B+ ionic stream results 
in their increase. 

The correct analysis of the light absorption 
mechanism for the specimens under study is made 
difficult by the lack of calculations of the elec- 
tronic structure for such systems. It can be said 
with confidence, however, that absorption peaks 
in the photons energy range 1.5 - 2 eV are associ- 
ated with interzonal electron transitions from the 
filled rf-like electron states in metallic atoms to 
the empty ones positioned near to Fermi level. 
This conclusion is confirmed by a considerable 
body of published data referring to the study of 
the electronic structure and related optical fea- 
tures of disordered, amorphous, and other alloys 
containing the transition metals. The significant 
increase (decrease) of the absolute optical con- 
ductivity values reflects the fact that the electron 
states density near the Fermi level undergoes 
changes. 

Information about the optical properties of a 
substance is completed essentially by the analysis 
of the spectral dependences of the dielectric con- 
stant real component. It follows from such an 
analysis that the modification of the molybdenum 
surface results in the tendency to an anomalous, 
as compared to metals, s,(E) dependence in the 
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Fig.3. Spectral dependences of the real part of dielec- 
tric constant for coatings. 

IR spectral region (Fig.3). For metals and their 
alloys, a Drude-like relationship of the dielectric 
constant real part is characteristic, which is just 
observed for unmodified Mo specimens. Yet, the 
ionic implantation results in a less sharp drop of 
the value mentioned when the photons energy de- 
creases. As one of the authors had shown earlier 
[3], such a shape of the s,(£) dependence reflects 
the electron density localization in the space be- 
tween the unlike atoms pairs (metal-metalloid), 
and the diminishing of the generalized electrons 
fraction in the area of metallic atoms overlap. 
Such a covalent- and ionic-like bounding of the 
close-neighbouring atoms in relation to metallic 

ones, associated with Anderson's localization, re- 
sults in an incerased stability of the atomic struc- 
ture formed and, respectively, in an enhance of 
working characteristics for articles made of such 
materials. It can be supposed that, at ionic im- 
plantation, just the interatomic bonds of such a 
type arise, where carbon and other elements ad- 
mixtures act as the metalloid atoms. This results 
in the possibility of existence of a stable disor- 
dered structure characterized by high working 
characteristics. 

Thus, the consideration of results of per- 
formed optical and Auger spectroscopic studies 
shows that the Mo surface implantation by HI1 
method causes substantial shanges in its elec- 
tronic structure and in optical properties related 
with it. The formation of stable systems including 
different groups of atoms is due, in considerable 
measure, to the arising, during HII, of localized 
electronic states, what results in an enhance of 
mechanical working characteristics of such coat- 
ings. 
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OnTHHeCKHe CBOHCTBa MOfllKpHUHpOBaHHblX HOHHOli 
HMiuiaHTamieü MerajumHecKHX noBepxHOCTeii 

JIA.nonepeHKO, O.M.Tonona, B./J-Kapnyma 

IIpoaHajiHSHpoBaHb. Pe3ynbTaTb. onxHHecKHX H oace-cne.crpocKonHHecKHX "™™^™w^ 
„HnoBaHHbix HMnjiaHxauHefi noBepxHocxeö MOJiH6ÄeHOBbix o6pa3UoB HOHaMH Cu H cMemaHHbiM 
SKOM Fe+ B" H onp^eHo^xo B npnnoBepxHOCTHOM cnoe BemecrBa B03„„Kaer Me*a= 
c^bxLro THna, r«e poKb Mera^oHflHb.x axoMOB Hipaicrr BHeuiHHe npHMecH ymepoaa H apyrHX 
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Photoacoustic spectra of porous silicon have been first investigated with the signal recording by gas 
microphone; on the basis of those spectra, the fundamental absorption edge of the material has been 
reproduced and the temperature conductivity coefficient D = 0.09 cm2/s was determined. The results 
obtained are correlated with time-resolved photoluminescence spectra obtained by the authors, what 
allows the conclusion about a «bottle neck» existence in the energy relaxation of electronic excitations 
ofpor-Si. 

Bnepuie aocjiifl)KeHO <})OToaKycTHHHi cneierpH nopncToro KpeMHiio npn ra30MiKpoq[)OHHiH 
peecTpaqii' curaajry, Ha OCHOBJ SKHX Bi/TTBopeHO fioro 4>yHaaMeHTajibHHH Kpafi norjiHHaHHH Ta 
BH3HaMeHO KoecjiiujeHT TeMnepaTyponpoBiflHocri D = 0,09 CM

2
/C. Pe3yjibTaTH flocjri/iaceHb 4>OTO- 

aKycTHHHHX cneKTpiB cniBCTaBJieHi 3 OTpHMaHHMH aBTopaMH cneKTpaMH 4>0T0JiioMiHicueHqii' 3 
nacoBHM po3BHTKOM, mo ao3BOJi3e 3po6HTH BHCHOBOK npo icHyBaHHH «njiaiiiKOBoro ropjia» B 
eHepreTHHHiH pejiaKcauji eneKTpoHHHX 36yfl*eHb por-Si. 

Introduction. 

The remarkable property of porous silicon 
(por-Si) is the intense visible photoluminescence 
at room temperature [1]. The nature of this phe- 
nomenon is not clear yet. There are several hy- 
potheses of its origin. The most popular 
explanations are: 
1) the modification of electronic bands structure 
due to the quantum size effects in silicon quan- 
tum wires formed by anodizing [2]; 
2) formation of certain chemical compounds 
(Si603H6, SiH, SiH2, etc.) which radiate in the 
wide spectral range 1.6—2.6 eV [3]; 
3) the existence of amorphous silicon phase of 
various chemical compositions on the walls of the 
pores [4]. 

To prove any of these models, the knowledge 
of the fundamental adsorption edge ofpor-Si is 
very important. The solution of this problem by 
means of traditional absorption spectroscopy 

methods is rather complicated due to following 
reasons: 
1) the samples under investigation consist usually 
of two layers with different properties (thin po- 
rous layer covers comparatively thick bulk single 
crystalline silicon wafer); 
2) the porous layer gives the essential contribu- 
tion to the total extinction of the sample due to 
the diffuse light scattering. 

Experimental 

During last years, new methods based on the 
photoacoustic (PA) effect were elaborated for the 
investigation of optical and thermoelastic proper- 
ties of inhomogeneous media (e.g. for layered sys- 
tems) [5]. The photoacoustic effect is the 
generation of acoustic waves in the sample itself 
as well as in the surrounding gas due to the ab- 
sorption of modulated radiation. To investigate 
the PA effect a special cell is usually used. It is 
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closed chamber with optical windows which is 
fdled with a gas. PA signal is detected by micro- 
phone built into a wall of the chamber. The vari- 
ations of gas pressure due to the thermal 
exchange between the light-heated sample and the 
gas inside the cell cause the vibrations of the mi- 
crophone membrane. The measured values are 
the amplitude U and the phase cp of the signal. 
Generally, the U value corresponds to the effi- 
ciency of transformation of the absorbed light 
beam energy to the thermal one, while the value cp 
characterizes the delay of the PA signal which 
depends on the time of the temperature relaxa- 
tion, the time of thermal diffusion and the time 
constant of experimental equipment. 

Results and discussion 

The present paper deals with the first investi- 
gations of PA response of por-Si vs. the light 
modulation frequency co=27i/and excitation light 
wavelength X. From these dependences, the spec- 
tral dependence of absorption coefficient near the 
high-frequency edge of por-Si luminescence band 
was deduced. The comparison of por-Si and bulk 
Si thermal properties is carried out. The proposed 
method of the fundamental absorption edge de- 
termination is based on the fact that amplitude U 
and phase cp of PA-signal are changed at the tran- 
sition from the transparency region of por-Si to 
the high absorbance region due to the transfor- 
mation of heat-generating zone. 

The measurements were carried out at room 
temperature using specially designed PA 
specrtrometer based on gas microphone method 
of signal detection. 

Three types of samples with equal thicknesses 
(500 urn) were investigated. They were the single 
crystalline silicon wafers and Si wafers with layers 
of por-Si of 5 urn and 50 urn thickness. The por-Si 
layers were obtained by anodizing in the ethanolic 
HF solution at current density 40 mA/cm2. 

Fig. 1 shows the frequency dependences of PA 
signal amplitude U and phase cp for three types of 
samples measured at X = 632.8 nm. It is seen that 
U(f) and cp(/) dependences are almost the same 
for the bulk Si wafer and for the sample with 
5mm por-Si layer while the corresponding de- 
pendences for the sample with 50 um por-Si layer 
are somewhat different. This fact can be ex- 
plained in the framework of the model for PA 
response in two-layer system assuming that the 
absorbance of por-Si layer at X = 632.8 nm is low. 
Then it is obvious that, in the bulk Si heat gen- 
eration takes place in a thin subsurface layer with 
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Fig.l. The frequency dependences of the PA signal 
phase <p for single crystalline Si and for the samples 
with 5 um and 50 am por-Si layers (curves 1-3, respec- 
tively) and the frequency dependences (curves 4 and 
5) of PA signal amplitude Ufor the samples with 5 urn 
and 50 urn por-Si layers, respectively, normalized to 
the PA signal amplitude for single crystalline Si. 

the thickness L ~ 1Ö"8 cm which is determined by 
the absorption coefficient at X - 632.8 nm. In the 
sample with por-Si layer the heat source is lo- 
cated on the por-Si/bulk Si interface. The phase 
shift of PA response depends in this case on the 
delay of the thermal wave due to the propagation 
through the por-Si layer.The larger is the thick- 
ness h of por-Si layer, the larger would be cp. The 
latter value is also influenced by the thermal dif- 
fusivity coefficient D. In fact, the wavelength of 
the thermal wave is given by / = (2D/co)/2. 

The above considerations elucidate the source 
of the discrepancies in U(f) and <p(/) dependencies 
obtained for the samples with 5 um and 50 urn por- 
Si layers, and evidence that, in the chosen range of 
Co values, the samples with the por-Si thickness 
h > 5 urn should be investigated by PA-spectros- 
copy methods. Using the phase-frequency depend- 
ences (Fig.l) and the conclusions of theory [6], 
derived for the case of two-layer system, we esti- 
mated the thermal diffusivity for the porous layer to 
be D or = 0.04 cm2/s. Note that, for the bulk Si, 
D - 0.9 cm2/s [7]. However, it should be empha- 
sized that in the case of por-Si, the value of Dpor 

depends on porosity and is not the universal pa- 
rameter of material. The porosity of the samples 
under investigation was 40 %. The detailed com- 
parison of thermal properties of por-Si and bulk Si 
is given elsewhere. 

Fig.2 shows the spectral dependencies of U and 
cp of PA signal. It is seen that the spectrum of the 
sample with thin porous layer is smooth and has no 
characteristic features. This behavior is obvious be- 
cause, at /= 120 Hz, the porous layer is thermally 
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Fig.2. The spectral dependences of the amplitude U 
(curves 1,4) and of the phase shift cp(2,3) of the PA 
signal for the samples with 5 urn (curves 3,4) and 
50 urn (curves 1,2) por-Si layers. 
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Fig.3. Time resolved fluorescence spectra of por-Si. 
The delay time, ty- 1 - 1 ns, 2 - 10 ns, 3 - 1 us, 5 - 
20 us, 6 - 30 us, 7 - 40 us, Xa = 337.1 nm, T = 300 K. 

thin (at /= 120 Hz, / = 103 urn, i.e. /» h). On the 
other hand, the dependences U(X) and cp(A.) for the 
sample with the 50 urn por-Si layer (/ = h) exhibit the 
abrupt increase of phase shift and amplitude with the 
decrease of wavelength starting with X - 630 nm. 
Since the dependences U(X) and <p(X) were obtained 
for the fixed modulation frequency value/= 120 Hz, 
this increase may be caused only by the spatial 
change of the region where thermal release takes 
place. With the decrease of exciting wavelength, this 
region shifts from the por-Si/bulk Si interface to- 
wards the surface of the sample. This shift may be 
caused only by an increase of exciting light absorp- 
tion in the surface layer. Thus, the results obtained 
evidence that, in the sample with 50 urn por-Si 
layer, the increase of U(X) and cp(A.) corresponds to 
the absorption edge a(X). 

For the advance in the understanding of the 
nature of visible light radiation in por-Si, the com- 
parison of PA spectra, which give the information 
about nonradiative energy dissipation, with pho- 
toluminescence (PL) spectra is carried out. The lat- 
ter were measured under the nitrogen laser 
excitation (Xex - 337.1 nm, t - 6 ns, p = 5 mW) in 
the strobe regime. Typical time dependent spectra 
are shown in Fig.3. The main PL results are: 
1) in the spectra measured with the delay time t3 

of about several ns, the wide high frequency PL 
band with the maximum at 440 nm is observed. 
This band consists probably of three overlapping 
bands, and their intensities are saturated under 
the high exitation laser intensity; 
2) With the increase of the delay time, the inten- 
sity of 440 nm band decreases and the latter dis- 
appears at f3 = 100 ns while the new band in the 
spectral range 550-800 nm emerges; 
3) with the increase of f3 from 100 ns to 30 ms, the 

spectral position of the low frequency band shifts 
from 680 nm to 720 nm. 

The continuous and nonmonotonous character 
of photoluminescence spectrum transformation 
with the increase of f3 leads to the conclusion about 
the common origin of these bands and the existence 
of a «bottle neck» (500-600 nm) in the energy re- 
laxation of PL-related electronic excitations. One of 
the probable sources of «bottle neck» effect may be 
the mobility edge occurence in the density of states 
g(E) which is characteristic of the systems with in- 
homogeneous broadening. In this case, the low fre- 
quency PL band which is observed on the final 
stages of electronic excitations relaxation would 
correspond to the localized electronic states range, 
and the spectrum in Fig.2 would reflect g(E) distri- 
bution below the mobility edge. The results of our 
investigations of PL and PA spectra at the excita- 
tion of carriers into the nonhomogeneously broad- 
ened states as well as the mechanisms of PL will be 
discussed elsewhere. 
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OOTOaKyCTHKa H JHOMHHeCUeHUHfl nOpHCTOIX) KpeMHHH 

H.B.BJIOHCKHH, M.C.BpoflHH, B.A.TxopHK, 
KD.n.riHpOTHHCKHH, T.IO.PyflbKO 

BnepBbie HCCJieflosaHbi 4)OToaKycrHHecKHe cnorrpu nopHcroro KpeMHHS npn rasoMHKpocfioHHOH 
peracrpauHH cHrnaJia, Ha ocHOBe Koxopwx BocnpoH3BefleH ero <j>yHflaMeHTajibHb.H Kpan nomoiyeHua H 

onpeÄeneH Koa^HUHeHT TeMnepaTyponpoBoflHOCTH D = 0,09 CM
2
/C. Pesyjibxa™ HcaiefloBaHHH 4»OTO- 

aKVCTHHecKHX cneKrpoB conocraBJieHbi c nojiyneHHbiMH aBTopaMH cneKxpaMH 4>oTOJiioMHHecueHUHH c 
BpeMeHHHM paspemeHHbM, HTO noaBOJwer cflejiaxb saKJUOHenne o cymecTBOBaHHH «6yTbiJiOHHoro 
ropjia» B 3HeprCTHHecKOH pejiaiccaiiHH ajieicrpoHHbix B036y»yieHHH por-Si. 
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using holographic interferometry 
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One of the most important problems in the investigation of the solid and liquid surfaces interaction 
with gaseous and liquid media is providing the non-destructive and contactless control of surface 
structure. The holographic interferometry can be succesfully used for this purpose. The principle of the 
holographic interferogram record consists of the interference of two states of the same surface of the 
studied object: in initial state and that after being exposed to some changes. The slightest changes of 
the surface structure that were caused by desorption of the substance lead to the changes of the 
contrasts in interference pattern. This allows to evaluate the rate and intensity of the substance 
interaction with surface. 

OflHieio 3 BaauiHBHX 3aaan npH aocjiiflsceHHi B3aeM0flii TBep/mx Ta pimoix noBepxoHb 3 ra3ono,in6- 
HHMH i piflKHMH peMOBHHaMH e 3a6e3neneHHH 6e3KOHTaKTHoro Ta HepyfiHiBHoro KOHTpojno crpyK- 
TypH noBepxHi. J\jisi qie'i Me™ MO>KHa 3 ycnixoM 3acrocyBaTH MeToa roJiorpacJHHHoi' iHTepcjjepoMerpii. 
IlpHHLiHn 3anHcy roJiorpaiJiiiHHX iHTep<})eporpaM nojwrae B iHTepcfrepeHqii äBOX CTaHiB oflHiei fi Tiei 3K 
noBepxHi flocJiiflwyBaHoro o6'eKTy: B nonaTKOBOMy craHi Ta nicjw flesncoi B3aeMOfli'i. HaHMemui 3MJHH 
cTpyiorypH noBepxHi, BHKUHKaHi flecopöuieio penoBHHH, npraBOflHTb no 3MIHH KOHTpacTy iHTep(j)e- 
peHUiHHOl KapTHHH CMyT.  U,e a03BOJI36 OUiHHTH UIBHflKiCTb Ta JHTeHCHBHiCTb B3aeMOÄÜ' peiOBHHH 3 
noBepxHero. 

When creating new composite materials, indi- 
cating devices, products and constructions oper- 
ating in aggressive media, one should have 
information on the state of the surface and dy- 
namics of its properties variation as a result of the 
interaction with gaseous and liquid substances. 
One of the most important problems in the study 
of the interaction processes of solid and liquid 
surface with gases and liquids is a provision of a 
contactless and nondestructive methods for the 
surface state control. 

A holographic interferometry method ensur- 
ing a possibility to make contactless measurements 
on any type surfaces without a preliminary prepara- 
tion or treatment can be applied for this purpose. 
The simplicity and high accuracy of this method 
open wide perspectives for it to be used for the 
solution of scientific and application problems 
when studying the processes that occur on the sur- 
face of different materials. An approach according 
to which every point of the illuminated surface ab- 
sorbs and reflects the light and thus acts as a source 
of spheric waves is taken as a basis of the proposed 

method of holographic interferometry. The com- 
plex amplitude of the scattering light in a random 
point of space is equal to the sum of the ampli- 
tudes of the waves scattered by every point of the 
surface. The height of the surface relief in some 
point (x, v) is the function £,(x, v) which is defined as: 

$(x,y)=f(Ra,Rz), (1) 

where Ra is a mean arithmetical deviation of the 
profile from the central line within the limits of 
some length /; Rz is the height of the profile 
uneven ties. 

i n 

0 i=\ 

5 5 (2) 

j=l 

The expression for the complex amplitude of 
the scattered light in a random point of space P 
may be written in the form [1]: 
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Contrast 

Fig. 1. Changes in the contrast of the interference pat- 
terns of displacement bands caused by the liquid 
desorption from a solid surface: a) liquid sorbed by 
the surface; b) liquid partially desorbed; c) liquid 
fully desorbed. 

U(xy) = k\\ UQcy) exp[/27tG5(x,y)/X] dx dy    (3) 

—CO 

where k is constant; U(x,y) describes the complex 
amplitude of light incident on the point (x,y); G is 
geometric factor defined by the directions of the 
illumination and observation. 

Since the parameters characterizing the state of 
the surface (relief, structure, etc.) vary randomly 
by the value of the wavelength X or more, the 

phase member Gl(x,y) will vary proportionally to 
random.values. Consequently, a full amplitude at 
the point P is described by the sum of vectors with 
random phases; their addition gives a random re- 
sulting amplitude. The value of the full amplitude 

Fig.2. The dynamics of contrast changes of the inter- 
ference pattern with time in the process of liquid 
desorption from a solid surface. 

varies from 0 to maximum depending on the 
value of the individual components' phase. 

At the change of the characteristic factors of 
the studied surface, the full amplitude and, conse- 
quently, the intensity of the scattered light change 
as well. This is well visualized by the modification 
of the interference pattern of the displacement 
bands formed by this surface. 

The experiments on the study of the liquid 
(alcohol) desorption process from the surface of 
aluminium plate were carried out. Fig.l shows 
the dynamics of the change in the interference 
pattern in the course of the liquid desorption 
from the solid surface. It is evident that the slight- 
est changes of the surface state caused by the sub- 
stance desorption lead to change in the contrast 
of the bands interference pattern. By the contrast 
change with time (Fig.2), one may quantitatively 
estimate the liquid desorption rate from the stud- 
ied surface. 

The presented results give evidence to the pos- 
sibilities of the holographic interferometry 
method and to the necessity to elaborate, on its 
basis, a high accuracy method for the investiga- 
tion of Langmuir-Blodgett films, adsorption 
monolayers on liquid and solid surfaces, modified 
surfaces of adsorbents, etc. 

This registration method can be applied in the 
creation of devices for a nondestructive control of 
operational characteristics of the working sur- 
faces of constructions and products as well as in 
ecology for the development of a new generation 
of sensors for enviromental monitoring. 
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H3yHeHHe npouecca ,uecop6i|HM semecTB c ROMOIIIHO 

rojiorpacpKHecKOH HHTepjpepoiweTpssM 

lO.H.OHHmeHKO, JI.H.KocTposa, E-ILYnaaoB, 
JI.H.PoÖyp, r.A.ABTOHOMOB 

OflHOH H3 Ba*HefiuiHX 3aflaM npH HCCjie/iOBaHHH B3anMOßeHCTBH5i TBCpMbix H 5KKAXHX noBcpxHocrefi 
c ra30o6pa3HbiMH H «HAKHMH cpe^aMH aBJiaerca o6ecneHeHne 6ecKOHTaKTHoro H Hepaspyuiaiomero 
KOHTpoJia crpyKTypw noBepxHOCTH. Rm STOH ueim MOHCCT 6biTb ycneiimo npHMeHeH Merofl rojiorpa- 
(jjHHecKofi HHTep^epoMCTpHH. IIpHHijHn 3anHCH rojiorpa(J)HHecKHX HHTep4>eporpaMM 3aKjnoHaeTC« B 

ncnojib30BaHHH HHTep4>epeHUHH flByx COCTOHHHH oflHofi H Ton *e nosepxHOCTH HccjieayeMoro oöteKTa: 
B HaiajitHOM cocToaHHH H nocjie HeKoroporo B3aHMOfleficTBHa. MajiefiuiHC HSMeHeHHH CTpyicrypbi 
noBepxHOCTH, BW3BaHHbie flecop6uHeö BeiuecTBa,npHBOfl«T K H3MeH6HHio KOHTpacTa HHTep^e- 
peHUHOHHOH KapTHHbl  nOJIOC. 3T0 n03BOJiaeT OqeHHTb CKOpOCTb H  HHTeHCHBIIOCTfe B3aHMOfleHCTBH5I 

BemecxBa c noBepxHOCTbio. 
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Ellipsometric analysis of irradiated copper mirrors 

B.V.Grigorenko, R.S.Mikhalchenko and V.S.Voitsenia* 

Institute for Low Temperature Physics and Engineering, National Academy of 
Sciences of Ukraine, 47 Lenin Ave., 310164 Kharkov, Ukraine 

♦Kharkov Physico-Technical Institute, 
1 Akademicheskaya St., 310108 Kharkov, Ukraine 

To analyze irradiated mirror surfaces, the ellipsometric method is used as the reflecting surface 
model a homogeneous absorbmg fifan on a homogeneous absorbing substrate was used. The pnncipa 
Supsometric equation was solved numerically. The optical constants of the subs rate' «J ^ ^ 
film thickness, the reflectance and absorptivity of the m.rrors as funct.ons of Cu and Ar penrtraüon 
nto copper were calculated. It is shown that the method can be used to study surface roughnes; prior 
and subsequent to irradiation. Irradiation of copper mirror surfaces with the Cu+ ions of 3 MeV or Ar 
Tons of 4 keV increases their reflectivity, the high reflectivity propert.es are retained for several months. 

TTjw aHajiisy onpoMmeHoi noBepxui sacrocoByBa^H emncoMerpHHHHH Merofl. 3a MoÄMb BwßHua- 
K>HOI noBepxHi BHKopHcroBVBa^H oÄHoPiflHy „ormiHaioHy natoicy Ha OäHOP.äHIM ™™MK>™ 
niflKJiaÄqi. OcHOBHe piBHHHHS ejiincoMexpii Po3B'5.3yBaJiH HHceubHHM MCTOAPM. B pe3yjibTaT, 
pO^aXVHKy  3HaXO«H™   onTHHH.   nOKa3HHKH   niAK^aflKH  i  raiiBKH    TOBmHHy  njUBKH    KO«l»meHT 
BiXBaHH« B sa.e.Hocxi BiÄ P.H6HHH npo„HKa„H* IOHIB Cu+ Ta Ar+ B MiAb. B po6oT, B.«o6=a 
MoaciHBicrb 3acTocvBaHHa Merofly wn flocnifl*eHi« uiopcTKOcr. noBepxn. flo i nicjia °nP°Mm™ 
SnpoMiHeHH* MiflHHX «aepKa* ioHaMH Cu+ 3 eHeprico 3 MeB a6o Ar+ 3 «epne» 4 KeB npH3BOflHTb 
«o ^LBIII«™ Koed,iuieHTy Bifl6HBaHHa, npHHOMy BHCOK! Bi«6HBaK>H, B^CTHBOCT, rffcpiraion,« 

npOTHrOM KlJIbKOX M1C5ILUB. 

1. Introduction 

Polished copper mirrors noted for their low 
emissivity factor and high thermal conductivity are 
widely used in cryogenic engineering. But copper is 
characterized by a disadvantage, viz. fast oxidation 
in air. For instance, at 35 °C and the relative hu- 
midity of 45 %, the emissivity factor of copper in- 
creases by 22 % (from 0.013 to 0.0167) in 50 h. The 
importance of improvement of the metal corrosion 
resistance is obvious. The protective SiO coating 
commonly applied to reflective copper surfaces pro- 
tects them against oxidation but it increases their 
emissivity factor by 40 %. 

2. Problem 

Let us consider another method of corrosion 
abatement. Extensive studies of the tokamak- 
based thermonuclear fusion reactor (TFR) (IN- 

TOR, ITER projects) have been performed in re- 
cent years. To assure a reliable TFR operation, a 
continuous monitoring of a number of the high- 
temperature plasma parameters is required. The 
monitoring devices include mainly the viewing 
metallic mirrors placed in the immediate vicinity 
of plasma.Their surfaces are thus exposed to 

penetrating radiation (neutrons and y-quanta), to 
neutral charge exchange atom bombardment and 
to electromagnetic radiation in a wide range of 
energies. This irradiation degrades the mirror 

quality. 
The mirror-aided diagnostics of plasma uses 

electromagnetic waves ranging from ultraviolet to 
near IR wavelengths. The requirements to the 
mirror surface quality are most stringent in the 
short-wave region of spectrum where even slight 
changes in the surface topography (e.g., the ap- 

pearance of a microrelief 20 nm = 1/10 X deep) 
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would sharply affect the performance charac- 
teristics of the mirrors. It seems that the problem 
can be solved through simulating the penetrating 
radiation by metal ions. The irradiation of stain- 
less steel mirrors caused radiation damage (RD) 
of the surface which could be seen quite clearly in 
the reflected light. The mirror reflectivity was ob- 
served to decline and this degradation increased 
with the radiation dose [1]. However, contrary to 
these results, irradiation of copper mirrors made 
their reflectivity increase [2]. 

The are twp promising strategies of using ion 
implantation to abate corrosion: 

i) to use the implantation as a tool for intro- 
ducing a certain component into the surface lay- 
ers of the metal to improve its corrosion 
resistance; 

ii) to employ ion irradiation for studying and 
better understanding the corrosion mechanisms. 

Thus, the application of ion implantation to 
study oxidation is of great practical and scientific 
value. The mechanism of variations of the corro- 
sion resistance of metals due to ion introduction 
is not clear yet. At present, there is no general 
agreement regarding the reason why ion bom- 
bardment slows down metal oxidation. 

3. Technique and equipment 

Along with EPR, electron microscopy, Auger 
electron spectroscopy, the method of ellipsometry 
can effectively be used to study the properties of 
materials with ion-implanted layers because the 
physico-chemical state of the surface layer in me- 
tallic mirrors influences essentially the polariza- 
tion characteristics of the light reflected from 
them. 

In this communication we report the results of 
the ellipsometric analysis of the effect produced 
by neutrons on the reflective properties of oxy- 
gen-free pure copper mirrors in the visible part of 
the spectrum. Neutron irradiation was simulated 
using Cu+ bombardment of copper mirror sur- 
faces. 

The influence of charge exchange atom flow 
was imitated using Ar+ ions. The Cu+ and Ar+ 

irradiation was performed by means of an elec- 
trostatic ion accelerator. 

The quantitative characterization of radiation 
damage can be judged from the displacements per 
atom (DPA). In the above simulation experiment, 
about 50 % radiation damage occurred under the 
conditions identical to those of the neutron dam- 
age with neutron energies of 14 MeV incident on 
the first wall. 

Fig.l. Model of the reflecting copper mirror surface 
with the ion-implanted layer. 

Mechanically polished copper mirrors were ir- 
radiated by Cu+ ions at 3 MeV, dose level up to 
1017ionycm2 to attain 20 DPA profile. The sam- 
ples were etched by 4 keV Ar;+ ions. The resulting 
depths of the etched layers were measured to be 
0.1, 0.2, 0.5, 0.75 and 1 um. For removing the 
non-metallic impurities from the samples, they 
were exposed to a chemical treatment by H+ ions 
and H° atoms, and the ellipsometric data were 
recorded every 24 hours. 

The phase shift A and the azimuth of recov- 
ered linear polarization y have been measured 
using a laser photoelectric ellipsometer LEF-3M 
in the polarizer-compensator-sample-analyzer 
(PCSA) configuration at 632.8 nm wavelength. 
The rotation angles of the polarizer, compensator 
and analyzer as well as the angle of light incidence 
on the sample were measured to within 1' and the 
scatter in the polarization angle values was5D = 
-5', 5\j/ = -1', respectively. In our calculations, the 
values of A and y have been averaged over two 
conjugate zones. 

At the wavelength of the laser X = 632.8 nm, 
the, electromagnetic radiation extended into the 
surface of the copper mirror to a depth d - l/k = 
= XIAuk - 16.9 nm (where k is the natural absorp- 
tion coefficient) and, hence, the absorptive near- 
to-surface layer and the absorptive substrate 
could be considered as being uniform (Fig. 1). The 
complex index of refraction has been calculated 
for both the film and the substrate, and from the 
values obtained, the reflection coefficient R for 
the normal incidence has been determined. 

4. Results and discussion 

The results of calculation are shown in Fig.2. 
It can be seen from this figure that the reflectivity 
of the sample after the Cu+ ion implantation 
shows an increase of 5.5 % as compared to the 
sample before irradiation and increases further in 
depth under the copper mirror surface. The Cu+ 
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Fig. 2. The reflection coefficient versus the depth to 
which the Cu+ and Ar+ ions penetrated into the cop- 
per mirror. The arrow indicates the reflection of the 
unirradiated sample. 

ion bombardment will cause the main absorption 
coefficient of the oxide film CuO to decrease. The 
irradiated surface has been observed to remain 
bright during several months unlike the control 
sample which grows dim at once. 

Table. Influence of the ion implantation on optical 
properties of copper mirrors 

Optical Without With implan- 
parameters implantation tation Cu+ 

Complex index of copper 0.525-/2.987 0.267-<3.898 
refraction, N 

Coefficient of reflection, 85.5 91.0 
R,% 

Natural absorption 59 77 

coefficient, K, u-1 

Depth of the irradiated 16.9 12.9 
zone of copper sample, 

rf,nm 

Optical conductivity, 7.5 ■ 1014 4.9- 1014 

G, s-1 

The ellipsometric data obtained for the copper 
mirrors with the Cu+ ions implantation at a depth 
of 1 um are tabulated in the Table below. 

It is obvious that the ion-radiation damage 
caused significant changes in Cu lattice which, in 
turn, tend to increase the natural absorption coef- 
ficient (by 30.5 %) and to decrease the depth of 
the irradiated zone thus resulting in an increasing 
coefficient of reflection for the irradiated copper 
mirrors» 

The surface roughness can also influence the 
reflection coefficient. The surface becomes more 
smooth after irradiation as demonstrated by a 
twofold reduction in the real part of the complex 

cp, degrees 

Fig.3. Cos A as a function of <p: 1 - before the irradia- 
tion; 2 - after Cu+ and Ar+ ions implantation. 

index of refraction and an increase in its imagi- 
nary component as well as by a decrease of the 
optical conductivity in this region of spectrum in 
contrast to polished Ni, Pb, Sn samples. So, one 
can conclude that a decrease in the surface irregu- 
larities causes the coefficient of reflection to in- 
crease. 

The correctness of the calculations performed 
was confirmed by the results of the ellipsometric 
angles (A and T) measurement which are shown 
in Fig.3. From this figure, it can be seen that with 
increasing angle of light incidence on the sample 
the curve is shifted to the region of greater angles. 
This fact can be explained as follows: the ion 
bombardment of the sample tends to smooth out 
the surface and, as a result, the incidence angle q> 
will increase. 

5. Conclusions 

Scanning tunneling microscopy of the samples 
after irradiation has detected a change in the sur- 
face microrelief as compared to unetched sam- 
ples. The decreased number of the small-scale 

o 
structure areas of size 300 A and appearance of 
the relatively large smooth areas of linear sizes 

5000 A has confirmed the validity of the ellip- 
sometric analysis carried out. Irradiation of the 
copper mirrors with 3 MeV Cu+ ions at the dose 
level 1017 ion/cm2 or with 4 keV Ar+ causes the 
reflection coefficient to increase, and the mirrors 
so treated keep the improved reflectivity for sev- 
eral months. 
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3jiJinncoMeTpHHecKHH MeTO^ aHajiH3a 
oÖJiyneHHbix McaHbix 3epKaji 

B.B.rpHropeHKO, P.C.MHxajibneHKO, B.C.BofiueHfl 

Rsisi aHajiH3a oSjiyieHHbix noBepxHoereö npHMeHsuiH aJuiHncoMerpHqecKHH MCTO». B KaiecTBe 
MoaejiH oTpaacaiomeH noBepxHocTH Hcnojib30BajiH oflHopoflHyio norjiomaiomyio ruiemcy Ha 
oaHopoaHOH norjiomaioineH noano)KKe. OcHOBHoe ypaBHeHHe ajiJiHncoMCTpHH pemajiH HHCJieHHbiM 
MeroaoM. B pe3yjibTaTe pacnera Haxo^HJiH onTHM ecKHe noKa3aTejiH no«jio»CKH H njiemcH, TOJimHHy 
njieHKH, Koe(JxJ)HaHeHTbi OTpaaceHHS H norjiomeHHH 3epKaji B 3aBHCHMOcra OT niy6HHbi npoHHKHOBeHHfl 
HOHOB Cu+ H Ar+ B Meab. IloKa3aHa B03M03KHocTb npHMeHeHHa MeTOfla ajia HccneaoBaHHfl mepoxoBa- 
TOCTH nofiepxHOCTH flo H nocjie o6jiyHeHHa. 06jiyneHHe MeflHbix 3epKaji HOHaMH Cu+ c SHeprHeB 3 MaB 
HUH  Ar+  C 3HeprHefi  4 loB npHBOflHT K  yBCJIHHeHHIO K03(})({)HUHeHTa OTpa5KeHH5I,  npH 3TOM  BblCOKHe 
OTpajKaTejibHbie cBOHCTBa coxpaHflioTca B TeneHHe HecKOJibKHX MecaueB. 
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Electropolishing influence on the optical properties 
of amorphous metal strips 

V.V.Vovochak and L.V.Poperenko 

T.Shevchenko Kiev University, 6 Acad. Glushkov Ave., 252022 Kiev, Ukraine 

Electropolishing influence on the structure and optical properties of the skin-layers of the amor- 
phous metallic alloys Fe60Ni20B20 and Ni78Si8B14 have been studied. It was found that electro polish- 
ing does not remove existent structural anisotropy and does not result in the specimen surface 
enrichment by one of the components. 

BHBneHO BIUIHB ejieKTpojiiTHHHoi nojiipoBKH Ha aTOMHy cxpyKTypy Ta onTHHHi BJiacrHBocri 
npHnoBepxHeBHx npomapiciB aMopcjwHx MeraJieBHx cnjiaßiB Fe60Ni20B2o Ta Ni78Si8B14. rioKa3aHO, 
mo ejieKTpojiiTHHHa noJiipoBKa He 3HiMae icHywMoi CTpyKTypHoi aHi30Tponii i He npH3BOflHTb flo 
36araHeHHfl noBepxHi 3pa3Ka OÄHieio i3 KOMnoHeHT. 

The detailed information about the electronic 
and atomic structure of amorphous materials is 
necessary for their use in the creation of techno- 
logically new instruments. Taking into account 
the miniaturization of those instruments, the de- 
pendence of the material properties on the speci- 
men thickness is of importance. Some of these 
properties were determined by X-ray and Auger 
methods [2]. To more detailed study of the atomic 
and electronic structure, amorphous alloys must 
be investigated by optical methods which will al- 
low to elucidate some new features of their elec- 
tronic properties, especially in the spectral range 
adjacent to Fermi level. 

Thus, the aim of this work is to study, using 
reflectometry near to the normal incidence angle, 
spectroellipsometry, and Fourier spectroscopy, 
the structural and electronic features of amor- 
phous alloys Fe6oNi2oB2o and Ni78Si8B14 made 
into strips, in the sounding photons energy ranges 

/to = 0.056-0.01 eV and 0.5-3.7 eV; as well as to 
clarify the influence of the electropolishing on the 
optical absorption and reflection spectra for both 
surfaces of the strip. The reflection spectra of al- 
loys in the far IR range were obtained using 
Fourier specrometer LAFS-1000 having resolu- 
tion 0.1-0.05 cm-1. The experiments were per- 
formed in the spectral range 80-450cm"'. The 
relative reflection factor Rrel = R/R^, where RM 

is the reflection coefficient for aluminium, and 
optical constants, n (refraction index) and k (ab- 
sorption coefficient) were determined, and the 
frequency spectrum of the optical conductivity 

was calculated using formula a(hm) = nka)/2n. 
The determination error for the optical constants 
n and k in the visible range was 1 to 3%, while in 
the IR region, does not exceed 5-6%. 

The structural anisotropy of the skin layer of 
amorphous alloys was studied using the normal 
incidence reflectometer. In that instrument, the 
light beam from a source is reflected from the 
strip surface and, being passed through a Polar- 
oid in the direction opposite to that of incident 
beam, comes to a photoreceiver whose photo cur- 
rent is recorded by a microampermeter. The scat- 
tering indicatrices over the polarization azimuth 
(SIPA) are the results of those measurements [3]. 

Some information about the surface anisot- 
ropy of the alloys being investigated was obtained 
also using angular ellipsometric measurements, 
by which, the ellipsometric parameters cosA and 
tgvj; for the amorphous alloys were determined 
(where A is the phase shift between the polariza- 
tion vector orthogonal components; \|/, the azi- 
muth of the restored linear polarization). The 
strip longitudinal axis was oriented in two mutu- 
ally perpendicular directions, one of the which 
was coincident with the incidence plane of the 
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Fig. I. Specrtal dependences of the optical conductiv- 
ity for initial (1,4) and electropolished (2,3) speci- 
mens of the amorphous Fe60Ni20B20 alloy strip 
measured on the incontact (1,3) and contact (2,4) 
strip sides. The curve 4 is deplaced down by 

light beam. Both strip surface were studied: in- 
contact (IS) which is formed freely in course of 
the strip preparation by the melt spinning, and 
contact (CS) having contact with the cooled disc. 
On the basis of the dependences obtained for 

cosA and tg\|/ vs angle of incidence, cp, the optical 
polarisation characteristics of the strip were de- 
termined for two orientations of its longitudinal 
axis (parallel, cp0||, and perpendicular, cp0J_, rela- 
tively to /»-plane). In our experiments, after the 
system was readjusted, the cp0|| and (p0J_ scatter 
about the average value obtained from a series of 
measurements did not exceed 0.2-0.3%. 

Consideration of these measurements results 

did allow to establish that the maximum tgvp 
value in the minimum point of the curve corre- 
sponds to minimum roughness. Both specimens 
are anisotropic on the contact surface as well as 
on incontact one, the anisotropy parameter 
Acp0 = cp,,,, - cp0J_ at the main incidence angle and 
also the ratio of extremal SIPA axes being greater 
for the incontact surface: both for CS and IS, the 
SIPA has an oval shape, but, for IS, that oval is 
of more elongated form, and the difference be- 

tween main angles cp0|| and cpox values for CS is 
less than for IS. Such a structural anisotropy is 
perhaps due to the uneven melt flowing at its so- 
lidification on a moving disc. 

Using the reflectometry, the surface roughess 
level of strips has been also studied. For initial 
specimens of the Fe60Ni2oB2o an(i Ni78Si8B14 al- 
loys, the roughness parameters are higher than 
for polished ones. This fact reflects itself in that 
the difference values of the reflection coefficients 
for both surfaces, are less for electropolished 
specimens than for unpolished ones. 

3 TiCö.eV 
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O-1015,s1 
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Fig.2. Spectral dependences of the optical conductiv- 
ity and real component of dielectric constant for in- 
itial (1,4,5,6) and electropolished (2,3) specimens of 
the amorphous Ni78Si8B14 alloy strip measured on 
the in contact (1,2,5) and contact (3,4,6) strip sides. 

The dispersion dependences for Fe-Ni-B and 
Ni-Si-B alloys have been obtained; they are pre- 
sented on Figs.l and 2, respectively. The Fig.l 
shows that the optical conductivity curves for the 
Fe60Ni2oB2o alloy contain a weak absorption 
curve in the 1.2-1.5 eV range. That band is per- 
haps due to electron transitions to the Fermi level 
from states lying within an accumulation of the 
energetic spectrum of the electron states density 
formed near iron tf-zone bottom by hybridization 
of metalloid /^-states with Fe and Ni rf-states; and 
also to transitions from Fermi level to energeti- 
cally higher ones corresponding to hybridized 2/>- 
states of the metalloid and ^-states of the both 
metals. 

The appearance of real dielectric permeability 

E,(fica) and optical conductivity afffa) curves for 
the Ni-Si-B alloy in the IR range (Fig.2) reveals a 
typical «metallic» behaviour of those charac- 
teristics, what is evidence of prevailing contribu- 
tion of free charge carriers to the absorption, 
according to Drude-Zener theory. 

Considering the a(feo) dependences presented 
on Figs. 1 and 2, one can easily conclude that the 
spectral shape remains unchanged no matter on 
contact or incontact side the spectrum was meas- 
ured. This is explained by the approximately uni- 
form alloy component distribution on both strip 
sides, thus, the behaviour of a reflected light 
beam should be essentially the same in both cases. 
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So, from the spectral viewpoint, the difference be- 
tween the CS and IS of a strip is smoothed out [1]. 

As for the electropolishing influence on dis- 
persional relationships, it should be expected that 
it will result in the enrichment of the alloy surface 
by at least one of the alloy components. That 
would change the shape of optical conductivity 

spectra a(7to). According to experimental results, 
however, the spectrum shape remains unchanged. 
This means that, up to the depth of the layer 
being removed during electropolishing (order of 
2.5 um), no fluctuations of components concen- 
trations take place in the amorphous alloy. This 
suggestion is confirmed by the Auger analysis 
date [2]. 

For all the specimens being investigated, the 
reflection spectra show a characteristic Drude- 
like feature: values of the surface relative reflec- 
tion coefficient increase when the sounding 
photons energy drops. That Rrel increase is more 
sharp for the contact side both before and after 
strip polishing. Thus, the increased roughness on 
CS results in the increased energy losses at short 
wavelengths. 

In studies of atomic structure features, the dy- 
namic characteristics of conductivity electrons 
were evaluated, especially, the relaxation fre- 

quency for the initial amoq^hous Ni78Si8B14 al- 
loy (for both sides). This frequency, y, as deter- 
mined by linear approximation of (ho function 
f(X) = s2/(l-s]) = y\/2iic,   is   equal,   for   CS, 

2.211015 s-1, while for IS, 0.76-1015 s~'. The deter- 
mination error for those values did not exceed 10 
per cent. Thus, the CS is characterized by a higher y 
value, what is confirmed by the data of [3] related to 
the surface finish on the CS as compared to that of 
IS. Conclusively, the atomic structure of contact 
and incontact sides of an amorphous alloy strip is 
anisotropic, and the optical parameter of the an- 
isotropy, A<p0 = cp0J. — cpox is higher for the incontact 
side. The electropolishing does not remove that an- 
isotropy and does not result in the specimen surface 
enrichment by any of alloy components. The 
components concentrations on both sides are es- 
sentially the same. 
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BjiHHHiie 3jieKTpoJiHTHMecKoii nojinpoBKH Ha oirrimecKiie 
CBOHCTBa aMOpipHblX MeTaJIJIHHeCKHX JieHT 

B.B.BoBOHax, JLB.rionepeHKO 

HsyneHo BJIHAHHC ajieicrpojiHTHHecKOH nojinpoBKH Ha aTOMHyio crpyicrypy H oirnmecKHe cBOHcroa 
npiinoBepxHOCTHbix cjioeB aMop<j)Hbix MeraJuiHHecKHx cnJiaBOB Fe60Ni20B20 H Ni78Si8B14. üoKaiaHo, 
HTO sjieKTpojiHTHHecKaa noJiHpoBKa He cHHMaer cymecTByiomyio crpyicTypHyio aHraoTponnro H He 
BbObiBaeT oßorameHHe noBepxHocra o6pa3ua O«HOH H3 KOMnoHeHT. 
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Investigation of metal—GaAs structures 
exposed to beam treatments 

J.Breza*, K.A.Ismailov**, R.V.Konakova***, J.Liday*, 
V.G.Lyapin***, V.V.Milenin***, A.A.Naumovets***, 

I.V.Prokopenko***, V.A.Statov** and Yu.A.Tkhorik*** 

* Slovak Technical University, 3 Ilkovicova, 81219 Bratislava, Slovakia 

** Karakalpak University, 1 Universitet koshesi, 742012 Nukus, Uzbekistan 

***Instirute of Semiconductor Physics, National Academy of Sciences of 
Ukraine, 45 Nauki Ave., 252650 Kiev, Ukraine 

The effect of electron beam and 60Co y-irradiation on the properties of some metal (Au, Cr, Mo, Pt, 
Sn, Ti, W) — GaAs Schottky contacts was investigated. Electrophysical characteristics, such as barrier 
hight <ps, ideality parameter n, minority carriers effective lifetime T and reverse current 7^, were 
measured as functions of the adsorbed dose. It was shown that both beam treatments may consider- 
ably improve these characteristics. Interdiffusion in contacts and charge in sample deformation under 
Y-irradiation were studied also. 

.HocjiiaaceHO BnuHB eneicrpoHHo-npoMeHeBoro Ta 60Co y-onpoMimoBaHra Ha BJiacrHBOcri KOHTaicriB 
UIoTTKi MeTan (Au, Cr, Mo, Pt, Sn, Ti, W) — GaAs. OrpHMaHO fl030Bi 3ajie:«HocTi TaKHX eneicrpo- 
cJ)i3H4HHX xapaicrepHCTHK   HK BHcoTa 6ap'epy cpB, napaMeTp iaeanbHOCTi n, «JieKTHBHHH Mac HCHrra 
HeOCHOBHHX HOCÜB T   Ta 3BOpOTHHH CTpyM IR.   IToKa3aHO, IHO o6nflBa THnH o6po6KH MO)KyTb CnpHHHHJITH 
icTOTHe noKpameHHH UHX xapaicrepHCTHK. J\ocj\WKmo TaKO» B3aeMoancj)y3iio y KOHTaicrax i 3MiHy 
ae(})opMamü 3pa3KiB npn y-onpoMiHioBaHHi. 

Introduction 

The active elements with Schottky barriers, 
such as microwave Schottky diodes, a wide range 
of Schottky-barrier gate field-effect transistors 
and many others, form the basis for the GaAs 
microelectronics [1]. That is why studying the 
properties of Schottky barrier structures is of im- 
portance not only for the pure science but also for 
numerous technical applications. The principal 
parameters of these structures (barrier hight cpß, 
ideality parameter n, avalanche breakdown volt- 
age VB,minority carriers effective lifetime T re- 
verse current IR) may be changed by various 
treatments, including the beam ones. 

It is well known that ionizing radiation is a 
universal tool to modify physico-chemical state of 
matter. In spatially nonuniform metal - semicon- 

ductor structures, the processes of interaction 
with ionizing radiation occur more actively near 
the interfaces. Reconstruction and annihilation of 
structural defects, mass transport and chemical 
reactions in heterostructures can be regulated by 
varying type of radiation, particle energy and ad- 
sorbed dose. By this way, one can shape inter- 
faces having specific composition and structure 
and, consequently, having fixed electrophysical 
parameters of the interphase boundaries. 

Subject of research and 
experimental procedures 

The Me—GaAs heterostructures (metal 
Me = Au, Cr, Mo, Pt, Sn, Ti, W) were prepared in 
vacuum (pressure not higher than  10~3 Pa) by 
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Fig.l. Barrier height cpB (dashed lines) and ideality parameter n (full lines) as functions of absorbed electron beam 
(a) and y-irradiation (A) dose. 

sputtering the electron-beam evaporated metal 
onto the (100) surface of «-GaAs films (the ma- 
jority varriers concentration n = 1016-1017 cm"3). 
The films were grown by vapor-phase epitaxy on 
a highly-doped n-GaAs substrate (n=1018 cnr3). 
Their surface was chemically cleaned by etching 
during 3 min in 50 % solution of hydrochloric 
acid. The thickness values of the sputtered poly- 
crystalline metal layers varied from 100 (for the 
Cr— GaAs contact) to 200 nm (for the Pt—GaAs 
contact). 

The heterostructures obtained were exposed 
to electron beam (energy E- 2.2 MeV, dose 
range 10" to 1015 electron/cm2) or to 60Co 
Y-irradiation (dose range 103 to 106 Gy, dose rate 
3 Gy/s). Electrophysical parameters of both the 
Me—GaAs interfaces and GaAs near-fhe-bound- 
ary regions were studied by taking I- V and C- V 
curves and also by measuring short-circuit pho- 
tocurrent at different reverse biases and electron 
beam induced currents, thus enabling to estimate 
the lifetime for non-equilibrium photocarriers 
[2-4].    Structural and morphological investiga- 

tions were carried out using transmission electron 
microscopy, while both X-ray photoelectron 
(XPS) and Auger electron (AES) spectroscopies 
were used to analyse elemental and phase compo- 
sition [5]. Internal static deformations were stud- 
ied by X-ray diffraction; they were calculated 
from the structure curvatures, i.e. from angular 
shifts of the diffraction reflection peaks after 
translating the samples over the known distances 
[6,7]. 

Experimental results and discussion 

The barrier height cpB and the ideality factor n 
of the Me—GaAs Schottky contacts are given as 
functions of absorbed irradiation dose in Fig.l. 
The minority carriers effective lifetime x versus 
absorbed dose curves are shown in Fig.l While 
all these parameters change non-monotonously 
with the absorbed dose, the xp changes are far 
beyond those of both cpB and B. (The reverse cur- 
rent 1R, being inversely proportional to x , also 
changes drastically with the absorbed dose.) Since 
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Fig. 2. Minority carriers effective lifetime t as a function of absorbed electron beam (a) and y-irradiation (b) dose. 

these parameters are linked with the physico- 
chemical structure of the interphase boundaries, 
one may suppose that radiation processing has 
changed structure of the interface, or its phase 
composition, or both of them. 

The energy needed for irreversible displace- 
ment of an atom from Ga(As) sublattice is 
8.8-9.0 eV (9.4-10.1 eV); this value corresponds 
to the threshold electron energy 228 keV 
(273 keV) [8]. So, intense defect creation in GaAs 
results from electron beam as well as from 
Y-irradiation (in the last case due to Compton 
electrons), the two types of processing thus being 
adequate to some extent. In a thin subsurface 
layer of GaAs, chemical bonding is somewhat 
weakened due to metal atoms penetration into 
the host lattice. This makes radiation defects 
creation much more intense that in semiconduc- 
tor bulk. Optimum doses of irradiation lead to 
both predominance of structural defects annihila- 
tion and formation of electrically inactive com- 
plexes in the GaAs near-contact layer. For 
Me—GaAs heterostructures, this results in de- 
creasing reverse current IR and increasing minor- 
ity carriers effective lifetime x . And v.v., 
accumulation of radiation defects in the subsur- 
face layer of a semiconductor increases reverse 
current. 

The y-irradiation led to components redistribu- 
tion in the transition layers of the Me—GaAs het- 

Table 1. Transition layer width (nm) for some Schot- 
tky contacts before and after y-irradiation. 

Component Before 
y-irradiation 

Absorbed dose, Gy 

105 108 

Mo 30 39 33 

Ga 21 39 14 

As 21 39 18 

Pt 180 115 - 

Ga 190 100 - 

As 100 100 - 

Ti 33 41 - 

Ga 87 78 - 

As 63 57 

erostructures studied. This follows from compar- 
ing of concentration depth profiles taken before 
and after irradiation. The transition layer width 
as a characteristic feature of the interface trans- 
formations in the Me—GaAs contact under 
y-irradiation is given in Table 1. (The transition 
layer width, defined from AES or XPS spectra of a 
given compotent, was taken, by convention, as the 
difference between the depths at which the signal of 
that component dropped from 90 to 10 % of its 
maximum value inside the contact region.) The cor- 
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responding values for the Cr—GaAs heterosys- 
tem, along with the components concentration 
depth profiles, are given in [9]. 

From these results one may conclude that 
y-irradiation substantially affects both stoichio- 
metry of the semiconductor near-contact region 
and the transition layer width. Changes in the 
transition layer width range from several tens of 
per cent (Ti—GaAs contact) to about two times 
(Cr—GaAs, Mo—GaAs contacts). Such changes 
are not monotonous with absorbed dose: the in- 
itial expanding of the transition layer gives way to 
its narrowing. It should be noted that transition 
layer widening may result from an increse in de- 
fect concentration as well as from decrease of ac- 
tivation energies for contact components 
diffusion. Such a decrease may be due either to 
energy transfer from hot electrons (excited by ra- 
diation) to the diffusing atoms or to changing 
their charge after capturing non-equilibrium car- 
riers [7]. The peculiarities mentioned are responsi- 
ble for redistribution of both atoms and defects in 
the Me—GaAs heterostructures. In such a situ- 
ation, one could expect that only widening of the 
transition layers must occur under y-irradiation. 
Such a concept is in contradiction with experi- 
mental facts (non-monotonous changes of transi- 
tion layer width with absorbed dose, see Table 1). 
To make an adequate approach to the problem of 
the spatial distribution of different components 
near the interface one must take into account also 
internal stresses and electric fields generated at 
contact formation. Then the following expression 
may be used for particle flow density in the het- 
ero systems studied [7]: 

Here D is diffusion coefficient (under irradiation 
its value may differ condiderebly from that for 
the ordinary thermal diffusion); N, Q and q are, 
respectively, concentration, atomic (ionic) vol- 
ume and charge of diffusing particles; K is bulk 
modulus; ß is coefficient of the host lattice expan- 
sion due to penetration of diffusing particles; E is 
electric field strenght; T is temperature and kB is 
Boltzmann constant. (The x axis is normal to the 
interface plane.) It can be seen from the expres- 
sion (1) that (even for E = 0) the uphill diffusion 
(up the gradient of concentration) may occur if 
ß < 0 and the second term in (1) prevails. 

The assumption that internal stresses may be 
of considerable importance for mass transport in 
heterostructures is confirmed by our studies of 
the Me—GaAs contacts using X-ray diffraction. 
After absorbing sufficiently high y-irradiation 

Table 2. Inverse curvatures and elastic bending de- 
formations sfi of the samples before (left subco- 
lumns) and after (right subcolumns) y-irrradiation 
(absorbed dose 105 Gy). 

Heterosystem R, m EpXlO5 

Au-Ti-GaAs 11.4 17 3 2.06 

Mo-GaAs 10.3 oo 15 0 

Pt-GaAs 15.9 25.8 0.95 0.58 

W-GaAs 41.4 00 36 0 

doses, the transition regions became narrower 
and components concentration depth profiles be- 
came more steeply sloping that those for lower 
doses. Both effects are correlated with changes in 
sample inverse curvature R and elastic bending 

deformation sR - see Table 2. 
A sufficiently fair account of structural re- 

laxation in multilayer systems constitutes a rather 
complicated problem because there is a lot of con- 
tributors of internal stresses in such systems [10]. 
Some of these contributors may enhance defor- 
mations in heterocontacts, while the others may 
act in the opposite direction. 

For some of the contacts studied (e.g., Cr—GaAs 
[9]) the components concentration depth profiles had 
no pronounced peculiarities that could be connected 
with intermetallic phase formation. So in these cases 
the ordinary equation for a completed chemical reac- 
tion 

(nh + mq)Me + nqGaAs -> 

->• «MehGaq + gMemAsn 

failed and the irradiation doses used had no pro- 
nounced effect on the rate of intermetallic phase 
formation. In other cases (e.g, Pt—GaAs [11]) the 
intermetallic phase formation was found. The 
problem of chemical reactions in the Me—GaAs 
heterostructures under irradiation seems to need 
further investigations. 

Conclusion 

The results obtained indicate that physico- 
chemical processes at the Me—GaAs interfaces 
are common, to an extent, for both cases of sam- 
ple processing (electron beam and y-irradiation). 
One can substantially improve electrophysical pa- 
rameters of the Schottky barrier structures by us- 
ing some optimum doses of irradiation. 
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Hccjie^oBaHHe CTpymyp Me—-GaAs, 
no^BepmyTbix jiyneBbiM o6pa6oTKaM 

K).Bpe3a, K.A.HcMafijiOB, P.B.KoHaKOBa, HJlHaan, B.B.MHJIBHHH, 

A.A.HayMOBeu, H.B.npOKoneHKO, B.A.OraTOB, K).A.TxopHK 

HccjieÄOBaHo BJiHHHHe sjieKTpOHHO-jiyneBoro H 
60

CO Y-oöJiyneHHH Ha CBOHcraa KOHTaKTOB UIOTTKH 
MeTajin (Au, Cr, Mo, Pt, Sn, Ti, W)— GaAs. HafiaeHbi #030Bbie 3aBHCHMOCTH TaKHx sneicrpo- 
(J)H3HHecKHX xapaicrepHCTHK KaK BbicoTa 6apbepa <ps, napaMeTp HfleajibHoc™ n, 3<btpeKTHBHoe BpeMa 
ÄH3HH HeocHOBHbix HOCHTenefi ip H o6paTHbifi TOK IR. JToKa3aHO, HTO o6a ™na o6pa6oTKH MoryT 
npHBOÄHTb K cymecTBeHHOMy yjiynmeHHio arax xapaicrepHCTHK. HccjieaoBaHbi Taic)KeB3aHMoaHdxby3H5i 
B KOHTaicrax H H3MeHeHHe ziedpopMauHH o6pa3ijoB ripn Y-oß^y^eHHH. 
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Optical properties of copper and aluminium studied with 
consideration for a surface layer using ordinary and 

polariton spectroellipsometry 

V.A.Bolottsev, L.Yu.Melnichenko and I.A.Shaikevich 

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine 

Using both usual and polariton multiangular spectroellipsometry the spectroellipsometric investiga- 
tions are carried out for the oxidic and ion bombardment surface of Cu and Al. The optical constants 
of pure metal and transitional surface layers are obtained which allowed to find some features ol 
electronic structure of investigated samples as well as consistence of surface layer. In particular, we 
found experimentally at first two types of interband transitions near the W and K points of Bnllouin 
zone for Al. 

ripoBefleHO cneKTpoejiincoMeTpHHHe flocjiiflacemw i3 sacrocyBaHHaM HK sBHiaHHoi, TaK i iiojistpH- 
TOHHOV 6araTOKyroBoi' cneKTpoejiincoMerpi'i oKHCJteHHX Ta ioHHO-6oin6apflOBaHHX noßepxoHb Al i Cu. 
OaepacaHO onTHHHi crajii HHCTOTO MeTajiy Ta nepexiflHoro noBepxHeBoro uiapy, mo .UOSBOJIHJIO 
BH3BHTH pw oco6jTHBOCTefl ejieKTpoHHoi' cTpyKTypH ÄOCJiiflaceHHX 3pa3KiB, a Taico* CKJiaa noBepx- 
HeBoro uiapy. Bnepuie BAanoca eiccnepHMeHTajibHO BHSIBHTH /ma THHH MiaooHHHX nepexo^iß no6jiH3y 
W Ta K TOMOK 30HH BpiJiJiioeHa ajia Al. 

Optical properties of metals contain a com- 
prehensive and useful information on their elec- 
tron structure, in particular on the behaviour of 
free electrons, electron energy zones etc. Making 
spectroellipsometric measurements one may ob- 
tain spectral dependences of optical conduction 
and dielectric permeability which are used for the 
calculation of the parameters of free electrons, 
energy gap between electron zones, density of 
electron states, etc. However, both the measured 
optical constants and calculated electron parame- 
ters are distorted to a significant extent by the 
presence of a surface layer on the metallic mirror 
under study. This layer consists essentially of an 
oxide layer and compounds adsorbed on the 
rough surface of metal distorted by polishing and 
finishing. Therefore, consideration or removal of 
the surface oxide layer and adsorbed compounds 
with a simultaneous smoothing of the surface 
roughness when measuring optical constants of 
metals increases essentially the degree of certainty 
of the results obtained and electron parameters 
calculated by optical constants. 

Both consideration of the effect of the oxide 
layer and adsorbed compounds on the measured 

optical constants and removal of this layer by ion 
bombardment were used in our experiments. The 
latter allowed to obtain some new results which 
will be given below. Optical measurements were 
performed using conventional spectroellip- 
sometry as well as that with the excitation of sur- 
face polaritons at different light incidence angles 
to the studied sample. Taking several incidence 
angles gave the possibility to solve, on a com- 
puter with numerical methods used, the reverse 
problem of ellipsometry for the case of a uniform 
layer on the surface of metal and to find five un- 
known values in case of usual ellipsometry [1], i.e. 
refraction and absorption indices of metal n and 
X, those for the surface layer n, and Xi and effec- 
tive thickness of the layer d. The incidence angles 
in this case were chosen to be near the main angle. 
In the case of ellipsometry with the excitation of 
surface polaritons, the Otto method [2] was util- 
ized. The incidence angles were chosen near that 
of maximum polariton excitation. In this case, 
one more value was added to the five unknown 
ones mentioned above, this being the thickness of 
an air interlayer dx between the glass prism and 
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Fig.l. 

metallic mirror. In both cases, the measurements 
of ellipsometric parameters were made by Beattie 
method using ellipsometer with a continuous 
variation of the incidence angles [3]. The surface 
of the investigated samples was subjected to the 
bombardment with low energy ions in a subnor- 
mal discharge to remove the layer of oxide and 
adsorbed compounds. The bombardment condi- 
tions (voltage, current strength, pressure in the 
chamber) were chosen so that the rate of the men- 
tioned layer removal would exceed that of its for- 
mation. 

Aluminium. It is known that the layer of an 
oxide and adsorbed compounds on the metal sur- 
face may lead to two effects on the spectral be- 
haviour of metal optical conduction. On the one 
hand, it masks the fine structure of the optical 
conduction spectrum (blurs small peaks on it) as 
it was observed in [4] for nickel, and on the other 
hand, creates faulse structures belonging to this 
layer itself as it was observed in [5] for tin. Optical 
properties of aluminium have been well studied in 
a big number of papers in a wide range of the 
spectrum and are presented in a review [6]. In all 
without exception investigations of different 
authors a maximum at 1.55 eV is observed on the 
spectral curve of aluminium optical conduction 
which is caused by interzone transitions near K 
and W points of Brillouin zone [7]. Energy zone 
structure for aluminium and the corresponding 
transitions according to [7] are shown by arrows 
in Fig. 1. As it is seen from Fig. 1 the transitions in 
the neigbourhood of W point should lie in a 
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10 
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Fig.2. 

higher energy part of the spectrum than those 
near K point. The latter must correspond to two 
separate absorption bands. However, in all pa- 
pers dedicated to the study of optical properties 
of Al, this band was observed as a single one with 
the maximum at 1.55 eV [6]. 

Taking into consideration the surface layer of 
the oxide and adsorbed compounds gave us the 
possibility to discriminate for the first time the 
bands on the spectral optical conduction curve; 
those correspond to the above mentioned inter- 
zone transitions. Shown in Fig.2 are the spectral 
curves of optical conduction a for two thick- 
nesses of the surface layer d —5 nm and 4 nm. It 
should be noted that neither mechanical nor ionic 
polishing of mirrors removes completely the tran- 
sitional layer of the oxide and adsorbed com- 
pounds as it follows from calculations made using 
the experimental data. The curves 1 and 2 in Fig.2 
correspond to optical conduction of Al measured 
by the usual ellipsometry for the oxide layer on 
the sample, 4 nm and 5 nm, respectively, and 3 
and 4, for the same layer thicknesses but obtained 
by the polariton ellipsometry. And, finally, curve 
5 corresponds to optical conduction calculated 
from ellipsometric measurements performed on 
our sample without consideration for transitional 
layer on the surface as it was done in the previous 
works. The curves mentioned show that, with the 
decrease of the layer thickness, the structure on 
the optical conduction curve sharpens which is 
particularly well seen at the polariton spectroel- 
lipsometry, the latter being more sensitive to the 
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state of the surface layer than the usual one. On 
the contrary, no structure is observed on the 
curve 5 which is in agreement with the results of 
all previous works by different authors. Thus, our 
experiments corroborate that two types of inter- 
zone transitions really occur in aluminium. A 
shorter wavelength band should correspond to 
the transitions at W point of Brillouin zone and a 
longer wavelength one - to those at K point. Pre- 
sented in Fig.3 are the results obtained for the 
dependences of the refraction nx and absorption 
X, indices on the light wavelength X for the transi- 
tonal surface layer on Al with the thickness 
d-\ nm. The curves 1 and 3 correspond to ellip- 
sometric measurements, 2 and 4 - to ellipsometry 
with surface polaritons excitation. A very small 
value of the refraction index, weak dispersion de- 
pendence of n, and %x and, finally, absolute value 
of the refraction index nx give evidence to the fact 
that the transitional layer consists mainly of 
Al203 though, due to the surface roughness, there 
are certainly inclusions of pure Al, this resulting 
in a somewhat increased absorption coefficient, 
especially at polaritonic spectroellipsometry. 

Copper. Optical properties of copper have 
been studied also rather in detail by various 
authors and are presented in the same review [6]. 
The spectral behaviour of optical conduction of 
copper in the visible and UV ranges is condi- 
tioned by strong interzone transitions near X and 
L points of Brilouin zone from the states lying 
below the Fermi level into those lying above it. In 
the IR region, the main contribution into optical 
conduction is made by free electrons. As it was 
mentioned above for the determinaton of electron 
parameters, it is necessary to have copper optical 
constants not distorted by the effect of transi- 
tional surface layer. Therefore, when studying 
copper we used the same method as for alu- 
minium, i.e. removal of the oxide and adsorbed 
compounds layer by ionic bombardment and con- 
sideration of this layer in calculations according 
to the method [1] from the results of the measure- 

400 600 800 X , nm 

Fig.4. 

ments with several incidence angles at both ordi- 
nary and polaritonic spectroellipsometry. 

Spectral dependences of optical conduction CT 

on the wavelength X for copper samples with the 
thickness of the surface layer 5 nm (curve 2) and 
3 nm (curve 3) obtained using polaritonic spec- 
troellipsometry are shown in Fig.4. As in the case 
of the aluminium sample, the ionic polishing did 
not remove completely the oxide layer from a 
copper mirror. The curve 1 in Fig.4 corresponds 
to optical conduction of the copper sample found 
by our ellipsometric measurements without con- 
sideration for the surface layer as it was usually 
done in all previous works. It should be noted 
that the data obtained for optical conduction a of 
copper by ordinary ellipsometry practically coin- 
cide with the curves 2 and 3. Attracts attention 
the fact that the spectral curves 2 and 3 little dif- 
fer from each other. This may testify to the fact 
that the surface layer on copper is more uniform 
than on aluminium; this leads to the coincidence 
of the results at ordinary and polaritonic spec- 
troellipsometries for different thickness of the 
layer. 

Fig.5 shows the dependences on the wave- 
length X, of the refraction index n, of the surface 
layer for the thickness 5 nm (curve 1) and 3 nm 
(curve 2) as well as of the absorption coefficient 
X, for the same thicknesses (curve 3,4) obtained 
at polaritonic spectroellipsometry. 

Optical, electron diffraction and other, studies 
of copper films oxidized in oxygen under different 
conditions were carried out in [8]. It turned out 
that, depending on the oxidation conditions, cop- 
per films transformed into a mixture of Cu20, 
CuO in different concentrations and under some 
conditions - into that of Cu20, CuO and Cu. For 
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all cases mentioned, measured were spectral de- 

pendences of the refraction «, and absorption X] 
indices. The comparison of the results obtained 
(see Fig.5) and data from [8] shows that the curve 
1 corresponds mainly to the presence of Cu20 in 
the surface layer of our sample. The curve 3 con- 
firms this conclusion by the behaviour of the 
spectral dependence similar to [8]. However, in its 
absolute value the curve 3 corresponds to the 
presence of a certain amount of pure copper in 
the surface layer which is rather logic taking into 
account the surface roughness. With the decrease 
of the layer thickness, the Cu20 concentration 
becomes lower and that of CuO rises what fol- 
lows from the comparison of the curve 2 with the 
analog curve in [8]. At the same time, the decrease 
in the thickness of the surface layer owing to ionic 
bombardment results in the lowering of pure cop- 
per content what follows from the decrease of the 

absolute value of the absorption coefficient %\ 
(curve 4). Thus, ionic bombardment leads not 
only to the decrease in the thickness of the surface 
layer but also to the variation of its composition, 
i.e. to the rise of CuO concentration as compared 
to Cu20 and lowering of the pure copper concen- 
tration in it. 

Summarising the results one can say that tak- 
ing into account the surface layer of the oxide and 
adsorbed compounds on the metal at spectroel- 
lipsometric measurements gives the possibility to 
obtain more exact results for optical constants of 
metal and consequently, its electronic parameters 
what is demonstrated in this paper on the exam- 
ples of aluminium and copper. Apart from this, a 
number of conclusions on the nature of the sur- 
face layer itself can be made,. 
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OnTHHecKHe CBoiicTBa Me^H H auoMmmn. nojiyneHHbie 
c yneTOM noBepxHOCTHoro CJIOH MCTOäOM OöMHHOH H 

n0JIHpHt0HH0HCneKTp03JIJlHnC0MeTpHH 

B.A.BojioTueB, JI.PO.MejibHHHeHKO, B.JO.IIacbKO, H.A.IUaHKeBHH 

npoBejieHbi cneKTpoajiJiHncoMerpHHecKHe HccjieaoBaHH» c npiiMeHeHneM KaK o6biHHofi, TaK H nojw- 
PHTOHHOH MHoroyrJioBOH cneKTpo3juiHncoMeTpHH OKHCJieHHbix H HOHHO-6oM6ap/mpoBaHHbix noBepx- 
Hocreft Al H CU. LIojiyHeHbi onranecKHe nocTOAHHbie HHCTOTO Merajuia H nepexo^Hbix noBepxHOCTHbix 
CJIOeB, 4TO n03B0JlHJI0 BblHBHTb pflfl 0C06eHHOCTefi 3JieiCTpOHHOH CTpyKTVpbl HccjieflyeMbix o6pa3qoB, a 
TaioKe cocraBa noBepxHOCTHoro CJIOH. BnepBbie 3-KcnepHMeHTajibHO y/jajiocb oÖHapyxcHTb w& rana 
Me>K30HHbix nepexo^oB B6JIH3H ToneK W H K 30Hbi BpHJUiioaHa flJia Al. 
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Dynamics of the space charge accumulation at the 
nonpolar liquid dielectric - metal interface 

S.Ya.Shevchenko 

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine 

An experimental measurement method of the space charge density distribution at the interface metal 
- liquid dielectric is described. The method depends on the transient current measurement just after 
applying the external transport field. It is suggested that the charge carriers have only one sign and the 
injection from electrodes is absent. One can succeed in calculation of the space charge dynamics by 
means of changing the short circuit period before the applying the transport field. The experimental 
results for the liquid 02 used in electrophotography are obtained. The maximum space charge density 
is 3-lCr9 Q/cm3 at 0.1 cm distance from electrode. The negative ions mobility is 2-10"4 cm2/V-sec. 

OnHcaHO eKcnepHMeHTajibHHH MeTO« BHMipioBaHHH po3noflijiy rycTHHH npocropoBoro sapa/iy 
noÄBiöHoro uiapy no6jiH3y Meaci po3flijiy Meraji - piflKHH fliejieicrpHK. Meroa 6a3yeTbcs Ha BHMipio- 
BaHHi nepexiflHoro CTpyiny Bi«pa3y nicjia npHKna^eHHa 30BHiuiHboro TpaHcnopTHoro nojia 1 
npnnycKae HaaBHicTb HOCü'B oflHoro 3HaKy Ta BiAcyraicTb iHweKui'i 3 ejieicrpofliB. 3iniHa Hacy BHTPHM- 

KH piÄKoro fliejieKTpHKa y KopoTK03aMKHyTOMy cram uepefl npHKJiaaeHHHM 30BHiuiHboro nojia «ae 
MO)KJiHBicTb po3paxyBaTH «HHaMiKy po3no«iJiy npocropoBoro 3ap5wy. OflepxcaHo eKcnepHMeHTajibHi 
3a^e5KHOcri fljw püniHH 5K2, wo BHKopHCTOByeTbcs B ejieKTpo(j>oTorpa(})ii. MaKCHMajibHa rycTHHa 
npocropoBoro 3ap$my 310~9 KJI/CM

3
 Ha BiflcraHi 0.1 CM BüI MCTaneBoro ejieKTpofly. PyxoMicTb BJA'CM- 

Horo ioHHoro 3apaay cKJiaaae 2-10^4 CM
2
/B-C 

Investigation of the space charge processes in 
the nonpolar liquid dielectrics under low electric 
field conditions is an important and challenging 
problem. The well-known experimental proce- 
dures which are based, for instance, on the optical 
beam polarization [1] can be used only at high 
fields and have insufficient resolution. Moreover, 
these procedures are appropriate only for opti- 
cally active liquids. The purpose of this paper was 
to investigate the initial stages of nonpolar liquid 
dielectric conductivity caused by the accumula- 
tion and relaxation of the volume charge near the 
dielectric - metal interface. 

The investigation of these processes in a com- 
monly used sandwich cell is complicated by the 
very small value of appropriate current (down to 
10"15 A and below) and by the superimposing of 
processes near opposite electrodes. The double 
layer charge, on the other hand, can be investi- 
gated by way of measuring the electrical current 
in the external circuit after applying the electric 
field to the dielectric layer. The circuit chart is 

shown in Fig.l. Before applying the transport 
field the cell is short circuited. At this stage, the 
volume charge regions develop near the.metal 
electrodes. 

After applying an external field the total cur- 
rent in any point is equal to the sum of conduc- 
tion and displacement currents: 

J(x, f) = \L- p(x, t) ■ E(x, t) - 

„   dp(x, t) , 
- D ■   r        + ee 

dx ■o' 
dE(x, t) 

8t    ' 
(1) 

where e0 is the electrical constant, s - permittivity 
of the liquid, D - diffusion coefficient of the 

charge carriers, u - their mobility, p(x,t) and 
E{x,t) are the space charge density and electrical 
field strength at a distance x from the measuring 
electrode at the instant t. 

Integrating eqn.(l) over the dielectric thick- 
ness with regard to the conservation of the total 
current we obtain the expression for the current 
in the external circuit: 
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i, nA 

-0.07 - 

-0.14 
120   t.sec 

Fig. 1. The time dependence of the transient current 
through the nonpolar dielectric liquid G2 used at pre- 
sent in electrostatic photography. The layer thickness 
is 0.7 cm, measuring electrode diameter 3.0 cm, exter- 
nal source voltage 350 V. Period of short circuit in 
minutes: curve 1 - 1, curve 2-2, curve 3-4, curve 4 
- 8, curve 5-16, curve 6-32. 

yJ(t) = li-jp(x,t)-E(x,t)-dx- (2) 
o 

L L 

-D--~ \ p(x, t) -dx + eso -^\E(X, t) ■ dx, 

where S is the measuring electrode area. When 
the field is greater than 10 V/cm and the mobility 
is less than 1 cm2/V-s, the diffusion term in 
eqn.(2) may be neglected. 

For a constant applied voltage during the 
measurement, the third term in the right hand 
part of eqn.(2) is also equal to zero. This reason- 
ing yields a simple equation: 

At). 

L 

^ j p(x, 0 • E(x, t) ■ dx 
o 

(3) 

When the field of volume charge is much less than 
the external transport field, E(x,t) may be 
thought of as a constant. Therefore, it may be 
factored outside the integral. Performing the dif- 
ferentiation of the expression obtained with re- 
spect to time, we obtain the equation which 
relates the volume charge density at the measur- 
ing electrode to the current in the external circuit: 

(L 
.E d 5« = Vi fp(*,0' dx 

S\iE 
P(L, t) 

dx 
df 

(4) 

q,10-9Q/cm3 

3.2 
6 

"fir5 

14ft 

1.6 3\\ 

A%= 
4 6 5 

n n 
0.0 0.3 0.6 0.9 1.2   x,cm 

Fig.2. Space charge distribution in the dielectric liq- 
uid calculated from the data of Fig.l with the use of 
eqn.(5). 

PCM) = - J-dt J(0- 
(5) 

S(u£T 
Hence, the time derivative of the measured cur- 
rent defines the volume charge density at its exit 
to the measuring electrode. 

The amount of the space charge near the metal- 
lic electrodes tends to grow with the duration of 
dielectric exposure in a short circuit. The transient 
current after applying the transient field undergoes 
corresponding changes (Fig.2). Both the current 
curve form and space charge distribution become 
stable for a period of a few hours. The total volume 
charge can be calculated through integration of the 
experimental current dependence: 

Q = -\j(f)dt. (6) 

On the other hand, in the small signal approxima- 
tion (external field is well in excess of the space 
charge field), the initial current is determined by 
space charge distribution before application of 
the external field: 

•Wo) = ^T Si P(x> 'o) dx = ^Q. (7) 

One can calculate from this equation the mobility 
of ions which form at the charged double layer: 

u = - 
■m 

E-Q (8) 

For the dielectric liquid under investigation, the 
mobility was 1.95-10-4cm2/V-s. A knowledge of u 
makes it possible to calculate, with the use of 
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eqn.(5), the distribution of charge density for 
different durations of stay in the short circuit 
(Fig.2). The values of distance passed by charge 
carriers in the period f with the velocity n • E 
are plotted as abscissas (Fig.2) in place of time 
t. It is reasonable that the conditions of the 
function p(x,f) formation undergo a change at 
the instant when the field is applied to the di- 
electric. The longer is the drift of charge carri- 

S. Ya.Shevchenko /Dynamics of the space charge... 

ers, the greater the function p(x,t) changes its 
shape as compared with the initial one. Thus, 
the space charge arrived from the opposite elec- 
trode undergoes more changes. 
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liiHaMHKa aKKyMyiiipoBanMH ooieiviHoro japa/ia y noBepxHOCTH 
pa wvia JKH^KHH ÄIOJieKTpHK - MeTaJIJI 

CH.LUeBHeHKO 

OnacaH 3KcnepHMeHTajibHbiH Merofl H3MepeHHa pacnpefleJieHHa nJioTHOcTH npocTpaHCTBeHHoro 
3apswa aBOHHoro CJIOH B6JIH3H rpaHHqbi pa3flena Merajui - HCHäKHH «HSJieicrpHK. MCTOA ocHOBaH Ha 
H3MepeHHH nepexoflHoro TOKa cpa3y nocjie npHJioxceHHH BHeumero TpaHcnopraoro noji« H npeflno- 
jiaraer HajiHHHe HOCHTenefi oflHoro 3HaKa H OTcyrcTBHe HHaceKUHH m aJieiopoaoB. H3MeH»H BpeMH 
BbwepacKH »CHÄKoro flHSJieKTpHKa B KopoTKO3aMKHyT0M cocTOHHHH nepea npHJTO)KeHHeM BHeuiHero 
nojiH,yflaeTCH paccHHTaTb flHHaMHKy pacnpeaejieHHH npocTpaHCTBeHHoro 3apswa. IIoJiyHeHbi SKcnepH- 
MeHTajibHbie 3aBHCHMocrH fljw HCHflKocTH 5K2, npHMeHaeMoft B aneKTpo4)OTorpa(j>HH. MaKCHMaJibHaa 
njioraocTb npocTpaHCTBeHHoro 3apjwa 3-10-9 KJI/CM

3
 Ha paccroHHHH 0.1 CM OT MerajuiHHecKoro 

sjieKTpofla. IIoABH*HOCTb OTpHuaTejibHoro HOHHoro 3ap«fla cocTaBJwer 210"4 CM
2
/BC. 
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Simulation of phosphor on the diamond surface 
and its superfine structure 

N.V.Tokii, M.V.Grebenyuk and V.V.Tokii 

Donbass State Academy of Architecture and Constructions, 
339023 Makeyevka, Ukraine 

The molecular-orbital approach is applied for phosphor on the relaxed (lxl) surface (111) of 
diamond. The wave functions for different values of relaxation were calculated and a comparison with 
the EMR data was made. The results of this comparison allow to make a conclusion that the paramag- 
netic phosphor in diamond is the second nearest neighbour of the vacant site of the lattice. 

MoJieKyjwpHO-op6iTaJibHHH niflxia 3acrocoBaHO ao dwcdpopy Ha pejiaKCOBamH (lxl) noBepxHi 
(111) ajiMa3y. 06HHCJieHo XBHJibOBi (Jjymoui ana pi3HHX BeannnH peaaKcaui'i Ta npoBeaeHO nopiB- 
HflHHH 3 EITP aaHHMH. Pe3yjibTaTH ao3BOJWioTb 3poÖHTH BHCHOBOK, mo napaMaraiTHHH <j)OC(})Op y 
ajiMa3i e apyriiM Hafi6jiH»CHHM cyciaoM BaKaHTHoro By3Jia rpaTKH. 

The active electronics requires a semiconducting 
diamond of the n-type. The mechanisms of different 
defects and their properties formation are unknown 
so far. Both these aspects of the problem of defects 
in diamond are mutually connected and the pro- 
gress in one of them makes possible the progress in 
the other. Recently, we have studied the hyperfine 
structure of the paramagnetic nitrogen and phos- 
phor impurities [1-3]. In particular, the EPR spec- 
trum of phosphor looks like a doublet of low 
intensity but with distinct lines at the edges of the 
central component of the nitrogen triplet and hav- 

ing the following parameters: g=2.0025±0.0002, 
,4=20.8±0.2 Gs, B= 1.2+0.2 Gs. However, the phos- 
phor position in the lattice of diamond has not been 
established. The present paper is dedicated to a 
simulation of the phosphor paramagnetic center on 
the surface of diamond using modern mathematical 
models [4]. 

For the calculations we used a group consisting 
of 21 carbon atoms and one phosphor atom. This 
group was in the form of a semisphere and included 
the central phosphor in the site (000). Our considera- 
tion was based on the theory of strong bounding and 
unielectron Shroedinger wave equation. The basis of 
the system was limited by the .yp3-hybridized orbitals 
constructed of the Is and 2p atomic wave functions of 
carbon and 3s atomic wave functions of phosphor. 

These orbitals were assumed to be orthogonal in 
different sites of the lattice. The interaction of the 
first nearest neighbours was described in the 
scope of Harrison matrix elements. The intrinsic 
functions and energy values of the electron sys- 
tem were defined by the Hamiltonian diagonali- 
sation. The calculations were made for an ideal 
(unshifted) (111) surface of diamond and were 
repeated for a (111) (lxl) surface relaxed [5] by 
various values. 

The results of the calculations are given in 
the Table 1. 

Table 1. Parameters of a hyperfine structure and 
coefficients of the wave function of the uncoupled 
electron on the phosphor nucleus on the (111) (1 x 1) 
surface of diamond. 

r(pm) a2 ß2 Al} (Gs) A, (Gs) 

0.00 0.018 0.141 93.7 50.1 

4.62 0.015 0.138 83.1 40.5 

18.52 0.008 0.124 54.7 16.3 

Experiment 0.006 0.012 23.2 19.6 

where r is the shift of the first surface atom layer 
in the crystal bulk direction; the ionizing poten- 
tials of carbon atoms 19.5 eV and 10.7 eV for the 
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2s and 2p orbitals, respectively, were taken from 
[6]. A part of the unielectron crystal orbital of the 
uncoupled electron centered on the phosphor 
atom was chosen in the form: 

<D = aT3,+ Iß**: 3/v and       tf ■EW" 
The values A« = 3846 Gs and AL - 3537 Gs for a free 
phosphor using the Hartry-Fock calculations [7]. 

Discussion 

Comparing the calculations with the experi- 
mental data of the Table 1 we see a rather poor 
agreement between the theory and experiment 
which is inferior to our recent calculations [8] for 
phosphor near a vacant site given in the Table 2. 

Table 2. Parameters of a superfine structure and 
coefficients of the wave function of the uncoupled 
electron on the nucleus of phosphor near the central 
site of the diamond cluster. 

System Phospor a2 P2 4, (Gs) A, (Gs) 

V+27C+P 

V+27C+P 

V+27C+P 

(1,1,1) 

(2,2,0) 

(3,1,1) 

0.116 

0.005 

0.000 

0.570 

0.021 

0.014 

538 

24.2 

2.9 

362 

17.7 

-1.5 

where, in the calculations, phosphor subsequently 
substitutes the first nearest neighbour (1,1,1) of 
the vacant site (0,0,0) of the 28-atomic diamond 
cluster and then the second (2,2,0) and the third 
(3,1,1) nearest neighbours. 

The analysis of the Table 1 and 2 allow to 
conclude that the paramagnetic phosphor in dia- 
mond is the second nearest neighbour of the va- 
cant site of the lattice. 
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Mo;iejinpoBanne (poctpopa Ha a.iMaiHoii (111) (lxl) 
noBepxHOCTH H ero CBepxTomcaH CTpyKTypa 

H.B.TOKHH, M.B.rpeöemoK, B.B.TOKHH 

MojieKyjiflpHO-opÖHTajibHbiH noflxofl npHMeHHercsi K eboexbopy Ha pejiaKCHpoBaHHofi (lxl) noBepx- 
HOCTH (111) aJiMa3a. BbiiHCJieHbi BOJiHOBbie cpymcuHH äJM pa3JiHHHbix BejiHHHH pejiaKcauHH H npoBeae- 
HO cpaBHeHHe c 3ÜP flaHHbiMH: Pe3yjibTaTbi no3BOJiaiOT cfle^aTb BbiBO«, HTO napaMarHHTHbiö cpoccpop B 

ajiMa3e aBJweTca BTopbiM 6jiH*aHuiHM coce^oM BaKaHTHoro y3Jia pemeTKH. 
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Mechanical stresses and charge stability 
in non-polar polymeric electrets 

V.G.Boitsov, A.A.Rychkov and I.N.Rozhkov 

Russian State Pedagogical University, 48 Moika, 
St.Petersburg, Russian Federation 

A correlation between morphology and charge stability in non-polar polymeric electrets has been 
studied. Isomeric heating of polymer is shown to cause the changes in the supermolecular structure, 
particularly in the crystallinity. Measurements on electrets were made using special experimental 
method based on simultaneous registration of the thermal shrinkage stresses and the surface potential 
relaxation. It has been found that mechanical stresses in the polymer influence the charge stability 
significantly. From the results obtained we were able to determine the isometric heating conditions 
which were useful to improve charge stability of non-polar polymeric electrets. 

BHBHeHO 3B'a30K Mi*: MopxJwJiorieio i CTa6inbHicno 3apsmy B HenojrapHHX noniMepHHX ejiescrpeTax. 
IIoKa3aHo, mo i30MerpHHHe HarpiBaHHS npHBOflHTb «o 3MMH HaAMoneKyjiapHoi' CTpyKTypn noiÜMepa, 
OCO6JIHBO floro KpHcraniMHOcri. IIpH BHMipioBaHHHx BHKopHcroByBajiacb opHriHantHa MeroflUKa, mo 
6a3yerbC5i Ha oflHoiacHifi peecrpaqri TepMoycaflKOBHX Hanpyr i penaKcaqü' noBepxHeBoro noTeHqiany. 
Pe3yjibTaTH aocniffHceHb flaioTb MWKJiHBicTb BH3HaHHTH pescHMH i30MeTpHHHo'i TepMoo6po6KH nojii- 
MepHHX ruiiBOK npH npoMuciioBOMy BHpoÖHHirrBi noniMepHHX njiiBKOBHX ejieKTperiB. 

Introduction 

The membranes made of the polymer electrets 
are widely used for electret transducers produc- 
tion. The electret membranes production includes 
the thermal treatment which leads to the shrink- 
age stresses. The connection between the shrink- 
age stress and electrophysic parameters of the 
polymer electrets is still insufficiently studied. 
The establishment of these connections and ways 
to manage the mechanical and electrical stability 
of the electret membranes would allow to formu- 
late the demands to the polymer materials and 
technology of electrets and to improve the 
transducers quality. 

Experimental results and discussion 

Our samples were uniaxially oriented films of 
PP, PTFE and FEP-Teflon with 10 um of thick- 

o 

ness, metallized on one side with 500 A vacuum 
evaporated aluminium. The electrization was car- 
ried out by corona triod. The distance between 
the needle and the grid was 15 mm, that between 

the grid and the dielectric surface - 3 mm. The 
sample holder potential was 300 V. 

The curves of isometric heating (CIH) and ther- 
mally stimulated relaxation of the surface potential 

(TSRSP) for the PTFE, FEP-Teflon and PP sam- 
ple's are shown on Fig. 1, 2 and 3, respectively. 

Surface 
potential, V 

-300 

a, MPa 

-200 

-100 

300 400 500 T, K 

Fig.l. CIH (4) and the TSRSP (1,2,3) curves for 
uniaxial oriented PTFE films. 
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Surface 
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Fig.2. CIH (4) and the TSRSP (1,2,3) curves for 
uniaxial oriented FEP-Teflon films. 

The heating rate of 4.4 K/min was used. The 
curves of CIH and TSRSP were measured simul- 
taneously. After first cycle TSRSP up to T < Tm 

(curve 1), there is almost no increase of charge 
thermostability in the second cycle (curve 2). 

If the heating in the first cycle reaches T > Tm 

(but not melting point) a charge thermostability 
increase takes place (curve 3). 

Thus, the maximum point on the CIH sepa- 
rates the temperature regions where thermal 
processing of the sample influences or influences 
not the thermostability of the electrets. It is evi- 
dent that the growth of charge thermostability in 
the second TSRSP cycle occurs if the heating 
brings to temperature at which the shrinkage me- 
chanical stresses in the membranes attain almost 
the relaxation. If the sample heating almost 
reaches the melting temperature of crystallites 
then stability decreases considerably. We estab- 
lished that the increase of thermostability after 
the thermal processing is observed at fluorine 
polymers only for negative charge and at PP foil 
electrets for charge of both signs. 

The relaxation of shrinkage stresses reflects 
the variations in the supermolecular structure of a 
polymer. According to [1] the relaxation of 
shrinkage stresses occurs as a result of stretching 
out the ends of the tied macromolecules in amor- 

-300 

-200 - 

-100 - 

300 400 500 T,K 

Fig.3. CIH (4) and the TSRSP (1,2,3) curves for 
uniaxial oriented PP films. 

phous phase from the crystalline blocks. The 
growth of the contour length of macromolecules 
makes the folding of the chain and its crystal- 
lization easier. 

At the same time, the share of the defect crys- 
talline phase and the density of amorphous re- 
gions in the polymer microfibrilles are increased. 
Such processes stimulate the formation of new 
structural traps at the amorphous-crystalline 
phase interface and also limit the conformation 
set of macromolecules in the amorphous phase. 
That is why after the second charging of the ther- 
mally processed sample the release of the charge 
carriers captured at the structural traps occurs at 
higher temperature. Thus, the growth of the elec- 
tret charge thermostability after thermal process- 
ing and relaxation of shrinkage mechanical 
stresses occurs as a result of crystallization fin- 
ished relaxation of tied macromolecules. This was 
confirmed by investigations of nuclear magnetic 
resonance spectra of the polymer films [2]. 
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MexaHHHecKHe HanpsuKemiH H CTaÖHJibHOCTb 3apaaa B 

HenojinpHbix nojiHiviepHbix 3JieKTpeTax 

B.r.BOHUOB, A.A.PblHKOB, H.H.POXKOB 

H3yHeHa cB5i3b Mexay Mop(J)ojiorHeH H CTa6mibHOCTbio 3apaaa B HenojwpHbix nojiHMepHbix sjiex- 
Tperax. IloKa3aHo, HTO H30MeTpHHecKoe HarpeBaHHe npHBOflHT K H3MeHeHHK) cBepxMOJieicyjMpHOH 
crpyKTypbi noJiHMepa, B oco6eHHocTH ero KpHCTajmHHHOCTH. IIpH H3MepeHHHX Hcnojib30Bajiacb 
opHrHHajibHaa MeTOÄHKa, ocHOBaHHaa Ha oflHOBpeMeHHofi peracTpauHH TepMoycaflOHHbix Hanpa- 
«eHHH H pejiaKcauHH noBepxHOCTHoro noTemjHajia. Pe3y:ibTaTbi HccjieaoBaHHH aaioT BcoMCDKHOCTb 
onpeaejiHTb pe)KHMbi H30MerpHHecKofi TepMOo6pa6oTKH nojiHMepHbix nneHOK npn npoMbiuuieHHOM 
npoH3BOflCTBe nojiHMepHbix njieHOHHbix sjieKTpeTOB. 
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Scintillation detectors 

Detectors of general purpose for the registration and spectrometry 
of gamma radiation. 
Scintiblocks - scintillator plus photomultipier with high energy 
resolution for the registration and spectrometry of gamma 
radiation of the energy of 50 keV and higher. 
Phoswiches - combined detectors for highly sensitiv selective 
spectro- and radiometry under conditions of natural and 
increased background. 
X-ray detectors converting X-ray and soft gamma radiation into 
light energy. 

Low background detectors possessing low intrinsic 
background for the registration and spectrometry 
of weak flows of gamma radiation. 
Vibrothermostable detectors, operating in a wide 
temperature (-60... + 150 °C) and mechanical load 
range. 

Scintillation materials 

♦   Halogenides of alkali metals 
• sodium iodide doped with thallium; 
• cesium iodide doped with thallium; 
• cesium iodide doped with sodium; 
• combined cesium iodide and cesium bromide single crystals; 
• cesium iodide doped with cesium carbonate; 
• potassium chloride; 
• potassium bromide; 
• combined potassium chloride and bromide single crystals. 

Amcrys-H Limited 

ALCALI HALIDE CRYSTALS 

60 Lenin Ave., 
310001 Kharkov, 
Ukraine 

Tel.: 380 (572) 307 906 
Fax: 380 (572) 320 207 
E-mail: amcrys-h@isc.kharkov.ua 
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