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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 G.E.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 BUKOPHCTAHHSAM KBaHTOBO-MEXaHI4HOI'O MiAXOAY PO3PaXOBaHO IMOBIpHICTb Mepexozy AoMillKo-
BOTO aTOMa V MiXBY3Jisl, iHILilIOBAHOTO PO3IrPITOI0 EKCHTOHHOIO IIA3MOI0 Y MOBEPXHEBHX obiacrsx
HaNiBIPOBUUIHKIB ? HEOJHODIAHUM eNeKTPHYHHM noseM.Ileii mepexilli MOXe CYNPOBOXYBATHChL
pO3MA/IOM CKCHTOHA Ta 3aXOILIEHHAM NiPKH Ha eHepreTH4HuH piBeHb yrBOpeHoro aedexTy. B pesyib-
TaTi NPOBEACHHX JOCHIIKeHb NMOKa3aHO, WO PO3irpis €KCHTOHIB MOX€ 3Ha4YHO CTHMYJIOBAaTH

OpMYBaHHS €TEKTPHYHO AKTHBHHX LIEHTPIB ¥ MaTepiali.

Introduction

It was noted in number of recent papers [1]
that an electric field £~105 to 107 V/cm 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
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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 of that 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 l/abelling 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
dlight» 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-

169




L.G.Grechko et al. / Multiphonon processes...

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 bgtween 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
(i-state), exciton has the wave vector k;; 2) impu-

rity atom is located in a lattice intersite (f-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 W, we use the following coordinates:
g, — normal coordinates for description of the lat-
tice vibrations, coordinates R for impurity atom f
which transition is accompanied by wave of dis-

placements of surrounding atoms, 7 7}, 75 - 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]. '
._)

M) oy (D)

A
By=-507 ¥~
e Tl R aR

Here, ¥ (7)), (Pl(ﬁ ), ‘Plnnx(qx) — are eigenfunc-

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

Wi =%(r) wy(ryp), where y,(r,,) is hydrogen-like
exciton eigenfunction in bound state, x(?) de-
scribes the exciton translation movement,
FE (m, 70+ m i)/ (m, +m,), ryy=IF -7}, m, and
m_ are effective masses of the electron and the
hole. In the final state, the exciton eigenfunction
has also the form of a product \’Psf= \yg(?R) Wk(?),

where Wg(?R) is the hydrogen-like eigenfunction

for electron localized at the defect, and ) is a
~ Bloch function fc_)f) electron in conduction band
with wave vector k. Eigenfunctions of the displac-
ing atom are harmonic oscillator type and vary in
¢,} and ¢.% equilibrium positions for / and f states.
Transition probability into new quantum state is
calculated by summation with respect over all
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changes of states, when energy conservation law
being satisfied:

2 —m)=p @
k

where p = (g, — &, +¢&, ~ W)/Fio, Fio is phonon en-
ergy, s, is exciton energy including energy of
translation movement and an interior energy, &g
is energy of the bound electron the localized at
the defect, €, is the electron kinetic energy in con-
duction band, W is the height of potential barrier
for electron transition between states, n, 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:

i 2
Mo Glf,g,l?,)l,,/zs (l +1/mY x

x I(2) exp( — a (7 + 12)).
Here, I, I; 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, Ip is the first-kind Bessel function of
imaginary argument,

z=afi@+1)]"%, a= > (‘Ixi - qxf)z; Qi 9y BTE
coordinates for atomic normal vibrations, 7 is
the number of equilibrium phonons.

It is necessary to note that the preexponential
integral G in (3) depends on g, 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.

Wlfz

G)

Field influence on quantum
transition probability

For comparison our results with experimental
ones, we must average (3) over vectors k; and k:
y= H Wlff,;;fpd 3 E7d3 K, When the free electron

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

v~ Cexp[~(W = Ae +p,) /KT, @
where p,. = (z/2) In(1 + 1/n), Ty is the equilibrium

temperature of exciton gas, As is the difference in
bound energy between the hole at local level and

Functional materials, 2, 2, 1995
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Fig.1. The natural logarithm (In(yvy)) de\pendenoe on
the electric field parameter B for (W —g,)/kTy = 20

(1), 30 (2) and 0 /k Ty = 0.1 (@), 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

_ n(x) ( + (ex/k%))ﬁ exp( - /k7Tp) (5)
rmkTy) " P s, pr%a. B)

where n(x) is excitons coucentration and
B=(aE (dE/dx)) 1}/8, o is the exciton po-
larizability, /. 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 p 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

C [l+t—1 [l ﬁ)—p
afie)1+4)

2
(W - Ae -t kTy) )
Zh(DkTo ’

Sfe.p)

X €Xp \V—tz -
L

where

o Wete-tiof, fo(W - 8¢) )

! kT, (W - Ae +kTy-Ho)kT, |
H=174[1+( +8B)'/2]. Cp is the constant in-
cluding all preexponential factors which are
weakly dependent on .

Functional materials, 2, 2, 1995

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

30 (2) and Ho/kTy = 0.1 (a), 0.5 {b). One can see
that formula (6) is qualitatively valid for y(B) de-
pendence. The final result shows that yfyy = f(B)
(y =7, when B = 0) is an_abrupt function for §
values from 1 to 100. Increasing of the defect for-
mation probability by the factor 102 to 103 in this
interval requires p 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 acceptors. 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 (B).
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- MHorodoxonHble npouecchl co3nanus aedexros B
NOBEPXHOCTHLIX CJ0AX NOJIYNPOBOJIHAKOB, MHHIIMHPOBAHHbIE
Pacnaaom JIeKTPOHHBIX BO30YKIEHHI

JL.I .I'peuxo, U.I".JIesannosckuii, I'.E.Yaiika

C npuMeHeHHeM KBaHTOBO-MEXaHHYECKOI'O MOJXOMa PAacCUMTaHa BEPOSITHOCTh Mepexofla MpHMec-
HOTO aToMa B MeXJOY3jHe, MHHLUMHPOBAaHHOTO Pa3oTpeToif SKCHTOHHOH MNa3sMoil B NOBEPXHOCTHBIX
061acTax MOMYIPOBOJHHKOB C HEOTHOPOIHBIM IEKTPHYECKHM 110JIeM. DTOT NEPEXOJl MOXKET COMPOBOXK-
JlaTbCsl pacnafioM 3KCHTOHA H 3aXBaTOM /IbIDKH Ha SHEPreTHYeckHil ypoBeHb 06pa3oBaBierocs fedexkra.
B pesynbTaTe NPOBEAEHHBIX HCCEAOBAHHI MOKA3aHO, YTO PA3OTPEB 3KCHTOHOB MOXET CTHMYIHDPOBATh
3HAYHTENbHBIM 06pazoM GOPMHPOBAHHE SNEKTPHYECKH AKTHBHbIX LIEHTPOB B MaTepHaJie.
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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 orthochromites in
the temperature range 10-295 K. In some orthoferrites and LUCrO3, the character of phase SRTis found to
be different from that observed by magnetic experiments. Decreasing the temperature to 50 K for TbFeO,
and to 33 K for SmFeO;, magnetooptical effects were found to fall to zero sharply. This fact indicates that
the weak ferromagnetism vector disappears in a surface layer (the Morin transition). Temperature of the
SRT onset off the surface of SmFeQj is found to shift to the high-tempera*ure region as compared to the
bulk. Hence, there s a transitional surface layer similar to the domain boundary with the gradual reorienta-
ticn of the antiferromagnetism vector about 90 °.

TpuBeneno pesylbTaTH AOCTIIKEHH MArHITOONTHYHHX edeKTiB BiAGHTTA y PilKO3eMeNbHUX
oprodeppurax (P30®) Ta opToxpoMiTax. [ BUsIBJISHHS SBALL IOBEPXHEBOrO MarHeTH3My BHBYA-

JIMCh TEMIIEPATYPHi MOJNbOBI T2 noJsipu3aLliiiti 3aleXHOCT exsaTopianbHoro edexty Keppa B obnacTi

temneparyp 10-295 K npH Haki1afaHHi MAarHITHOTO MOJIS B3JOBX Pi3HHX KpHcTalorpadiuHnx oceft.
BusmieHo, wo B psixy P30® Ta B LUCIO; xapakTep OBEPXHEBHX clliH-TlepeopieHTaLiHUX epexo/IiB
(CTIII) Bifpi3HAETHCS Bill THX, 11O BiaGyBaloTHOs B 06’eMi. BHSIBIIEHO, O MpH 3HHXKEHHI TEMIIEPATYPH
fo 50 K B TbFeO5 i o 33K B SmFeO, exparopianbHuil edext Keppa 3MEHIIYETHCHA [0 HYJA, 1O
CBIIYHTb MPO 3HHKHEHHS BEKTOpa ciaBoro ¢epoMarHeTHsMy B [OBEPXHEBOMY mapi (mepexig THIY
Mopiua). s ErFeO3 BHSIBIIEHO 3CYB Y BHCOKOTEMIepaTypHy 00.J1acTh NMOYaTKy canr, -1, na
[OBEPXHi MOPIBHSHO 3 06’€MOM, T.T. Ha nopepxHi ErFeO; icHye nepeXifHHii NOBEPXHEBHH LIap THITY
JIOMEHHOI MeXi, B IKOMY BinGyBaeTbes MOCTYNOBUH NOBOPOT BEKTOPA aHTH(®EpoMarHeTHsMy Ha 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 cnes. In rare-carth orthoferrites
(REOF) which belong to the weak ferromagnet-
ics, various sp.i. roorientational tra.sitions
(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 (EKXE) 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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5-103
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Fig.1. 8(7) in TbFeOy, o = 3.0 eV, // = 0.5 kOe, light incidence angle ¢ = 65 °, H|| c. Specimens: No.l - (110).

No.2 - (010), No.3 -

a) TbFeO3

The temperature and field dependences of
EKE (8) for TbFeO; were measured on three
specimens. Specimen No. 1 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
TbFeOj, 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 7 = 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.1 shows the temperature dependences of
EKE, 8(T), in the area of spectral maximum 3 eV
measured in the magnetic ficld 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-
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- (100). Inset: 8(H) for specimen No.2 at 7= 25K (1), 30 K (2), 33K (3), 37 K (4). 40 K (5).

tensity resulted it a shift of the knee on 3(7)
curves toward low temperatures by about
6 K/kOe. On the inset of Fig.1, the ficld 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 ctching) did not cause any
change of 3(T) and 8(H) 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(0), 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 F,. 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 H || a caused the ap-
pearance of EKE which was increased with
temperature lowering. The inset of Fig.2 shows

Functional materials, 2, 2, 1995
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Fig.2. 8(8) for the specimen No.2. 8 is the light polari-
zation azimuth, #io = 3.0 eV, ¢ = 65 °, H=3KOe,

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 [(G,F;) (where G is the
antiferromagnetism vector; F, ferromagnetism
one) and, at Tr; = 6.5 K, change to I',(G,F,) ar-
ranging the magnetic moments of Tb3* ions along
a axis of the crystal according to I'y(G,F)) 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 I', phase. At
Ty = 3.3 K, an antiferromagnetic ordering occurs
in the rare-earth subsystem (I, > Tg;) which
causes a decrease of the terbium ions susceptibil-
ity along the a axis what renders the I, phase to
become energetically disadvantageous and gives
rise to a reverse I', > I'y reorientation of Fed*
jons spins at T, = 3.1 K [3,4]. Rare-earth ions
pass therewith into a purely antiferromagnetic
configuration I'g(2,g,).

It follows from the results obtained by us that,
at temperatures lower than 50 K, no spontancous

turning of spins into I'y(GF,) state occurs in sur- -

face layer of TbFeO5. Thus, it should be sup-
posed that the SRT observed is a I,»I,
transition of Morin type and, in the absence of
magnetic field, a transitive layer exists on the

TbFeO; surface where the antiferromagnetism

vector turns to 90 °C G, —> G, and ferromagne-
tism vectors changes itself from F, to 0. A rela-
tively weak magnetic field (up to 3 kOe) imposed
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Fig.3. 8(T) in SmFeO; #o = 3.1 eV, H =0.5kOe.
Specimens: No.1 - (110}, No.2 - (010)

along ¢ 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 Hi|a
is associated with the magnetic moment F, rise as
the critical temperature of bulk phase transition is
approached. As it follows from the experimental
phase diagram of threshold field (F17,7) given in

“[5], at T = 10 K, a magnetic field of H, ~ 3 kOe is

sufficient to induce the 'y - T, SRT. Our results
(Fig.2) show that, at 10 K in the magnetic field
H,=3 kOe, the SRT does not attain its maxi-
mum value, i.e. the critical field of surface SRT
T, - [, has a larger value than the threshold one
of T, - T, transition in the bulk crystal. The in-
crease of & with the H || @ growing indicates to a
diminution of the surface magnetic layer depth.

b) SmFeO3

The EKE in SmFeO; was measured on the
mirror growth face (110) of a single crystal (speci-
men No.1) and on a plate oriented in (010) plane
made from a crystal of the same growth batch
(specimen No.2). The specimen No.1 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 3(T) 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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3 H,kOe

0 1 2

Fig.4. 8(H) in SmFeO; (specimens: No.2),
Ao =3.1eV, H{a, T=32K(1),29K (2), 27K (3),

Fig.4. Measurements performed on both speci-
mens in a magnetic field H || ¢ have shown that,
within the limit of experimental accuracy, the
EKE in SmFeQj; 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 SmFeO;, thus, it can be supposed
that the surface transition observed is a SRT of
Morin type I',(G,F,) - I'((G).

On the specimen No.1 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
[,(G,F,) phase is the magnetic state of the bulk
SmFeO; while surface spins arc ordered accord-
ing to F](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
G,F, - G, takes place.

c) ErFeO3

In ErFeO;, the initial temperature of
T y(7.F,) = I'y)(G,G,) reorientation on the sur-
“fdce (T,5) was observed to be shifted largely (by
40 K) toward the high-temperature area as com-
pared to that in volume (7). 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
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Fig.5. Temperature dependences of EKE (1) and
magnetization (2) in SmFeO,

5-10°

15

-
(53]
i

L1 |
60 140 220 TK

Fig.6. 8(7) in TmFeOj; (a), HoFeO; (b), ErFeO; (),
Ao =3.25eV, H=1kOe

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 7,5 = 140 K
to T,;, = 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 ¢ axis by a certain angle S

Functional materials, 2, 2, 1995
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Fig.7. Field dependences of cos 6: for ErFe0; (a) at T' = 95 K (1), 100 K (2), 120 K (3), 140 K (4); for HoFeO; (b)
at T=50K (1), 55K (3), 65 K (4). In both case, H || ¢, (010)

increasing with lowering temperature and attain-
ing 90 ° at temperature T,;. The angle § can be
determined from the relationship cos 9 = 34/8;
where 3 is the EKE value at 7> T 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 ErfeOg in the tem-
perature range Ts -T,g and for HoFeOj in the
SRT range. The EKE value for HoFeOg is seen to
vary significantly when H increases. For ErFeOg,
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 T > T,. For example,
the value of the first magnetic anisotropy con-
stant, K, for erbium orthoferrite at T = 130 K is
3.2-105 erglcm3 i.e. the effective anisotropy field
amounts to Hy = 2K /mg = 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
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admixtures. From an ErFeOyj 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, T, is found to be shifted toward the low-
temperature area to T, = 113 K (the 3(7) curve
obtained for that specimen at H || ¢ 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 (SmFeO3, TbFeO,),
shifting of SRT critical temperatures for the sur-
face as compared with those for the bulk crystal
(ErFeO3) 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 TmFeO5; and HoFeO3, on the one
hand, and ErFeO,;, TbFeOj3, and SmFeO3, 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,
K, exceeds the characteristic energy of the do-
main boundary formation in the surface layer,
o = (AK)2. If K < o, 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
of TmFeO3, HoFeOy). :

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-carth sublattices effect intensifying when tem-
perature decreases. At low temperatures, rare-carth
1ons 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 magnetooptical effects in the
LuCrOg3 orthocromite, for which the EKE drop

" to zero was observed at 7 < 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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IToBepXHOCTHBIE CIIHH-NEPEOPHEHTALIHOHHDIE MEPeXo/bl B
penKo3eMenbLHbIX 0pTOdeppHTAX M OPTOXPOMHTAX

E.A I'anpmna, I'.C.Kpunuuk, E.A. Banbikuna

IIpuBeneHs! pe3yabTaThl HCCNENOBAHHS MAarHUTOONTHYECKHX 3((EeKTOB OTpaXeHHs B PEIKO-
3eMellbHbIX OpTodepputax (P3OQP) u oproxpoMurax. JUist oGHapyXeHHs SBIEHHH HOBEPXHOCTHOIO
MarHeTH3Ma U3YYaJIHCh TEMIIepaTypHbIe, NOJeBble H MOJSPH3ALIHOHHbIE 3aBHCHM OCTH 3KBATOPHAIILHOTO
s¢p¢pexra Keppa B obnactn temnepatyp 10-295 K, ApH NpHIOXEHHH MAarHMTHOTO OIS BAOJb
PasIMYHBIX KpHCTamnorpaguyecknux ocefl. OGHapyxkeno, uto B psne P30® u B LuCrO; xapakrep
MTOBEPXHOCTHBIX CMHH-TIepeopHeHTalHOHHbIX nepexoJoB (CIIIT) oTnuyaercs OT NPOHCXOAAUIMX B
obbeme. OGHapy)eHO, YTO NMPH MOHWXkeHHH TemnepaTypsl g0 50 K B TbFeO, n o 33 K B SmFeO,
3KBaTOpHaIbHbI 3ddexT Keppa yMmeHbliiaeTcs X0 HYJS, YTO CBHIETENbCTBYET 06 HCYE3HOBEHHH
BekTOpa Ciraboro geppoMarterHsMa B NOBEPXHOCTHOM cioe (repexof Tuna Mopuna). lns ErFeO,
0OHapyXeHO cMelLleHHe B BHICOKOTEMMNEpaTypHyIo obnacts Havana CIIIT Iy - I', Ha NOBEPXHOCTH MO
CpaBHEHHIO ¢ 06beMoM, T.e. Ha nosepxHocTH ErFeOy cyliecTByeT nepexoiHblii MOBEPXHOCTHBIH CIIOH
THIZ IOMEHHOH TPaHHLbl, B KOTOPOM MPOHCXORHT MOCTEMNeHHbIH NOBOPOT BeKTOpa aHTHdep-
poMmarderusma Ha 90 °.
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Surface shear modes in piezoelectric
superlattice with additional layer

AN 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 vase 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.

BHKUTA/IEHO PE3YIbTATH TEOPETHYHKX JOCTIKEHb YMOB iCHYBAHHS NOBEpXHEBHX (POHOHIB (MOJI 3CYBY) B
cHcTeMi "I’€30€/IeKTpHYHA HaIpellliTKa — JOAATKOBHIi ToHKHMIi map”. JlonaTkoBHii wap, o Momidikye
XBHITOBi BJIACTHBOCTI Ha/pELIiTKH, PO3MVIIAEThCA K MiIaHapHu nedekT abo M'e30eNeKTpUYHe (Mera-
IleBe) IOKPHTTS. BBaxaeThed, 110 HaJpellliTka CTBopeHa poMa (abo GiNblle) pisSHAMH MaTepianiaMy i Mae
TeoMeTpilo, MpH sIKil icHyloTh xBum BmocrefiHa-['yideBa B 3ajja4i 3 OJHICI0 NOBEpXHeI0. BuBYaeThest
NOIIMPEHHs! JIOBTOXBHILOBHX (OHOHIB Y BUNAJKY, KOJM BCi LIapH POITTISNAIOTLCS SIK NPYXHi CYLUIBHI
cepenoBuLia. Jlucnepciiiti piBHSHHS OJIEPXaHO 3a JOMOMOTOIO MaTeMAaTH4YHOIO (OPMATZMY NEPiOIMUHHX
raMiTbTOHOBHX cHcTeM. CIIiBBiIHOLUEHHS Ui TIOBEPXHEBHX MO JOCIIUKYIOTHCS B 3aJIEXHOCTI Bifl [IPHPO-

M Ta BiIHOCHUX I1apaMeTpiB JOAATKOBOI IULBKH.
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].
Particalarly, 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-
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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 x, > 0 and is formed by the
repetition of a unit cell of thickness 4, consisting
of R piezoelectric layers with thicknesses A,

h=h;+hy+..+hp, R22. The additional layer of .

thickness h, is bonded to superlattice along the
plane x, = 0 and is contiguous to vacuum along
the plane x, = -h,. The superlattice layers are of
hexagonal symmetry belonging to the 6mm class
with their sixth-order symmetry axis along the x;
axis of a reference orthonormal coordinate sys-
tem; the superlattice axis, perpendicular to the
layers, is along x, 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,x, 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

{Dz(xl,xz,t),<523(x1,x2,t),(p(xl,xz,t),u3(x1,x2,t)} =
= {‘]1(xz)sqz(xz),P1(x2),P2(x2)}exP(ikx1 - int),

where D;, 5,3, ¢, and u5 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(g;,4,) and
p = col(p,,p,) we obtain A-periodic Hamiltonian
system of linear differential equations

d [q]_ q |0 Qxy)
dx, [p}_A(xz) [p]’ A(XZ)"[—P(xz) o | ¢

with Hamilton function

Heop 6, 0)=] 0" PGy) g+p' Q) p2. O

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

- l(xz)kz e 15 (xZ)kz

Qxp) = )
2 e, 5(x2)k2 cu(xy) - ‘p(x:_,)co2
Cag(x)d(xy)  —eys5(xx)d(xy)
P(x,) =
)= 150)d(xy) Ve, (x) @

Caa(va) = Caqip) + [e)50e1 /21 (),
d(x2) =1/ [81 1(x2) 544(352)1,

where p(x,), cif{xy), €;xy an'd ¢ii(*9) are the mass
density, the elastic, tﬂe piezoelectric and the di-
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electric characteristics of the superlattices, respec-
tively, k is the wavenumber, o is the circular fre-
quency. Here, the superlattice characteristics are
assumed to be arbitrary, absolutely integrable,
periodic functions

ply) = plxy +h), cy(xy) = ¢y + ), ®)
e,-j(xz) = e,.j(x2 +h), sy-(xz) = sij(x2 + h).
The surface wave solution of system (2) for
the n-th unit cell (z - 1)1 < x, <nh can be repre-
sented [11,13] as

2

q(xy +nh—h) o

{p(xf +nh— h)J =2 KUY, (6)
‘ I=1

0<xy;<h, |xj<l, n=123,..,

where K are the unknown coefficients, U(x,)isa
matrixant of system (2), i.e. the fundamental ma-
trix satisfying the condition U(0)=E (Eis the 4 x 4
unit matrix), k; and Y; are eigenvalues and their
corresponding eigenvectors of the monodromy
matrix U(#). According to Lyapunov-Poincare
theorem [14], the characteristic equation of the
monodromy matrix has the form

K4+a1K3+a2K2+a1K+l = 0. U]

Equation (7) admits reciprocal roots and
upon substitution by k+x'=2b is reduced to
equations

K2—2ij+l=0,

3 %)
ay 1ay i
2Wy==—5 =D -2a,+2], j=12

- Among the four eigenvalues k; associated to a
given o 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 x, direction, the matrixant U(x,) 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 < x, <),

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 x, = 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.

2.2. Additional piezoelectric layer ~€11,0

When the additional layer is of pie- a;'Cy
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] a;l%sz

My(x) =
a4 cosh(ky) 0 o4 sinh(ky) 0
_|%s cosh(ky) o, Cs(€) oy sinh(ky) Yoo S$(CQp)) |
sinh(hy) o, Ss(C) cosh(ky) aCs(Qy) |
0 Ss(Qyy) 0 Cs(Qy)

B, = coI[B m. BO(Z);BO(”; B(;(4)], y=xy+hg,
- -1
0 =Ca082, M =€150€1100 93T keys o,
_ 2 -1,
oy =-KEj 0,  C4a0 = C44,0 T €15,0811,00
[-1; sin(); cos()l,  pg0 /a0 >R,

- Ss(- ’C I =
g S5C); CoO l[+1; sinh(); cosh()), pg®/Bago <R,

collq(xy); pxp)] = My(x;)By, @®

where

The unknown coefficients K; and B§" of (6)
and (8) can be determined, except for a multipli-
cative factor, by using the boundary conditions
at x, = 0 and x, = —h,. 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 x, = 0. We suppose that the free
surface x, = —hj 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 :

a!a;lcl a3S) ' Yl(l) YZ(I)
a(Cy-Cp) Yoy - oposSy ¥ >1(2) r? _
05y ~ 0‘10‘5151 0(C-Cp Y 1(3) Y 2(3)
$) G, r{® r®
kil <1, Ikgl<1, ©)
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where C, = cosh(khg), C; = Cs(Qphy),
S‘ = sinh(kho), Sz = Ss(gloho).

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

0 0o 0 €
s 1O H o
0y(Cy-C)  Tom0s S-Sy 1P 1P —Ygoy05 S, | =0.
5 C,-C, r® rPd -
%'C, r® rf®  a'c

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

10

where ¢, is the diclectric permittivity of vacuum.

IK]' < l, IK2| < l,

2.3. Additional metallic layer

When the additional layer is of isotropic me-
tallic material, the solution of motion equations

can be represented in the form [16]
23:| =L, (%)Aq exp(ikx, — ioxf),

5

u

(1

where
i
Q)  Cs Q)
Ay=coli A AP, y=x,+hy Vi=Corpm/Om
4 = oG an _ [mzv;,z -K, (;)2v;,2 >k,
’ K- mzv;z, mzv,'"2 <k,
[-1; sin(-); cos()], cozv;2 > k2;
[+1; sinh(); cosh()], @2V, <i>.
Satisfying the boundary conditions at x, =0

and x,=-h,, we can write the dispersion equa-
tion for the surface modes as

¥y S8C); Cs(9)] =[

 |tunS8 ) 1 1
o 1P 1=,
CsQphy 1P r®
‘ o kl<l Ikll<1,

The dispersion equations (9),(10), and (12),
derived in this section, represent the implicit rela-
tions between the frequency o 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

(12)
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12

v(CdS)

0 4 8 K

Fig.1. Bulk bands (shaded areas) and surface wave
dispersion curves (solid lines) for a CdS~ZnO super-
lattice with A,(ZnO)/h,(CdS) = 3/7 and additional
layer of thickness Ay (Cd8) = A, (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.1 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 hy = h,. For a non-metallized surface
X, = -hy, 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
o* =oh(py/cy)'/? are used on both axes,
po = 3-103kg/m3, ¢, = 10'0 N/m2. Here, as in the
case of pure elastic shear waves [17-21), we recog-
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7 [ \ !
8 9 10 11 k*

Fig.2. The lowest surface mode at the different values
of the thickness 4, (CdS): Ay/h, = 1/2 (dotted curve),
4/7, 5/7 (dashed curves), 1 (solid curve), 8/7 (dashed
curves). As functions of h, 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 /. The free sur-
face remains to be metallized. At hy > h,/2, the
lowest surface mode (Fig.2) exists for all values of
k and o below the bulk bands. In Fig.2, the par-
ticular range of k¥ and o 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 h, Within the
inner part of the gap (to the left of point A) this
mode exists only if kg > 4,/2. When h,/2 < hy < h,,
all dispersion curves extend from £=0 to the point
A. At hy > h,, the curves terminate on the lower
band edge, as shown by the lowest curve
(ho/h, = 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 h, = h,. As the thick-
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45

40

35

3.0 k===

0 1 2 k'
Fig.3. Variations of the second surface mode into the
left part of the gap: hglh, = 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 Ag.

ness hg is decreased (ky/2 < hy <h), the starting
point of the curve moves to larger values of kK on
the band edge. At hy>hy/2 (Fig.4) and
0 < hy < hy/2 (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 do
not.

Fig.6 represents the situation when the super-
lattice (x, > 0) is terminated by CdS layer and the
additional layer (-hg < x, < 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 ho > hyl2, as
shown in the inset of Fig.6. At 0 < hy < hy/2, the
surface wave exists practically over all frequency
range considered (Fig.6) and as the additional
layer thickness h, approaches zero, the dispersion
curves tend to those of Fig.1.

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(Al) > w(ZnO) > »w(CdS)),
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mt

11

10

| | | |
4 6 8 10 K

Fig.4. Variations of the second surface mode into the
right part of the gap at hi(CdS) > hy/2: hyth, = 611,
15/14 (dashed curves), 1 (solid curve), 8/7, 9/7
(dashed curves). As functions of hy, all curves arein a
decreasing order.

(Dt

! 1
4 -6 8 10 Kk

Fig.5. Variations of the second surface mode into the
right part of the gap at 0 < ho(CdS) < hyf2:
ho/hy, = 111, 2/7, 3/1. All dashed curves are in a de-
creasing order as functions of A,
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Fig.6. Existence of surface modes when the addi-
tional layer is of ZnO at Ay/h, = 1/6. As function of
hy, the possible dispersion curves at other values of A,
(0 < hy < hy/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 bui hylhy = 2/3, curves at other values A
(hy > hy/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 4y = A/5 and A/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.1 from above. In the case
of Ag layer (v(Ag) < v(CdS) < v(ZnQ)), the fun-
damental mode is more localized one and tends to
that of Fig.1 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.

4. Concluding remarks

In this paper, the long-wavelength surface
phonon (acoustic shear wave) propagation in the
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(0*

7. i ! |

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: Ay/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:
hy/h = 1/20 and 1/10 (in a decreasing order).

®"

45

4.0

35

3.0 ke L
0 1. 2 K

Fig.8. The second mode dispersion within the inner
part of the gap when, from above to below, A, =0
(solid curve), hy(Al)/h = 1/10 (dashed) and 1/5 (dot-
ted), hy(Ag)/h = 1/20 (dashed) relatively.
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| 1 | l
4 6 8 10 K

Fig.9. The second mode dispersion within the outer
part of the gap when, from above to below,
ho(AlYR = 1/5 (dotted curve) and 1/10 (dashed),
hy = 0 (solid), ho(A@)h = 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 [S-11]. The smail 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 less 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

Functional materials, 2, 2, 1995

additional layer (as dcfect or artificial coating)
and its nature and the relative parameters.
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Honepxnocmue CABHI'OBbLIEC MOIbI B nbe303neKTpmec1coii
CBEpXpelieTKE C X0MOJHUTE/IbHBIM CJ10€M

A H. TIlonnunenew, JI.I1.3unuyk

ITpencraBiensl pe3ylbTaThl TEOPETHYECKUX HCCIEIOBaHHH CYIECTBOBAHHS MOBEPXHOCTHBIX
(HOHOHOB (CIIBHTIOBBIX MOJ) B CHCTEMe "Ibe30371eKTpHYecKas CBEpXpeLeTKa — JOMOIHHTEILHbIA TOHKHH
croi". JJonosHUTENbHBIH cnoi, MOIHDHUNPYIOIMA BONHOBbIE CBOHCTBAa CBEpXpEILETKH, PaccMaTpH-
BaeTCs KaK MJIOCKHH AedeKT WM Mbe303JIeKTpHYeckoe (MeTauiHuecKoe) NokpbiTHe. [Ipeanonaraercs,

_ uYTO cBepxpeieTka o6pa3zoBaHa JBYMS (MM GOJiblile) pa3nHYHbIMH MaTepHalaMHd H HMEET FeOMETPHIO,
NpH KOTOPOH CyLIecTBYIOT BosiHbl BmocreiiHa-I'ynseBa B 3amaye ¢ oqHOMH MoBepxHOCThIO. H3yuaercs
pacnpocTpaHeHHe JUTHHHOBOJIHOBbIX (JOHOHOB JUIS cilyyast, KOra Bce CIIOH paccMaTpHBAlOTCs Kak
YApYrue CruiolIHble Cpelbl. J{HCTEpCHOHHbIE YpaBHEHHS MOJIyYeHb! C MOMOUIBIO MAaTeMaTHYeCcKoro
dopmanH3Ma NepHOANYECKHX TaMHJIbTOHOBBIX cHcTeM. COOTHOIUEHHS ISt MOBEPXHOCTHBIX MOJ HC-
CHENYIOTCS B 3aBHCHMOCTH OT NPHPOJbl H OTHOCHTE/bHBIX TapaMeTPOB JOMOIHHTENbHOM MIIEHKH.
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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

Bffect 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.

JlOCTi/)XeHO BILTHB MOBEPXHEBOI HAJPELUITKH eJIeKTPOHHOI TYCTHHH Ha PO3MOBCIOKEHHA CBIT/IA Y
deppoMmarkiTHuX Haznposigxukax (OMHII). Posrusanyro mupoxoutimuuanii ®MHII B nocrifiHomMy
e/IeKTPHYHOMY NOJIi i B TeMIEPATYPHOMY i aNa3oHi CiHOBO. XBHIIi. HepisuoBaxhuit crar B @MHII
CIBOPIOETHCS 30BHiLHIM noyeM. TepMocraToM € GoHOHH. B LMX yMOBaX BILTHB KOTE€PEHTHUX CBiTJIO-
BHX NyYKiP BHKIHKae yTBopeHHs B OMHII moBepXHEBUX HANPELNITOK 3 MEBHOIO KOHIIEHTPALli€I0
€/IEKTPOHIB, HAMPYXEHIiCTIO ENEKTPHYHOTO MO, eJEeKTPOHHOIO T4 MArHOHHOIO TeMMepaTypaMH.
Busnaueno KoediuieHT BigGHTTA cBiTna mis OMHII 3 noBepXHeBHMH HajpewiTkaMH. IlokasaHo
TAKOX, L0, 3MiHIOIOYH HAMpYXeHiCTh 3OBHIllIHLOTO €JEKTPHYHOTO MOJA, MOXHA 3MEHIUHTH Lei

koedilient, Tobto neperoput ®MHII B "HeBirGuBaroUHii", 8 TAKOX 3GUILIIMTH HOTO JO BUIAZKY

MOBHOTO BiIGKTTS. :

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
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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 n, in an external
constant electric field E; ]]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:

A0 = A cos(t - kr - @) M

and its frequency o satisfying the inequality
£ <<l o << €, (e is the mean carrier energy, Eg 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 E, 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 n, electric field strength F, electron
0, and magnon 6,, effective temperatures, which
at A 1 F; and in the case of incidence on a FMSC
surface of only two symmetrically oriented beams
with 4, || 4,, ky, = k;,, k;, = —k,,, are described
by the following expression

n@)=ny+n; =ny(l+&; cos2k; z + &, siniklzz), Q)
F@)=Fy+F|(2) =E\1+§, cos2k; z + G, sin2k, 2),

0,(2) =T, + T1(2) = T(1 + g +1;C082ky .z + M,sin2k, 2),
0,y(@) = Ty + Tp(2) = T, (1 + pig + 4,082k ) 2 + posin2k )

The temperatures T,, T, in the field E, are
determined by a familiar technique [7] and will be
further regarded as known quantities. The ampli-
tudes &, C;, m;, p; depend on 4,, 4,, E;, 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 &,
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 (T,/# )" or B(T,/h ®)"2,
we obtain for &, and &, the following expression
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1 2 a1
" (a+1)? + B2 { ; 2 MitBlathng + 2B +
2
+ 2o+ Dy + %@B (T, hiw) GTH]}
~ 1 _ ﬁ(2a+1j o+1-p2
2—(a+l)2+[32{ 2 Mt 53 et

= 2B(o+ 1)y - 2B+, + 282, -

2
-BE[ot ar ma- l]} ©
where
e nezno 8 eEy  dedid,

soklzzTe’ T2k, T 3Bmc zTe,

gy 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) ed; << chom)?, j = 1,2; 2) the recipropal
wave vector k7! exceeds considerably the value of
de Broglie wavelength of electrons, remaining at
the same time significantly less than the linear
dimension of FMSC, A, <<k;! << L.

Fulfilment of these inequalitities enables us to
take into account the effect of HF-field of CLBs in
terms of the perturbation theory and to consider the
values ny, T, T,, F| as small additions to ny, 7,,
T, Eo- We consider "classical” superlattices assum-
ing that the electron dispersion law (p) and elec-
tron momentum relaxation time r;"’(s) are the same
as those of homogeneous FMSC.

3. Light scattering in FMSC with a
"~ surface superlattice
Now, let a trial wave comes from vacuum to
the FMSC surface x = 0. Its electric field can be
described as
E = E(x, z) exp(-iot). @
Then we shall search a solution of (6) in the fol-
lowing form

E(x, z) = ®(2) exp(=ik,x), )
where @(z) is determined from the equation
d*o . .
Tt S = oy (£ exp(2ik,,2) + & exp(-2ik,,2))D.

©)
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, -
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when S, =k, + A, (A 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 dxz) as the sum

)=, {A,. exp{i[(2/+1) ey + 8]} +
! Q]
+Biexp{~i[@I+ 1)k, - 81}},

where 8 — 0 is the small parameter to be deter-
mined. If, as we assumed above, the inequality
(ov/ky,)<<1 is fulfilled, then one can put in (0]
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 @(z) the expression

(z) = Ay expli(ky, + 8)z] + By exp[—i(k, - 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 A, and B,

[~z 8 + Gz )" Ao — oGy 89) By =0
[_(klz'*' &) + (ky* Ak)z] By~ 0y(&y- i) dg=0. @)

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

. 1
8 =8 - oot + ED/aiy”, (10
and the amplitude ratio By/4, being equal to
By o @ +it) kA0
Ay T 2 (A, + 8 oy - (1)

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 (A)2< af(€, + &,)/4k},,
then the finiteness of the solution unambigously
demand 8 > 0. As follows from (10) and (11),
R, = 1, and the waves propagating have equal
amplitudes both in positive and negative direc-
tions. For real 3 we have always |R | < 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

Er,p= E(O)[exp { ikx+ uzz)} +
+Ro exp{ i (kx — u2)f | exp (i), (12)
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where uz2 = (mi/c 2) + egl[kxl —(gp - l)Szz} a3
P=cX@ +ud), S,=ky,+4,

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

lRo|2 = (14)
O )™+ Gy PR - it wHRARY)
(g + )+ (k- ) IR = ki DR+ R))

o= 25, £©® (15)
S, +ky,+ (S, — k)R,

Now, let us analyse the result obtained above.
As it follows from (11)-(13) the reflection coeffi-
cient magnitude |Ry|? depends substantially on the
A, and 8 values. For example, if, at given Ay, the
parameter 3 becomes purely imaginary, then, ac-
cording to (11), [RJ = 1 and, as follows from (14),
[Rol = 1. Thus, near to the Bragg resonance, where
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 A, or, at fixed A, with
decreasing (£} + 53)), the magnitude of 3 may pass-

through-3 = 0 becoming real. For this case it is
convenient to rewrite (14) as

IRol* = (16)
- 2klz(ug + kzlz)Ak - 4"%25”2 - a’l(k%z - u§)§|
2 (i + o)A, + 4R Bu, — o (K, — u)Ey.

It follows from (16) that, with increasing A, (or
decreasing |£,| with increasing Ej), the reflection
coefficient tends to |Roff = ((ky, — )/ (K, + uP?
which is the value for homogeneous (not irradi-
ated by CLBs (FMSC. Hence, since &, &,, 8 de-
pend on E,, by varying E, at fixed A, one may
vary |Ro|? from 1 to the limiting value |Ro[3. It
should be noted that the value of |Ry|?> depends
not only on E, and the magnitude of A, but also
on the sign of A.. If A, and &, have the same
signs, |R,|? reaches its minimum at

* 2 'k%z_“z. §1

At such value of Ay, clectromagnetic waves
penetrate best into FMSC. The presence of a car-

an
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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),
IRol? 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 irlcidence 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 E,, angle of incidence
of waves and parameters of FMSC. Varying those
and the value of E,, 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 &, depend on the magnon tempera-
ture T, through the parameters g, p, and My
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 ny=10'5to 1016 cm~
3, ©=5-10" 571, T=0.5.10-2! J and the electric field
strength being of the order of 103 V/ecm with the
values of FMSC parameters chosen from [11], we
obtain that the maximum teflection takes place at
4,>0.001653. For homogeneous (not irradiated by
CLB) FMSC |Ry|5 = 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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CeeTopaccesiHie Ha NOBEPXHOCTHBIX CBEPXPEIIETKAX B
GbeppoMarHHTHBIX CBEPXNPOBOJHHKAX, CO3AABAEMBIX
BO3/1€iiCTBHEM KOTePEHTHBIX CBETOBBIX My4KOB

A.JO.Cemuyxk

HocneoBaHo BimsiHHE MOBEPXHOCTHOI CBEPXpEIETKH 3/EKXTPOHHOMN MIOTHOCTH Ha pacnpocrpaHeHue
cBeTa B (eppOMarHHTHBIX CBEPXMPOBOJHHKAX {®MCII). PaccmoTpen wmpokowenesoii ®MCIT B
TIOCTOSIHHOM 31EKTPHYECKOM MOJIe H B TeMIIEPaTypHOM NManasoHe CHHOBOH BoyHel. HepaBHoBecHOe
cocrosnne B PMCII cosnaercss BRermmuM noneM. TepMocTaToM airyxat toHoHBI. B 31HX yCoBUsix Bospeil-
CTBHE KOTEPCHTHBIX CBETOBBIX MYYKOB BbI3bIBacT o6pazoBatie B OMCII NOBEpXHOCTHBIX CBEPXPELIETOK C
OIpe/ielleHHON KOHLIEHTpalliell 3JIeKTPOHOB, HANPSXKEHHOCTHIO QJIEKTPHYECKOTO OIS, 3MeKTPOHHON H
MAarHOHHOH TemnepaTypamu. Onpenernen kosddHUHEHT oTpakenus cseta gist GMCIT ¢ MOBEPXHOCTHBIMH
cBepxpeuteTkamH. IT0kasaHo Takxke, YTO, H3MEHSIS HANPSKEHHOCTh BHEILIHETO 3/eKTPHYECKOTO MO, MOKHO

CA0

YMEHBLIHTH 3TOT KO3(PHLMEHT, T.e. npespatuTs OMCI] B "HeOTpaxarollkii", a TakXe YBeJMYHTb €ro

BIUIOTb IO QiIy4asi [IOJIHOrO OTPaXCHHA.
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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 mathematical algorithm of such proc-
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, in
turn, influences on the quality of the crater formed. These algorithms were also performed partly 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 t
believed to have no time to interact with radiation.

B pesysnTaTi HallMX JOCIHIUKEHb BAAOCH cho

he case of extra short pulses, when the pulse was

PMYJIIOBATH JOCTaTHBO afleKBaTHHH peanbHoCTi |

BiIHOCHO MPOCTHI MaTeMATHYHHH aITOPHTM TAKHX npoueciB K Aid MOTYXHOTO €JIEKTPOMAarHiTHOro
iMyIbey (30KpeMa JIa3epHOTO) Ha MOBEPXHIO MaTepiaiy, NpoLec J1a3epHOro GopMyBaHHs KpaTepa i
CynyTHi LbOMY MPOLIECH: TOPIHHS MIIa3MeHHO-KOposiiiHoro, (akena, B3aEMOZLS BHIIPOMiHIOBAHHS 3
dakenoM, sika BIUIMBAc X Ha MpoLec dopMyBaHHs KpaTepa, Tak i Ha [IHHaMixy camoro dakena,
36YOKEHHS IHTEHCHBHOI YapHOT XBHI NpYXHOi NpUpPOIH B 06’eMi marepiany, ke MOXe CTHMYJIO-
BaTH 06’eMHi pyiiHYBaHHS i, B CBOIO Yepry, BIIMBATH Ha SAKiCTh YTBOpEHOrO KpaTtepa. Blajock Takox
i 4acTKOBO peaNizyBaTH iX YHCENbHO-aHATITHYHHMHM METOJaMH. [Ipu usoMy ofpasy 6yn0 oaepxaHo
HenepenGadeHHH pe3yibTaT. BUSBUIIOCH, 11O B3acMO/il 3a62cOu CYTTEBO BIUIHBAE HA PO3BHTOK
[1a3MeHHoro (paKena i KOpO3iHOMOTo KpaTepa i 3HEXTYBAaTH HElO He MOXHA HaBiTb y BHMAJKY
€K30THYHO KOPOTKHX iMIYJIbCiB, KOJH, FK BBaXanoch, iMOyJIbC MPOCTO He BCTHTa€ NPOB3AEMOLISITH 3

BHIIPpOM iHIOBaHHAM.

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
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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 processcs
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 surfacc
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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Relving on our investigations we succeeded in
developing sufficiently faithful and comparativelv
simple algorithm of all these processes and in car-
rving out their simulation.

This algorithm involves:

1. A dynamic equation for pressure (all func-
tions and variables are dimensionless here)

s CP c OP

a TP ar TR s M
=F(rgP)EP) PP ot -noup® -2).
where P is pressure; 1 is time; 7, z are cylindrical
space variables; I, x, B, o, n are known parame-
ters; F(r), g(P), E(P) are known functions; 8(x) =
I,if x 20, 8(x) = 0, if x < 0; 7 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:

= .
where I'= 2T + &2 €], &, are unit vectors of basic
cvlindrical coordinate system.

2. Three further equations describe the proc-
esses at the condensate-plasma interface

opP oP
_§+Kﬁl:r GSJPS ~S

ot &
—[Kﬁ ( —+l] 0(t,— 1)+
+F(r) g(Pg) E(Pg) B(x - I)J J AL @)

S B+1
KB (rar + 1] P84

+ kP F(r) E(Pg) Pg 0(t - 1) B[gr(Pg) - 1];

where P is near- >urface pressure; S is crater form
lunchon (z;, = -8: z, is coordinate of crater sur-
face): 1, is the post -duration time; gz(Pg) is a
known function (part of radiation flow entered
into solid);
—85--—F4Pﬁ % _ 4P,
ot ot ‘

where .4 is a known parameter;

Pn &= [Ps- R - ps ¥ -7 @

where P;£ is the surface value of the elastic stress

3)

tensor; /Pis a normal-to-surface vector, n; are its
components; &= (€, e_y’, &) are unit vectors of ba-
sic coordinate system; 3 is the value of radiation
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flow near the surface which is a known function
of pressure Pg; q_§=:§- qs; i’is the speed of
plasma -solid boundary moving, = :—e)- ?;

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 foriation 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,

PP [Ps l%%]

LR
Py = {P5+ﬁ}

ER LG

Ri=V1+@s/an.

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:

where

pc % = div[A grad(D)] +

+qg k exp(—kz) 6(t - 1); G-

and initial and boundary conditions: ,
70, r.2) =Ty, (5.2)
(5.3)

T(t r. ) =Ty, A %T (t,r. zg) =0,

where p is density of material; c is its specific heat
capacity; A 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 -¢qs. (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.(1). And finally, this ap-
proximation gives the possibility to find, by solv-
ing egs. (5.1-3), a sufficiently simple expression
for the destruction threshold:

. %1

irh _ch

qs = Q-_T/,L (Tk - To),
27

where T} is a critical temperature, and for the
post-cffect time:

| @-w 1 Ty - Tl

t,=1 g
PTa(T-Ty? 2 4T-TY
where T, is the fusion temperature.

At the present time, our main 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

PRy
Py=6-10% atm; to=2-10"%c
A
KY o
2~ \2
N L
1
| I B i‘uﬂ_

2 4 6 8 f=In(1+tho)

Fig.1. For Al, flow intensity Q= 10! W/em? and
pulse duration t = 1013s: 1 - behavior of near-sur-
face pressure with interaction taken into considera-
tion; 2 — the same but without interaction.

Jr=In(1 +/te); 1 =1In(l + tg/ty)-

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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tion; 2 — the same but without interaction.
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Moe/iMpoBaHHe KpaTepooOpa3HOro paspyuieHus
IOBEPXHOCTH H COTMPOBOXKIAIOUIMX MPOLECCOB

A.J1.CynpyH, C.5.11leByeHko

B pesy/bTaTe HalIHX HCCIENOBaHUH yAanoch cpopMyIHpOBaTh AOCTATOUHO afeKBaTHbIi
peanbHOCTH H OTHOCHTELHO TIPOCTOH MaTeMaTHueckHil ANFOPHTM TAKHX POLECCOB Kak BO3JeHCTBHE
MOILHOTO 3JIEKTPOMATHHTHOTO UMMNynbca ( B 4aCTHOCTH Na3epHOTO) HA MOBEPXHOCTb MAaTepHana,
npoLiecc JazepHoro GOpMHPOBaHHs KPAaTepa H COMYTCTBYIOWIHE STOMY npotiecchl: ropeHHe TIa3MEHHO-
KOPPOSHOHHOTO (hakella, B3AUMONEHCTBHE H3MYHEHHS C dakenoM, KOTOpOe BIMAET KAK Ha NpoLece
dgpMupoBaHus KpaTepa, TaK U Ha AMHaMHKY camoro dakena, BO30YX/IeHHE MHTEHCHBHOH YAapHOii
BOJHBI YNpyro#l MpHpomsl B 06beMe MaTepuala, KOTopoe MOXeT CTHMYIMpPOBaTh OGhEeMHbIE paspy-
[IeHHs H, B CBOIO OYEPE/lb, BIMATH Ha KauecTBO 06pasoBaBLIerocs Kparepa. Vnanoch Takxe B 4YaCTH4YHO
DEAIH30BATb HX MHCIICHHO-aHAIMTHYECKHMH METO/IaMH. IIpu 3TOM cpa3y 6bli nomyyeH HEOXHAaHHbIH
pesynbrar. OKasanoch, YTO B3auMOJeHcTBHE gce20a CYUIECTBEHHO BIMSET HAa Pa3sBHTHE Ma3MEHHOTo
¢akena ¥ KOPPO3HOHHOTO KpaTepa H npexebperaTh MM HENb3A Aaxe B ClIy4ae IKIOTHHECKH KOPOTKHX
MMIY/ILCOB, KOT/Ia, KaK CYHTAIIOCh, HMITYJILC IPOCTO HE yCresaeT NMpOB3aHMO/EHCTBOBATD C H3TYEHHEM.
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Absorption of the electromagnetic radiation by the
surface modes in heterogeneous media

L.G.Grechko, V.G.Levandovskii, V.V.Motrich and V.Yu Reshetnyak

Institute for Surface Chemistry, National Academy of Sciences of Ukraine,
31 Nauki Ave., 252022 Kiev, Ukraine

The results of studies of the interaction between electromagnetic radiation and heterogeneous
systems (HS) are generalized. The calculation schemes of the effective dielectric permeability ¢ 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 &{o) as a function of MIDS parameters is considered.

B po6oTi y3arajibHeHO pe3yibTaTH [OCHIMKeHb B3a€MO/ii €1eKTPOMArHiTHOrO BHIPOMIHIOBaHHS
(EMB) 3 mmpokum criekTpom rereporeHHHX cucreM (I'C). IIpHBesieRi cxeMH po3paXyHKy e(exTHBHOI
AieNeKTPHYHOI IIPOHHKHOCTI (€) ['C ABOX THIMIB: CTATHCTHYHI CYMillli TA MaTPHYHI THCTIEPCHI CHCTEMH
(MJIC). OnepxaHi pe3ylIbTaTi BHKOPHUCTaHI U1 AOCHI[XeHHS MeXaHi3MiB nornuuanis EMB 8 MJIC
3 MeTaleBHMMH BKJOOYEHHAMH cdepHyHOi Ta efincoigansHol ¢GopMH, 06yMOBIEHOTO HAaSBHICTIO
MOBEPXHEBUX MOJ. JIOCMIIXEHO ClIeKTPaIbHHI XapaKTep £(w) B 3anexuocti Bix napamerpis MJIC.

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 electrodynamic 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
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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 €, magnetic
permeability p, conductivity ). The estab-
lishment of the correlation between €, p and o
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 ¢, 1, & 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 ¢, and magnetic
H,,, permeabilities, be the given system of currents
and charges which initiates primary dropping
electric E%(ﬂ and magnetic I—'Io () fields (time
dependence ¢#®) and N of electrically neutral
material bodies of an arbitrary shape and nature
with tensors of dielectric €; and magnetic p; 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 7

will be defined by the equations:

N
EF=Er3+Y {(grad- div + I EE) +

i=1

(1
+ ikl\E—;—' rotl—'?,-”(ﬁ } )

sm
N
R =Re) + 3 {(grad- div+ 1 3 -
i=1
- ikl‘/g-Z rotﬁ?’(r"}, 2

where k, = Ec)— Ve P H{" and l:f,M are the electric

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

—IiE:(r‘)=;l; (%-af(ﬁ')ﬂlr"—?l)ﬁ? 6]

Yo
A
Iﬁ"(ﬁ=-41;£(s—m-lJ7?(r‘i’)f(lf“’—ﬁ’l)ﬁ? @

N e—ik,l?’—?’]
I—lerj/ f(lr_—?)l)=——_—_—|"'-)—7’] )

is the Green function satisfying the scalar equation

A+ R f=—4nd (P P) ©)

To determine the internal field in the volume
V; one should consider (and solve) 2N integral
equations (1) and (2) for the points inside the
volume V. 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 £ and y of statistic mixtures

and MDS types HS [16-18]. In these papers, gen-
eral expressions for the calculation of g were ob-
tained in the form of series by the correlation
functions of a random value e,-J(f") (statistic mix-
tures) and by the concentrations of inclusions
(MDS). Let us note that, in this case, at each k
stage of the ¢;; calculation it is necessary either to
know the correlation function of the k-th order for

Table 1.
Types of inclusions Low concentration approximation Self-consistent approximation , .
1. Spheres - 3fe,, (€ - €,) - fE € -¢,) )]

© ¥ e, ve)+f(e—5,)

=it v +f(E-D)

2. Randomly oriented - J(5e, +8) (e -¢,)

S e +e) (-¢,)

cylinders ETEm 3, +0) -2~ 5,) St Ere) -2 (-0 ®
%.Allthecylindcrsare e s 2f¢,(E-¢,) T e s A e-¢,)E,
in the plane OXY and =i e, ) +f(E—¢,) == 0m T E +€)+f(e-§,)

randomly oriented

1

E: =

=0 = e o) (e —ty)

m

2f(e—¢,) (e +3¢,)

o (e -¢,) (€ +3€,) ©)

= "7:8"'+(e+§'u)—f(a—zn)

4. Cylinders are parallel
to the axis OZ

g, =€, +E-€,)f
2fe, (€-¢,)

Eni=sm+(e_gm)f

2fe  (€—¢,) (10)

=0 = T e o) (e -8y ==l Y (o ) =S (6 -t
5. Rmdo@y oriented - 2f (e +¢,) (€ ~8,) ~  Jee +€) (e -¢,)
disks &= Cm* 3 -f(E~¢,) St T e fe-0) an
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Fig.1. Surface plasmons of spherical metallic parti-
cles of dispersively inhomogeneous systems.

e,j(Ff or to solve the problem of a common behav-
iour of k particles in the electromagnetic field. The
results of the first approximation both for the case
of low concentrations (Maxwell-Garnett [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 elhpsmdal forms For obtaining MDS depend-
ences on ¢ and £, the relation (7) was used; here
the dielectric permittivity of inclusions was ex-
pressed in the following form [1]:

n o2 (12)
g(0) =g 1+Z ~——~5L—
i=1 (DO — l(l)VOI
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4nNe 2

m*e,
of electrons participating in the i-th transition, f;
of the oscillator strength for this transition, o,; is

the intrinsic frequency of this transition, Vv 18
the frequency of their relaxation. From (7) and
(12) we find for a sphere:

where o , N; = f;N is the concentration

pi =

Ql aa; |+ ZQ oclaIZcoT,
i=1

n
2 2
a+ Zﬂ) 70,4, + ZC!) T,»y,ai
=1 i=1

n n
2012 Y4 iz(" %‘iaiyi
i=1 i=1

+ 2 2
n
2 2
a+ ZmTiaiai + Z“’Tz%ai
i=1 i=1 4
n
2
aZQiyzai (13)
Im (o) = &(w) =l o
n n
2 2
a+ Z"J d;| + Z‘” 7Y%
=1 i=1
2 2
[( ~o?) +@2ng] [(mo,, ~o?) ]
a 2 2
9= 5 N 22 » A= Dgp =07, ¥; =0V,
(DOI - ) + vOl
222 (1-4)+4s,,
O =07, ~ 07, &0 >0)=g,—— "
! ! "(l - B)+Be,
2 2
2 _ Asmmei 2 Bswmpi

LT A, +4s, 1T (1- By, + Be,

where B=(1-/)/3, A=B +/, ¢, 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 Ime(w) = 0):

2
1+Z p,(wo, o) __1-B % (14
( 2) 2.2 B g,
i=] 0)0 +m ViO

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 () (13).
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Fig.2. Dependenices of the real (') and imaginary "
parts of effective dielectric permittivity on frequency

x=olo, at €,=¢, = 1; /= 001, Ly =L, = 1/4
Ly= 1/2; for vlw,=0008(-—-); and
viw, =0.004 (-~ - ). B

In the case of free carriers, at €y T 6= 1

: ® - (15).
go)=1-—"~F—
(0 +iv) -
2 _ 2 (16)
@7 -
go)=1+ L ) L
07~ 0" ~iov
where [19,20]
2 1+2f 2 2 _1-f 2 an
o = 3fcop,coT=—31mp

Thus, the absorption at a frequency of the sur-
face plésmon @7 (Frelich mode) has a resonance
character and, depending on f, may differ essen-
tially from w,. In the case of randomly oriented
ellipsoidal particles with the depolarization coef-
ficients [1] L, =L,# L3 and g, according to

(15), the analogous calculations [18] give

(6, =60 = 1)
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Fig.3. Dependences of € and & on frequency x at
€y = €y = 1; VIO, = 0.008; Ly=L,=14; L;=112 for

f=0.1(——)andf=0.01 (- —- - ).
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Fig.4. Dependences of ¢ and € on x at g,=1;
v/a)p =0.008; f =0.1 for L, =L,= 1/4; Ly= 1/2 for
€y =1 ( ), €y =5 (== ).

197




L.G.Grechko et al. / 4bsorption of eleciromagnetic...

=
12 B a
.!
6+ o t
v
—""“L:./_ ---’/ \
ol ! _/"'T‘;, v
l/ i
6 ﬁ I f |
0.0 0.4 0.8 w/wp
18 - I
|1
G| I
I
S |
. I
) /S !
0 \/ AN CIVAN Z\
0.4

0.0 0.8 w/op
Fig.5. Dependences of ¢ and €' on x at €, =60 = I
v/oop = 0.008; /= 0.1 for
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L;=098 (- - - S L =Ly=Ly=1/3(-).
fmzyl fmz"./z (18)
go)=1+—5"5+ TR
h- Q-0
where

Y1 :é(l —f=3a+3y),y,+1,=1, 0= o{o +iv),
v
a=Q2Ly+L))/3, Y5<a<?s,

=Y -f-3a -4 (1-/) 2 - 3a)6a - D],

and

~

2 @
Oy =7 -L;~f/3)%

1
(=L -f73) =41 - A -2L)LY"
are the frequencies of the surface modes.
Again, we came to the resonance character of
EMR absorption in MDS at frequencies Q, and

Qp, which is absent in the bulk sample with the
dispersion law (15). As it is seen from (18), the
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Fig.6. Dependences of ¢ and £” on x at €, T Ep =1
f=01 L;=01,L,=03,L;=06.

abserption 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 MIDS f.

Presented in Fig.1--6 are the dependences /()
and " () for some frequency cascs. Note ihat 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 £(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 (o) one of the oscillator type with the
resonance frequencies corresponding to those of
surface modes.

Functional materials, 2, 2, 1995
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For many substances encountered in practice,
the dispersion law e(®) 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 €(0) 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 (o) dependence.

Such a calculation was made for a disperse
silicon dioxide (SiO,) consisting of the particles
= 10 nm in size in the region of stretching vibra-
tion of the bonding Si~O (1070 cm™!). 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 SiO, as well
as the dependences Reg(w) and Ime(o), (Fig.7d
and 7e) calculated according to (7) with account
for the experimental dependences n(w) and k(w),
for a sphere and compressed ellipsoid
(L,=L,=0.01, L;=0.98). The obtained value of
the absorption maximum frequency (o,) for
spheres = 1130 em™! is in a good agreement with
the experimental value = 1111 cm™! [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 £"(w)), 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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Iloraomenue AJICKTPOMATHHUTHOIO U3J1Y4CHHA NOBEPXHOCTHBIMH
MOAaMH B l’BTGpO[‘eHHOﬁ cpeae

JL.T".I'peuxo, B.I'.JIeBannosckuii, B.B.Motpnu, B.1O.Peluernsk

B paborte o6o6uieHs! pe3ynbTaThl HCCAEAOBaHHH MO B3aHMOJEHCTBHIO 2J1IEKTPOMAarHHTHOTO
nznydenus (OMMU) ¢ mmpoxum cnektpoum rereporenHbix cucreM (I'C). IlpuBenmeHb! cxeMbl pacuera
5heKTHBHOM HaNeKTpHYeckoii MpoHHLaeMocTl (€) I'C ABYX THIOB: CTATHCTHUYECKHX cMecell H
MaTpHuHbIX aucnepcHbix cucreM (MJIC). IlonyueHHble pe3ysbTaThl HCHOJB30BAHBI [JII H3YYEHHS
MexaHu3MoB noryowenus DMHU B MJIC ¢ MeTa/uIHYEeCKHMH BKJIIOYEHHSIMH cHepHUECKOH H
naMnconnanbHol GopMbl, 0GYCIOBIECHHbIH HANHYHEM MOBEPXHOCTHBIX MO, [loka3aHO, YTO B TAaKHX
cucrtemax HabmiogaeTcs pesoHaHcHoe noriaculenne DMU Ha yacToTax, paBHBIX 4acTOTaM -

MOBEPXHOCTHBIX MOJ. M 0CIIeIoBAH ClleKTpabHBIH XapakTep e{®) B 3aBHCHMOCTH OT napamerpos 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.

"PO3rIsSHYTO BIUIAB TOBEPXHEBO-aKTHBHHX PEYOBHH (IIAP) na pisHi cTafii MpOLECIB eNEKTPO-
ocapkeHHs MeTaliB. CHCTEMaTHYHO [OCHiIKeHa pojb xiMiuHoOi B3aemogii ioHiB Meranis 3 IIAP B
’ KiHETHLIi T2 MeXaHi3Mi eleKTpOHHUX peakuili. BeraHoBmeHi dynnamenTanbHi MexaHisMu BBy IIAP
Ha NIO4ATKOBI cTafii KpUcTaizauii Ta picT nonimapoBux ocaais mertainiB. O6rosopioeTsbes st ITAP sk
iHriGiTopiB HABOJHIOBaHHSA CTalll HpH eNeKTPOOCalKeHHi MeTalliB. CohopmynboBaHi 3araibHi
npunnmny suSopy ITAP, niranais i HeopraHivHOro cxirany €JIEKTPOJIITIB JJIs HAHECEHHS FasbBaHIYHHX
nokpuTTi. IIpHBeAeHi OCHOBHi XapaKTepHCTHKH HOBHX ApOLEciB LHHKYBAHHS Ta MiIHEHHS 3

ONTHMAJIbHHM NMOEAHAHHAM TEXHOJIOTIYHHX Ta eKOJIOTIYHHX MOKAa3HHKIB.

“ 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 gf 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 their
role in the overall electrode process is also sig-
nificant. The consideration of the SAS action on
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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 appiication

" 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 (8O3, F~, CIOg,
BFj, 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 clectroreduction has been
established and explained. So, the retarding ac-
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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 (C) 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 Zn?* 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 Cd?* and Cu?*
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 (€.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 simultancous 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,
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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 phasc forma-
tion kinetics [14, 15].

1. The admixture used is not adsorbed cssen-
tially on the foreign surface (pyrographitc) 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 climinating them out of the
process. So, in the presence of acrylic acid, the
AC number of a pyrographite clectrode 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, n,. Therewith, no correlation exists
between n,;, and nucleation work, A. So, acryloni-
trile (AN) changes 7, 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 boundarics [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
crystallization 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/dm?). 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.
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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 (ij;,,) 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
clectrolytes) 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-
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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
chemicat and electrochemiical 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 (Hyq)-

SAS influence not only Hy, 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) [231.
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-
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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 us¢ 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,
¢.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/dm?) 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
I11); 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 of that 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
zincing
Enhanced corrosion
resistance

Zn-Mo (0.2-0.6 % Mo)

Zn-Fe (10-17 % Fe)
Zn—Ni (9-10 % Ni)
Zn—Co (0.83-3.8 % Co)
Zn—Al (0.06-0.09 % Al)

Zn-Pb (0.8-1.5 % Pb)

Enhanced corrosion
resistance in neutral media

Lowering of the coating
self-dissolution in the acid
medium (0.01 M HCI) 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/dm?).

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-
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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-mechanical 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-
I, 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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Posb aacopOLMOHHBIX fiBJIeHNUH B mpoueccax 3JIeKTPOOCANK ACHUR
MeTa/LJ10B

10.M.JlowikapeB

PaccMOTPEHO BIIHSIHHE IOBEPXHOCTHO-AKTHBHbBIX petects (ITAB) Ha padKyHbie CTaAHH NPOLECCOB
371eKTPOOCaX/IeHHs: MeTailIoB. CHCTeMaTHIECKH HceeqoBaHa polib XHMHYECKOTo B3aMMOJICHCTBHS
HOHOB MeTaluoB ¢ IIAB B xuHeTHKe M MEXaHH3ME 3MEKTPONHbIX peakLuil. YCTaHOBICHSI ¢yHaa-
MeHTa/TbHbIE MEXaHU3Mbl BIMsHus [IAB Ha Haya/lbHble CTaIHH KpHCTaJLTIH3a1lMK 1 POCT MOMHCIORHBIX
ocazkoB MeTamnoB. OGcyknaercs AelicTare TIAB xak HHrHOHTOPOB HaBOJOPOXHBAHHS CTaJlH IIpH
3JIeKTPOOCAXACHHH METAJIIOB. CoopMyaupoBaHbl OOLIHe NPHHLHILE pbibopa IIAB, nuraujoB
HEOpraHH4EeCKOTO COCTaBa 3JIEKTPONHTOB LA HaMeceHHs TalbBaHHYecKHX NOKpbITHE. [1pHBeneHb!
OCHOBHbIE XapaKTePHCTHKH HOBBIX MPOLICCCOB LIMHKOBAHHS ¥ MEIHEHHS C ONTHMAIIbHLIM coueTaHHeM
TEXHOJIOTHYECKHX H 3KONIOTHYECKHX nokasaresyei.
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Galvanomagnetic and magneto-optical
properties of Th/Fe multilayers
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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<1) 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~% 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.

BumiproBamncs exBatopiambuuii edexr Keppa, eext ®apajiess Ta aHoManbhuii epexr Xomwa y 4oTH-
PbOX Cepisix 3paskiB: cepil aMmopduux myipox Tb Fe,  (0<x<I)Ta TpboX cepisix 6araTollapoBHX MIBOK
Tb/Fe. BukopHCTOBYIOUH NMOPIBHSUILHHH aHalli3 pe3y/bTaTiB BUMIDIOBaHb ebeKTiB, BUBYAIMCS MarHiTHi
BIIACTHBOCTI MIXIIAPOBOi Mexi. TlokasaHo, 1o xoepillieHT aHOMaTLHOTO eexTy Xoina, o6yMOBIEHHIH
CrliH-OpGiTANbHOIO B3aEMOIIEI0, NMPOSIBIIE CBOE MaKCHMANbHE 3HayeHHs! 2.4- 1074 MxOM-cM/Tc ¥ MisKiua-
pOBiil Mexi 3 eeKTHBHUM CKIIaNoM, BIM3BKHM 0 CKIaly KOMIeHcallii npu kKiMHaTHil Temneparypi. Lle
3Ha4eHHS NPHOIM3HO HA NOPSIOK BETHYHHH HIKYE 3HAUYCHHS JUIS TOro X KoediLlieHTy B aMopdHiit 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
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tocompare galvanomagnetic properties of the in-
terface to the properties of amorphous series.

Experiment

The set of amorphous films Th, Fe, . (0<x<1)
(AF) and three series of Tb/Fe MLs with the
three fixed thicknesses of Fe layer (one for each

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

nesses of Tb layers, dpp,= 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 107 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

Functional materials, 2, 2, 1995
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Fig.1. The Faraday rotation and Hall angle on con-
centration of Tb for Tb Fe,_, 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 = 0.63p). Mag-
nitudes of TKE effect were measured as a func-
tion of Hj 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 10 kOe.

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
Tb,Fe,_, are plotted in Fig.1. 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 dg, = 8 A (a) and magnitudes of
TKE effect, 5, as a function of in-plane field, H", for
the same set (b). Dependences 8-/ 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 dpy, for Tb/Fe MLs with dge = 25A
are plotted in Fig.2a. Magnitudes of TKE-effect,
3, as a function of in-plane field, H " for the same
set are shown in Fig.2b. Here, 8 = Al/], where [ is
intensity of the incident light; Al is the change of
the p-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 dyp, 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 d, = 15 A (a) and magnitudes of
TKE effect, 3, as a function of in-plane field, H“, for
the same set (b)

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

ence remains. Increase of dyp, 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

at dpp, > 20 A is determined by interface.

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

ing with the film where dp, =35 A, the interface
effect reveals itself in the form of ’break’ at low

fields in the films with dtp = 5 and 10 z& In the

film with dq, = 16 A, one can clearly see the 5-H)
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
i1s 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 dyp, the difference
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Fig.4. The Faraday rotation and Hall angle for

Tb/Fe MLs with dg, = 8A (a) and magnitudes of
TKE effect, 3, as a function of in-plane field, H", for
the same set (b)

between effect of Fe-layer and interface on 8-H
dependences disappears and at last, in the films

with drp, = 31 and 40 g, 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 (dg, = 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 dy, = 16 A,
one can notice saturation in d-H) dependences at
low fields. The further increasing of dyy, causes the
strong decrease of the change in transverse Kerr

effect intensity. In the films with dy, = 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

Functional materials, 2, 2, 1995
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Fig.5. SHE-loops for two MLs: 15Fe/16Tb (a) and
8Fe/10TDb (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,
Uy, 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 thag, at decreasing of dp, and increasing of
Ay Hall-angle, ®, increases up to a certain
point ® = 1.7 deg. and then begins to drop.

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

Functional materials, 2, 2, 1995
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Fig.6. Dependences of resistivity, p, on N1p/Nge —
the ratio of Tb- and Fe-monolayers, participating in

interface in the cases of Fe excess (dpg = 15 ;X) and
Tb excess (dg, = 8 :&).

Hall resistivityx10%, Omxcm
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Fig.7. Dependences of iZall resistivity, py, on
N1u/Nre

(dge =15 A) and Tb excess (dge = 8 R). It can be
seen that, during the interface building, the values
of p and the character of p(N1y/NFe) dependences
for these series are different, but when the build-
ing of interface is finished, data of p for both
series (dge = 15 and 8 A) are quite close (Fig.6).
The same can be said as to py; (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, R, is ob-
tained in ML 8Fe/23Tb, in which interface is
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Table 1.
Data on Tb—Fe amorphous films
Tb, at. %| M, Gs Prig: %0 | Oy, deg | R, uQ - em/Gs
7 1600 | 0.36 0.20 7.9-10°
10 830 2.90 1.67 3310
13 100 - - 3.81073
19 50 0.31 0.18 1.5-1073
22 30 043 0.25 3.2-103
225 70 | 098 | 055 34.10°3
31 80 -025 | -0.25 6.0-10
Data on Tb/Fe multilayers
Fe/Tb,| M, | p,.. | @, R, | Np/Neo

A /A | Gs % deg |puQ- cmfGs

15/16 | 150 | ~0.57 | -0.33 1.1-10~4 0.76
1523 | 210 | 0.19 0.12 2.3.10°5 1.10
1531 | 240 | 0.52 0.30 4.010°5 1.48
15/40 | 220 | 1.95 1.10 1.5-10# 1.90
8/10 | 430 | 2.93 1.70 761075 0.88
8/16 | 180 | 222 1.30 1.8-104 1.40
823 | 130 | 1.74 1.00 2.4-10% 2.00
8/31 180 | 0.83 0.48 1.5-104 2.63

already built, R; =2.4-10~* pQ cm/Gs. This
value is approximately one order lower than
the same coefficient in AF. The values of tan
®y = py/p for amorphous films and for the in-
terface of MLs can be compared to that value
for pure iron, tan ©4 = p,,/p = 1.4-10-2 [8]. For
the interface in ML 8Fe/23Tb this value is quite
close, py/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 R can be expressed as

R.=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 R /p against p for amor-
phous series (Fig.8a) and for MLs with dpe =8 A
(Fig.8b). One can sec that, in both cases, experi-
mental points does not lay on the straight line,
but their distributions are almost the same. It can
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Fig.8. R,/p is plotted vs p for amorphous series (a)

and for MLs with di, = 8 A (b)
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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 Th/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-

terference nature of distribution in Tb/Fe
interface with its maximum value 2.4-10~% pQ
¢m/Gs in the interface with Nyy/Nge = 0.3-0.5,
where Nqp/NEe is the ratio of Fe and Tb mono-
layers participated in Tb-Fe interaction; II) The

Functional materials, 2, 2, 1995

tributed to spin-orbital interaction has wave-in- -

effective composition of such an interface is ncar
to room temperature compensation composition
for AF; I1I) This value of R is approximatcly one
order lower than the same coefficient in AF.
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T2 1bBaHOMATHHTHbIE 1 MATHHTO-ONTHYECKHE cBOliCTBA
muorocaoiubix mieHok Th/Fe

© E.B.IlIununs, A.H.IToropeneiii, J1.Y6a, C.Y6a

M3MepeHb! 3KBATOPHANBHBIHA s¢pdext Keppa, apdexr Papanes 1 aHoManpHbIH 3¢ dexT Xonna B
yeTbIpex cepusx OOpasLoB: CepHH amopdHubix nieHok Tb.Fe (0<x<1) u Tpex cepHsiXx MHOro-
cnoiibpIx feHok Tb/Fe. Hcnonb3ys CpaBHUTENbHBIH aHaNU3 H3MEPEHHBIX 3¢ dexTOB, H3yHaJIHCh
MATHHTHbIE CBOHCTBA MexXciIoiiHoO# rpanuubt. IlokasaHo, 4TO KO3 (PHLIHEHT aHOMAIbHOIO addexra
Xonna, cBA3aHHbIH CO CNHH-OPGHTANbLHBIM B3auMoJieiicTBHEM, NPOSBISET CBOE MaKCHMalbHOE
snauenue 2.4-10~4 MkOm-cM/T'c B MexcioiiHoit rpaHuLe ¢ 3¢deKTHBHBIM COCTaBOM BGAH3M cocTaBa
KOMITeHCALMH MpH KOMHATHOH TemmnepaType. 370 3HaveHHe MPUMEPHO Ha MOPAAOK HHXe 3HAUCHUS
1151 TOro Xe KoaddHLIHeHTa B aMop(HOH cepHH.
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Surface treatment effect on electromigration
stability of oxide high-7, superconductors

M A Tanatar, 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 Tl,Ba,CuOg, . ceramics was shown to decrease notably when the
material is treated in water vapor atmosphere. It has been shown that the T, 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 TI-O layers by oxygen atoms.

\ [Tokasano, wo crabinbHicTs kepamiku Ti,Ba,CuOg,, y mpouecci enexTpoMirpailii cyTTeBo
3MEHLUYETLCA, AKINO MaTepian BUTPHMATH B aTMocdepi BOASHHX napiB. s Takux 3paskiB Xapak-
TEPHO 3MEHLUCHHS T, Ta 30iMblUEHHS eNeKTPHYHOTO ONOpY, NPH LbOMY KoeditlieHT TepMo-e.p.c. S
3AMHIIAETCS HE3MIHHUM. 3poGiIeH0 BHCHOBOK, IO I'OJIOBHOIO MIACTABOIO VISl LILOTO € Aerpajfallis
TPaHHUb 3epeH Mif €0 eleKTPHYHOTO cTpyMY. JJI BHXiAHHMX 3paskiB enexTpoMirpauiiiHa craGifb-
* HICTh 3HAYHOIO MipOIO 3aleXHTh Bill PiBHSl NETYBaHHS i 3pOCTae B MaTepiallax 3 Gillbll BHCOKUM
BMicTOM KHcHIO. [IpHiyckaeTbes, 1o Hed ebekT MOB’I3aHHH i3 3aMOBHEHHSIM BaKaHCill y TI=O wapax

aToMaMH KHCHIO.

Introduction

Oxide high-T, 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 T, for Tl,Ba,CuOg,, com-
pound.

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

m?
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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-7, superconductors.
In this article we report the electromigration

studies in Tl,Ba,CuQg, , compound at room tem-
perature. The reasons to choose the compound
were (i) very high sensitivity of its 7, and normal
state properties to oxygen stoichiometry [7,8], (i)
the possibility to obtain overdoped materials with
bipolar conductivity and thus to study electron
wind effects, and (iii) the lack of the stoichiomet-
ric vacancies in the TI-O layers, contrary to the
YBa,Cuz0;_,, able to promote accelerated ion
movement.

Functional materials, 2, 2, 1995
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R, mOhm-cm
2 —
TI1-2201
1 =
1i, 1c, 1a 2aff| 2
0 | ]
0 50 - T,K

Fig. 1. Resistance vs temperature curves for
TI,Ba,CuOg,, samples: (1) as obtained and (2) heat
treated in argon at 670 K. The notations /¢ 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 BaCuO; and
CuO in 1:1 molar ratio and sintering the mixture
at 1123 K for 2 hours. The product was grinded,
mixed with Tl,O3 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 mm?> dimen-
sions were cut from the pellets and used in the
studies. Samples as obtained (li, hereafter) had

superconducting transition temperature T,

2040.5 K. To obtain higher T, the samples were

annealed_at 620-670 K for 6 to 12 hours in the.

argon atmosphere. Samples so treated (2/, hereaf-
ter) had 7, 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 1i and 2i 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 H1i and H2i for 1i and 2i, respectively)
had the same T, 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-

Functional materials, 2, 2, 1995

Table 1.
sample (No.[  j, 0, P, T, | S,
type kA-cm™2 |[MC-em™2 [ mQem | K |pV/K
BBt - - 12 202 22
e [1] 12 1 12 202 -22
le [2] 12 10 1.1 202 22
le |3 2 10 1.1 204 23
la {1] 12 1 12 202 =22
la {2 12 10 1.1 [202] =22
la_|3 2 10 1.1 [201] 2.1
2i . - 25 | 835 +2.7
2 [ 1] 15 1 25 [845] +29
2¢ [ 2] 15 3 26 |852] +32
2¢ {3 15 |10 26 |860]+35
20 (1| 15 | 1 25 [830] +25
2 |2 15 3 25 |825]| +24
2a {3 15 10 24 820 +23
Hli - - 13 |202]| 22
Hlc | 1| 14 1 1.5 {190 -22
Hlc |2 | 14 10 21 |170] 22
Hla [ 1| 14 1 1.7 |187] =22
Hla [ 2| 14 10 20 |174] 22
i | - - 27 | 834! 425
He | 1 22 1 3.5 (822 +25
He | 2| 22 10 51 |780] 425
Ha | 1] 22 1 37 | 817|425
Ha |2 ]| 22 10 50 7741425

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 15kV.

Results and discussion

The electrical current flow (current density j be-
low 3 kA-cm~2) leads to substantial sample proper-
ties changes ( Table 1). The most interesting effect
is the T increase up to 2.5 K at the cathode (2¢, Fig.
1) and its decrease by nearly the same amount near
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Fig. 2. Resistance vs temperature curves for
Tl,Ba,CuQg,, sample 1: as obtained (1), after water
vapor treatment (H1/) and after current treatment
(Hic and Hla).

anode (2a, Fig. 1) after passing electrical charge Q
of 10-10¢ C-cm~2 through the sample 2i, analogu-
osly to Mitin et al. results. For the sample H2i, the
resistivity increases homogeneously along the sam-
ple length at a rate of 10~'® Ohm-C-!-cm and the T,
decreases by 2-2.4 K after passage of 109C-cm2 (
Fig. 2, curves H2a, H2¢) and by almost 6 K for
10-106 C-cm~2.At the same time, changes of T, for
the sample 1i after passage of 10-106 C.cm~2 charge
never exceeded 0.5 K, and for the water vapor
treated sample H1i, monotonous 7T, decrease and
resistivity increase was also typical. Reference sam-
ples of 1i, 2i, Hli and H2i type showed neither the
resistivity nor the 7, 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 T, 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 (Ti, 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 uV/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, S decreased to 2.3 uV/K, evidencing
increased doping level. For the other samples, S
value was usually unchanged.
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The results obtained have shown that, for the
water vapor treated samples, the T, 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 THO 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 THO 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 Tl,Ba,CuOg, , compound cooled to the liquid
nitrogen temperature [5], since much higher cur-
rent densities are used in those experiments.
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Bausinne 06paGoTKH NOBEPXHOCTH HA CTAOHILHOCTD
OKCHMAHBIX BbICOKOTEMNEPATYPHLIX CBEPXNIPOBOXHHKOB
B mpouecce 3JeKTPOMHIPALUM

M.A.Tanarap, B.C.Edanos, A.M.Akumos, A.I1.UepHskoBa

Tloka3aHo, 4To craGHILHOCTh kepamuki Ti,Ba,CuQg, , B MpoLiecce 37EKTPOMHTPALIMH CYIIECTBEHHO
yMeHbIlaeTCA, eCIU MaTepHan BeUIEpXaTh B aTMocdepe napoB BOab. Jlns Takux o6pasiioB XapaKTepHO
ymeHblueHHe T, H YBENH4YEHHE COMPOTHBIICHHS, NPH STOM Ko3(xpHLIEHT TepMO-3.1.C. S ocTaercs
HensMenHbIM. CeNaHo 3aKIOYeHHe, YTO OCHOBHOH NMPHYMHOMN 3TOro sIBNCHHS SBISETCH Aerpajalus
rpaHHL 3epeH MoA AeHCTBHEM SJEKTPHYECKOro TokKa. Jlns MCXOAHBIX o6pa3uoB cTaGHIILHOCTD B
NpOLIecce MeKTPOMUIPALMH CHITBHO 3aBHCHT OT YPOBHS JIETHPOBAaHHA M BO3pacTacT B MaTephanax c
Gollee BHICOKHM COJepXaHHeM Kucnopoaa. IIpearonaraercs, 4To s@ekT cBa3an ¢ 3allONHEHHEM
BakaHcHit B T-O crosix aToMaMH KHQIOpOJa.
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Positron spectroscopy of YBaaCu3O7 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 YBa,Cu;0; high-T, superconductor was investigated by method of lifetime posi-
tron spectroscopy and X-ray diffraction analysis. YBa,Cu;0; 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 ()»f) 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~!, and with m rise, v is decreased to initial value at m ~ 1 %. In addition, the action of physically
sorbed water multilayer reduces the ¢ 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 therange 1.2 <m <5 %. At m > 5 %, h-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 YBa,Cu,0, stimulated by electric field of water dipoles. The effect of
chemical adsorption is caused by formation of the new phases in YBa,Cu;0; crystal lattice.

IToka3aHo, uio ¢isHyHO copGOBaHUH Moitap BOJH, KoK Maca ajgcopbaty 0 <m < 1.2 %, 3MeHuIye
WBHIKICTh aHIrIALIl (kf) 3 5.5 5o 4.75 Hc™! | HEMOHOTOHHO 3MiHIOE IIBHAKICTH 3aXOIJIEHHS
nosurpoHiB (v). Koy Maca agcopbaty m < 0.6 %, v 36insinyersest 3 0.71 go 0.99 uc™! Ta 3 pocrom m
HIBHAKICTb 3aXOIUIEHHS 3MEHIIYETbCs [0 3HaYeHHs, XapakTepHoro Mt m= | %. BB ¢isHuno
copGoBaHOro MNoimapy BOAH 3MiHIOE NMapaMeTp ¢ KPHCTalliuHOi IPaTKH,.3alHINAI0¥H HEe3MiHHHM
napamerp a. XiMiyHo cop6oBaHa Bojla He 3MiHIOE napaaierpu aHIrLil Ta KPHUCTalivHOl TPaTKH ax
[0 3HaveHb 1.2 <m < 5 %. Komum > 5%, Xf Ta v pisko 3MeHwyioThes. Edexrt disnuno copboBanoi
BOJIH [OSCHIOETHCS TepepPO3NoliioM ioHiB Gapist Ta Mifi MiX 06’eMOM Ta NOBEPXHEBHM ILAPOM,
CTHMYJbOBAHHM €JIEKTPHYHHUM molleM aumoniB Boau. Edekt xiMmiunoi agcop6buii o6ymosienui
YTBOpeHHsIM HOBHX (a3 B KpHcTaniuHii rparui YBa,Cu;04.

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-

Introduction

In the degradation process of YBa,Cuz07_ 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

attains approximately 200-500 L&, 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
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trum may be observed. In YBa,CuzO7_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 Table. Annihilation lifetimes for YBa,Cu30O; before
elemental composition is caused by ion exchange and after water absorption.
between bulk crystal and surface layer. If this is '
true, the ion exchange and formation of Ba and o
) , % I, % L, %
Cu vacancies may be manifested in the lifetime T % B8 — LI 22
spectra of positron annihilation. 0° 149413 | 61.5£5 | 248425 | 38.54S5
In_ this paper the effect, of physically and 0 17045 | 83.8+5 | 331437 | 16245
chemically sorbed water molecules on the elec- . :
tron density of copper-oxygen bonds and the de- 0 16246 | 71615 | 30115 | 28445
fect spectrum was investigated in YBa;CuzOy_5 0.15" 16846 | 74844 | 318419 | 2525

high temperature superconductor. .
0.56 159410 | 63.5+9 | 281+18 | 36.548

Samples and experimental details 0.62 18815 | 80214 | 394428 | 19844

The ceramic samples of YBa,CuzO7_; with 082" | 1737 | 658:6 | 312414 | 342%6

0 <8 < 0.07 were studied. The samples had den- 11° 18446 | 73644 | 351417 | 25414
-

sity 5.5 g/em™3, average grain size 10-30 pm, the

R (s . 1.14
critical temperature and transition width were ! 18019 | 69139 | 321428 | 30.949

~91 K and 1.5 K, respectively. 1.50" 20545 9244 | 380423 | 20.8+4
" The adsorption of water molecules was real- 291

. ‘- - 1807 59.916 726 | 40.116
ized at ~19 Torr pressure and 21 °C on samples * 4

preannealed in 10~3 Torr vacuum and 150-180 °C 329° | 184110 | 7335 | 332430 | 29.745
temperatures for ~2 hours. The physical and 488 18240 | 67847 | 336121 | 32247
chemical adsorption were separated varying the .

exposure time. At short exposure times 50 18841 | 71117 | 347421 | 28948
(t < 120 min) and adsorbate mass m < 1.2 %, the 5.12° 19848 | 76746 | 361424 | 23316

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-  prepared from different ceramics blocks. Three
layer was removed from HTSC surface to con-  regjons of different behavior of A(m) and v(m)
s)grve of adsorptlotn t;:)ffect. B'lefore lifetime ?;fd dependences can be distinguished. In the first re-

-ray measurements the samples are conserved in . .
ambi)::nt conditions. The stol:'a ¢ in such condi- gion, where 0 <m < 1.2 %, the effect of physxcz}lly
. R & . . sorbed water multilayer takes place. This region

tions does not influence on the adsorption effect. is characterized b th A, d d
Every sample was undergone singly to adsorbate 1s characterized by sx?loo  decrease an 'un-
Y monotonous v behavior. In the second region,

action.
The positron lifetime measurements were per- when 1.2<m< 5 %, apd third one, m > 5 %, the
effect of chemisorption occurs. However, at

formed at room temperature using "Ortec” spec-
trometer with FHWM resolution of 220 ps. The ~ 1.2Sm <5 %, the annihilation parameters are

5.25 2017 79.5+5 | 370£25 | 20.545

Upper symbols denote three types of YBa2Cu3O7 samples.

lifetime spectra were characterized by two com-  unchanged whereas at m > 5 %, the A, and v are
ponents T, T, — the annihilation times of free abruptly decreased. It should be noted that, at
positrons and positrons captured by traps, re- 0 <m < 1.2 %, the parameter ¢ of the crystal lat-

spectively, with intensities of 7}, I,. From the data  gice is reduced from 11.670 A to 11.658 A while a
obtained, the annihilation rate (A, and capture parameter is unchanged. In the range

one (v) were calculated. 1.2<m <S5 %, c and a parameters are constant

and at m > 5 %, the parameter a increases from

Results and discussion 3.837 A to 3.831 A whereas c is reduced to
Therexperimental data are summarized in Ta- 11653 A.

ble. Analysis of adsorption effect may be per- Thus, the effect of physically sorbed water

formed using the A, and v dependences on multilayer gives rise to the A, decrease and un-
adsorbed water quantity which are shown in monotonous v behavior. The behavior of annihi-
Fig.1 and 2. In figures, the various point symbols lation parameters points to the lowering of
correspond to three types of YBa,CuzO7 samples electron density of Cul oxygen bonds and un-
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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 YBa,Cu30; 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 Cul ions
probably occupies the Ba positions and vice
versa. Such substitution decreases the defect con-
centration but puts O4—-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-Cu1-0O1 bonds. Besides, the formation of
cation vacancies gives also rise to the reduction of

¢ 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 [attice 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 Ayand v at m> 5%,
point to the abrupt decrease of electron density of
copper-oxygen bonds and defect concentration.
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Fig.2. Water adsorption effect on capture rate.

These processes are accompanied by a rise of o
parameter and reduction of ¢ parameter of crystal
lattice. Such behavior of annihilation and crystal
lattice parameters may be caused by the forma-
tion of new phases in YBa,Cug05 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 O4-Cu1-0O1 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
densi'y 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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IMo3utponnan cnektpockonus YBazCuz07 ¢ pusnieckn n
XMMHYECKH 2COPOHMPOBAHHBIMH MOJIEKY/IAMH BObI

B.T.Anonkus, 5.M.T'openos, B.M.Orenko

TToxasaHo, 4TO u3Hueck cOpOHPOBaHHBIH MOMUCIOR BOMbI, KOTIa Macca ajicopbara 0 <m<1.2%,
YMeHbIIAET CKOpOCTh aHHUTWIALMH (M) ¢ 5.5 mo 4.75 Hc! M HEMOHOTOHHO H3MEHSET CKOpPOCTb 3aXBara
nosurponos (v). Korna macca agcopbara m < 0.6 %, v yBeTHYHBaeTC © 0.71 1o 0.9 uc'! u ¢ pocrom m
CKOPOCTb 3aXBaTa YMEHbILIAETCS JIO BEJMYHHBI, XapaKTepHOH it m= 1 %. BospeiictBue dusmyecku
copBUpPOBAHHOTO NOJIHCIOS BO[BI H3MEHSIET TapaMeTp ¢ KPHCTAIUTHYECKOH peLIeTKH, OCTaBIIsS HEH3MEHHbIM
napamerp a. XuMH4ecky copbHpOBaHHasi BOJA HE H3MEHSCT apaMeTpbl aHHUTHIIALHE H KPHCTaJLUTHYECKOH
pelueTk BIUIOTH JO 3HaveHHH 1.2 < m< 5 %. Korna m> 35 %, kf H v pesko yMeHblutatoTcs.. ekt
dusHyecky cOpGHPOBaHHO#H BoIb! OGBSICHSETCS NepepacnpeNeieHHemM HOHOB Gapus 1 MeIH Mexuly 06beMOM
H TIOBEPXHOCTHBIM CJIOEM, CTHMYJIMPOBaHHBIM 3JIEKTPHYECKHUM M0JIEM aunosnet Bofbl. DddexT xumHyeckoi
afcopGLHH 0BYCIOBIIeH 06pasoBaHHeM HOBBIX (a3 B KPHCTAILUTHYECKOH pellieTie YBa,Cuz0;.
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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 Physico-Technical Ihstitute»,
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.

O6roBOpIOIOTHCS MOXIIMBOCTI YIPABJIHHS CTPYKTYPHHMH BIACTHBOCTSMH BYTJICLIEBHX reTepodas-
HHX KOH[IeHCaTiB. YHCEIbHHMH METONIaMH 3MOJIENbOBAHO MPOLIEC POCTY reTepodasHuX KOHIEHCATIB 3
YPaxyBaHHSM KOPeIALiH y B3aEMHOMY PO3TallyBAHH] aTOMIR | BHBUEHI [IepKONALIHHI XapaKkTepHCTHKH
MOJIENIbHUX KOHAGHCATIB Y 3aJeXHOCTI Bifi CTYMeHs KOpeNSLil B3a€EMHOrO PO3TAIUYBAKHS aTOMIB 3
Pi3HHMH THMAMH JIOKAJLHOTO NOPSAKY. 3HaHeHO NOPOTH MPOTIKAHHS TA KPHTHUHI iHIEKCH i
TIPOBIAHOCTI i PO3MOATY KAACTEPIB 32 POIMIPaMH. YCTaHOBIIEHO, 110 MOPOTOBa KOHLEHTpAlis gyxe
YYTJIHB2 JIO 3MiHH KOPeJLii, TOAi Sk KPHTHYHI iHTEKCH BiJl HUX NPAKTHYHO He 3alexaTh. 3arpomno-
HOBAHO €BPHCTHYHHH KPHTEPill Ui 3HAXOIXEHHs NOPOIOBHX KOHLEHTpaLill IPH HASBHOCTI KOpels-

" Wi, 110 3aCTOCOBYETHCS HE3ANEXHO BiXt THIY PELUITKH.

Introduction

In the process of the carbon plasma depositi-
on, condensates containing binarily, ternarily, or
quaternarily coordinated carbon atoms with sp-,
sp2-, or sp3-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 sp3-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 inhomogencous 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
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solidification, deposition of atomic or plasma
stseams 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 V) 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 responsive 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.

- Functional materials, 2, 2, 1995

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 & << v, where v 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, T,
depending on the support temperature, T,, and
energy, E, of atoms in the beam:

‘ w;~exp [-E;/kT (T, E)] O
where E; is the energy of interaction of an atom in
i-th phase state with its local surrounding; k,
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
T (T, E) which shall be changed as well as the
sense of quantity E; 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,

E;j=gyny + My + €+ @ =1y~ 1)), i=12 @
where ¢, are effective binding energies between i
type blocks and k type ones (i,k = 1,2); &, effec-
tive energy of broken bond of i type block; z,
coordination number; ny, the number of k type
neighbours (k = 1,2) for a given block. Taking

into account that w,+w, = 1 and &, = €,,, we ob-
tain from (1) and (2)

wy=[1+g-exp@N) - ep0n)] -

where N =n; +n,, and

&)
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g= &\I{‘“Z(Szo - 810)/kTef(T:‘ E:)]
6:—(822—812—820 +€10)/kTef(TS E) (4)
o =281y — &y — e kT AT, E)

As it follows from (3), the parameter A 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 A <0, we
have obviously positive correlations, i.e. the
probability that a block of I 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 A >0, the
correlations are negative, and at A =0, there are
no correlation. The parameter 8 determines the
degree of dependence of the probability w, on the
total number, N, of blocks in nearest lattice
points. The parameter g, at specified A and 8, is
responsive primarily for the balance between w,
and w,, i.c. 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 A 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 w,, respectively,
defined by (3). The process is repeated until a
previously specified space L is filled with blocks,
$0 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, P,
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.1. Dependence of percolation thresholds P, on
the parameter A.

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

o~(p-P) ©)

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

The percolation threshold, P,, was deter-
mined along with the critical index ¢ 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 o 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 (A =0)
P.=0.30510.010 and ¢ = 1.940.35 what is in good
agreement with known [18] values P, = 0.3117 and
r=2.0.

The P, dependence on A parameter is shown
on Fig.1. The threshold concentration is seen to
vary in a wide range to both sides. The date show
that, from A ~—2.5 on, the threshold concentra-
tion decreases asymptotically approaching to
value P, = 0.15 (P, = 0.165+0.025 at 1 = -5) what
is about half as many as threshold concentration
in absence of correlations. The progress into
range of L < -5 is hindered by a sharp drop of
accuracy of ¢ and P, evaluation. The threshold
concentration rises with the increase of A. So, at
uppermost value studied, A = 3, P, = 0.45+0.015
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what exceeds significantly the value for uncorre- t
. lated lattice. 25
Conductivity index values, ¢, at several A are L
represented on Fig.2; it follows therefrom that, 20
X within the accuracy of the numerical experiment, ’
f can be considered as independent on spatial cor- B }
relations. Thus, the conductivity variation rate in 15
the neighbourhood of the threshold concentra- L
tion of conductive blocks does not depend essen- ‘
. . . ) 10
tially on correlations in their arrangement or, by
other words, on the interaction parameters of at- B
oms in the course of deposition. Such a pattern is 05+
in agreement with accurate results obtained for |
Bete lattice with the account for correlations [19]. 0.0 i I i |
At p = P,, the average number, 1, of clusters "6 4 2 0 2 A
having dimension s in uncorrelated lattices is de-
fined as [20] Fig.2. Dependence of the conductivity index o on A.
ot ©) T
n,~s (at s—0) 25
where t is the factor (index) of the cluster size e . j___"_
distribution. In the absence of correlations, 20k ?-i
= 2.2[20]. Ty } $
We had found t values separately for each of , B
simulated lattices of 303 size and then had aver- 1.5
. aged these values obtaied for 40 lattice realiza- =
tions at p = P,. Fig.3 shows t values for different 10
A ones. Vertical lines show the t values dispersion |
. for 40 lattice realizations and squares correspond
to average T values. Similar to f, T is seen to de- 051
pend only weakly on the atomic interaction pa- - r
rameters decreasing slightly at positive 0.0 | | ] J
correlations. 6 4 2 0 2 A

It is convenient to characterize the degree of

Fig.3. Dependence of the cluster size distribution in-
lattice correlation by quantity G, which is the ratio " q

dex 7 on A. The broken line shows t value for the case

of the average number, Z5}, of type 2 neighbours of of none correlations ( A=0) t=2.2.
a type 2 block in an uncorrelated lattice to the same G
number (Z,,) in a correlated lattice. It is obvious 20
that, for the cubic lattice, Z, = 6p, thus L .
G =6p/Zys. (M 16 }
By definition, G = 1 for a lattice in which correla- —
tions of the blocks arrangement are absent; it is 12
easy seen that, in the case of positive correlations o
G < 1, and for negative ones, G > 1. Fig.4 shows
the dependence of G on the A parameter at con- 0.8 |-
centrations p = P,. - .
On Fig.5, the P, dependence on G is pre- 04 = L
sented, It is seen that the points fall good on a
. some straigth line P,=a+b - G; the fitting by 0.0 | | I |
least squares method gives for the parameters val- ) 6 4 2 0 2 A
ues a = 0.08475, b = 0.2094. Using (7), after sim- -
ple transformations we obtain that, at p =P, Fig.4. Dependence of the quantity G characterizing the

degree of lattice correlation (definition in text) on A

Pc = ZZZ(PC) . a/(Zzz(Pc) - 6b)

Functional materials, 2, 2, 1995 2,25
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Fig.5. Dependence of percolation thresholds P, on G.
Broken line shows the fitting of experimental points
by the least squares method.

Let us introduce the function Fp)=
=p ~ Zyy(p) - a/(Z,,(p) — 6b); then, it is seen that
P, is the root of equation

F(p)=0 ®
an the percolation criterion can be presented as
follows: p > P, where P, 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 P, 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 Z,, 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, Z,, =zp and the root of F
function is easy to find as

P,=a+6b/z.
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Introducing in to this expression z = 4,8,12 we
obtain: P4em = 0.3989 (0.428); Pbec=0.2418

(0.245); PJ/ec = 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 &
and explicit form of function T,(T,, 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 sp? bonds (graphite-
like) varies from 1 to 0 (while the concentration of
diamond-like sp® 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 = P, (sp?),
a critical conductivity behaviour must be observ-
able because graphite-like clusters are conduc-
tors, o ~ [P(sp?) - P (sp?)]. In the same time, the
percolation threshold of diamond-like clusters can
be revealed by an anomaly in microhardness and
shear module behaviouf, p ~ [P(s §) - P(s p)}'.

Unfortunately, the experimental date available
(see [3]) are too scarce and dispersion thereof is
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Bausinue KoppeJisiluii B pacnookeHHH aTOMOB Ha
NepKOIALUHOHHbIE CBOHCTBA TPEXMEPHDIX
rerepodazHbIX KOHICHCATOB

A.C.Baxaii, B.JO.I'onuap, C.B.KpukyH, I'.51.JTlro6apckuit

OBCyXIAIOTCA BOSMOXHOCTH YIPABJIEHHS CTPYKTYPHbIMH CBOHCTBAMH YTJIEPOAHBIX reTepodasHbIX
KOHJIEHCATOB. UHCIEHHbIMH METOJaMH CMOJEIHPOBaH MPOLIECC pocTa reTepodasHbIX KOHIEHCATOB C
Y4EeTOM KOppENALMii BO B3aHMHOM DACIIONIOXEHHH aTOMOB M H3YeHbI MEpKOALHOHHbIE XapakTepHC-
THKH MOJIENbHBIX KOHIEHCATOB B 3aBUCHMOCTH OT CTell€HH CKOPPEIIHPOBAHHOCTH B3aHMHOIO paco-
JIOXEHHs aTOMOB C PasIMYHBLIMH THNAMH JOKalbHOTO nopsaka. Hakljenel mopord mpoTeKaHHs H
KPHTHUECKHE MHJIEKChl IIPOBOJMMOCTH M pacipelesieHus KIacTepPOB 10 pa3MepaM. YCTaHOBIIEHO, 4TO
NOpOroBasi KOHLIEHTPALIHS BecbMa UyBCTBUTE/IbHA K H3MEHEHHSM KOPPEAILHi, TOT/1a Kak KpHTHYECKHE
MHJEKCHl OT HHX NpPAKTHYECKH He 3aBUCAT. IIPEIOKEH IBPHCTHYECKHH KPHTEPHH U1 HaXOXIeHHS
IOPOroBbIX KOHLIEHTPALMIi IPH HATHYMH KOPPENALMH, NPHMEHHMBIH HE3aBUCHMO OT THIA PELICTKH.
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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.

Meroio po6oTH € BHBYEHHS CTPYKTYPHO-(GYHKLIOHATBHOIO CTaHY NOBEPXHi Gi0NIOTiUHHX Ti 0 Ta B
JOMHaMili 30iHCHIOBaHHX 3aXOJiB, CIPSMOBAHHX Ha CTPYKTypHe 3afe3redeHHS PEKOHCTPYKTHBHHX
PErYISTOPHHX MpoueciB. BHKOPHCTOBYBaBCS METO[] eIeKTPOHHOI MiKpOCKOIMii. 3aBIsSKH onTHMAali-
3auii MaTepiabHOI 6a3H MeXxaHi3My caMOperyJIiLil HUTAXOM JOCATHEHHS! aJleKBATHOTO CTPYKTYPHOTO
3abesneyenHs 6yB oTpuMaHuil edeKT CTPYKTYPHOTO Ta (pYHKLIOHATIBHOTO YIODPAAKYBAHHS EIEMEHTIB

CHCTEeMH NOBePXHi 6ioJIoTiYHOro TiNa.

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
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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
compehsated 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
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arc 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.1). 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-

229




J.P.Goudzenko /S elf-regillation processes...

%

Fig.1. Melanogyte fragment containing a large glyco-
gene congestion (GL) indicating the intercell metabo-
lism change toward the increased energy formation.
x 105,000

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

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.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

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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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 sink for metalloid atoms heading to the beginning of embrittlement and
crystallization process. Microscopic mechanism for every stage of AMA decay is proposed.

IIpoBeneno mocimkenHs posnany aMOPHHX METaTiYHHX CILIABIB THITY METAT-METANOI Mijl BITHBOM
TEPMIYHHX JIii BHXiHOrO CTaHy O MOYAaTKOBHX CTafiif Kpucralizalii. YCTaHOBJEHO, 1O MeXaHiuHi
xapaxtepHcTukn AMC BinoSpaxatoTh OCHOBHI craiii LbOrO MpoLiecy, TOGTO COCTEPIraeThes MEPEXis
Marepiany i3 IUIACTHYHOTO CTaHy B KPHXKHif, IDHYOMY Heif Mpoliec HOCHTb IBOCTamifiHuil Xapakrep.
Briepure BHstBIeHO TicHy KOpesslifo MiX 3MIHOK MexaHiuHMX XxapaxTepticTHK AMC Ta eBomoiieio
TEMUIOBH/INIEHHS! pellakCaliiHoro CreKTpa, KilbKiCHI apameTpH sKOTO JO3BOMSIOTh BU3HAUMTH CTaH
Matepiany AMC Ha pishux craisx posnajry. 3MiHa KOHLIEHTpaLlii METAIOIIB B PHIIOBEPXHEBHX o6JIacTsX
OBYMIOBIIOE 3aPOKEHHS KJIaCTepiB HOBOI aMopdHOi (asH, BiIIOBIIANLHUX 34 KPHXKYBaHHSI, @ TaKOX
MPOTIKAHHA MOBEPXHEBOI KPUCTAN3ALIl 32 PaXyloK CeTeKTHBHOTO OKHC/IEHHS METANoiliB. Kopotko
PO3MIIHYTO IPAKTHYHE 3aCTOCYBAHHS OTPHMaHHX Pe3Y/IbTA4TiB.

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 ¢ will be primarily considered as the
destabilizing effects.

Thus, the main purposes of this work, along

From the viewpoint of deformable sclid 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
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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, g;, 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: ’
Feg 3Ni 5Sis 2B3 (a), Fegg 5C024.45i2 9835 (b)
and Fe5_7CO72Ni12~2Si6.5B3_6 (c) obtained by
spinning method, 20 mm wide and 20 to 25 um
thick, were subjected to isochronic annealings

(z = 10 min) in the temperature range from

250 °C to the point of crystaliization beginning,
with the 20 °C steps. To obtain each point on the
g— T, plot, where £ is the relative deformation
at failure (RDF), and T 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
.= di(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, e, was arbi-
trarily believed to be equal to 1. Fig.1 shows the
&, dependence on T, for the (b) alloy. For (a) and
é) alloys, similar relationships were obtained. It
is clearly demonstrated by Fig.1 that the AMA

embrittlement process is a two-stage one, the be-

ginning of each stage being indicated by a bend
~on the g(T) curve. For the (b) alloy, a shoulder
on Ty plot beginning at Ty = 350 °C and end-
ing at 2nd bend at T, = 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 phenomienon is explained, first of all,

by variations in the strip thickness amounting up

to 10 % of .the average value. The second embrit-

tlement stage begins immediately before the 2nd
bend of e(T ) relationship and ends at the instant
when the crystalline phase arises at the surface
crystallization (T ~ 510-520 °C).

It sMould be noted that, on the 1st embrittle-
ment stage (the shoulder, see Fig.1), e, decreases
slightly when T, 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,
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Fig.1. Dependence 6f the relative deformation at fail-
ure (¢,) on the isochronic annealing temperature (Ty)
for A (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 of the 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(T, T; 1) is plotted as a func-

tion of the annealing temperature, 7, and its

_duration, t. Fig.2 illustrates clearly the evolution

of RSHE with the increase of T),. Specific features
of the A(T, T, 7) evolution are:

- a rapid disappearance of the low-temperature
(under 365-375 °C) relaxation spectrum (RS)
arca 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 Ty;

_ 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 of the low-temperature
part, Q,, of RS as a T, function is shown for
alloys (a—c). The figure illustrates clearly that the
Q, dependence on Ty is essentially linear. The
point of Q, intersection with the temperature axis
corresponds to the complete disappearance of
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Fig.2. Dependence of the spectral density of heat emission h(7, 7, t) on the isochronic annealing temperature (7,)

for AMA (b) at T = 10 min.
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Fig.3. Dependence of the relative heat emission, Qu
of the relaxation spectrum low-temperature part on
the isochronic annealing temperature for AMAs: 1—
(a), 2 — (b), 3 — (), 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 @, = 0 with the mechanical tests results

of the (b) alloy (see Fig.1) 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 lst embrittlement stage onset for the
amorphous alloy mentioned. For two other
AMAs, (a) and (b), the temperature determined
by the g, = 0 condition, was found, too, to be
corresponding with the onset of the st 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

*

T

0,=| nTy, T, dT=0 )
T

n

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 (7).

Fig.4 shows the dependences of the heat emis-
sion variations on isochronic annealing tempera-
tures, Ty, for the high-temperature part of the
relaxation spectrum. For all the AMAs studied,
interseckion points of Q(T,) plot with the tem-
perature axis, Q(T,)= 0, are positioned immedi-
ately ahead of 2nd bend of the e{7T) relationship
(see Fig.1, alloy (b)). Therefore, the zero heat
emission Q of the whole RS is the criterium of the
completion of Ist embrittlement stage and onset

Functional materials, 2, 2, 1995
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Fig.4. Dependence of heat emission (Q) 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

T

0,=na, T.vdr=0 ®
T

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 wum.
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 ampliiudes [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

Agy 3

where A(j) is the Auger peak amplitude corre-
sponding to the eclement analyzed; ZA(,-), the

i

sum of Auger peaks amplitudes for all elements.

Correlation of the concentration profiles for
strip specimens of AMAs (a,b,¢) 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]:

1O =1—explb - (1 15)"] “

where (¢) is the crystalline phase concentration;
1, is the incubative period duration;
b=by-exp(-URT), by 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
ctched on one side of the strip specimen. Begin-
ning from a certain thickness of the removed
layer depending on the annealing duration
(To= 480 °C, © = 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 AMAC(a). It is seen
from those data that the SC, on its initial stages,
is characterized by following features:
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Table 1. Thickness of the crystallized layer, d. and
stable curvature radius for AMA (a) as functions of
the isothermal annealing duration, 1, at T = 480 °C.

Annealing time, min | 45 60 75 9 | 115
Layer thickness, | 0.2 | 039 | 0.47 | 067 | 0.92

d, pm
Stationary curvature [239.5! 194 | 96 78 1672

radius, R, mm

~ the linear relationship between the thickness of
layer containing crystalline phase and the high-

temperature annealing duration;
— the incubative period duration (¢,) is close to

25 min at T = 480 °C.

To describe the movement of the surface crys-
tallization front, let assume that the incubative
period duration, t;, 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.

EIt&g,-iz—)zk'Cb, k = const ©)

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

@, _ =10 ’o(z)|z=D=‘DI}+’o ©

where D is the maximum thickness of layer crys-

tallized from the surface on and containing a-Fe;
V'is the SC front velocity, we obtain

z , ™
to(z,t):l-/.+t0, k‘Cb:L
Inserting fy(z,t) into Eq.(4), we have as an ulti-
mate result

m ®

x(t,z):l—exp':—b(t—{towL%D J

Unknown parameters U andn 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 (d7/dt = 2; 5; 10; 20 deg/min).
The value of parameter n was obtained from ex-
perimental relationships

Infinf 1 -yt 2)/Inl1 - 10, 2)]T) )
In(t; ~ t5)/ In(tj — 1y
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where i, j are ordinal numbers corresponding to
annealing durations t = 45, 60, 75, 90, 115 min
(i #j); y(t, z;) is the a-Fe concentration on the
crystallization front, whose value, according to
structural investigations, does not exceed 1-5 Y.
As is shown in [13-15], the x(f) value on the SC
front depends only slightly on the time  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.(1)) 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

[ n(zy, 7,0 T (10)
T

[n(r, 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 %ection of a strip by embrittied 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-
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Fig.5. Variation of the RSHE for AMA(b) at isother-
mal annealings, T, = 300 °C: for freshly chilled speci-
men, (1), annealed for T = 10 min, (2), = 40 min, (3),
© = 90 min, (4), and 1 = 180 min, (5); specimens 4 and
5 are embrittled.

tabilizing effects, especially, at annealing, a func-
tion of its temperature, T, and duration, T;

-- embrittled layers are in an amorphous 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, T,, was found for AMA Fe4oNigoP2o 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, of several 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 of several

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 erdrop from values of ~10-! to
those of < 10-2 (see Fig.1). 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 [I8], 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”
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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, e/, 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-
gularity coefficient and §lope) 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 Ist
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. Itis 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 embritiled one and the duration of the
surtace crystallization incubative period for any
temperatures.
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BansiHue NOBEPXHOCTH HA Mpolece pacnaja v IBOJIIOLHIO
MeXaHUYEeCKHX CBOHCTB aMOPQHBIX METALIMYECKHX CILIABOB THN2
MeTaLI-MeTALI0N

C.T.3aituenxo, B.M.Kauanos

[IpoBeeHo HcclefoBaHue aMOPQHBIX METaJIMYeCKUX ClIaBoB Tuna MeTasl-MeTaIon 1o
BITMSHHEM TEPMUUECKHX BO3JEHCTBHIi OT HCXOJHOTO COCTOSHHA IO HAUAIBHbIX CTafHH KPUCTAIUIH3aLIHH.
VCTaHOBIIGHO, UTO MeXaHHuECKHe XapakTepHcTHKH AMC oTpaXaioT OCHOBHbIE CTa[HH STOTO npotiecca,
TO ecTb HaGOMAeTcs MEpexofl MaTepHana M3 IUIACTHYHOrO COCTOSHHS B OXPYMHEHHOE. BrniepBble
obHapykeHa TecHas KOPDPEIALHMSA MEXIY H3MEHEHHSME MEXaHHYECKHX xapakxteprcrik AMC u sBosio-
L€l TErIOBbIAeNeHHs! PENIAKCALIMOHHOTO CMeKTPa, KOIMUECTBEHHbIE [1ApaMeTpbl KOTOPOTO MO3BOJSIOT
onpenensTh coctosuie Matepuana AMC Ha pasiIHYHBIX CTATUAX Paclana. H3MeHeHHe KOHLIEHTpaLuK
NOCHeIHHX B MPHIOBEPXHOCTHBIX oBacTax OGYCIOBIMBAeT 3apOXJAeHHe OTBETCTBEHHBIX 32 OX-

PWIUHBaHHE K1aCTepOB HOBOH aMopdHoii Pasbl H 1T

POTEKAHHE nOBCpXHOCTHoﬁ KpHCTaJUIM3aLH1 3a cyer

CeJIEKTHBHOTO OKHCIEHHSI METAaJUIOHIOB. KpaT](O paccMOTPEHbI NpakTHYECKHE MPHJIOXEHHs NoJjay-

YeHHBIX Pe3yJabTATOB.
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Distortions induced by surfacelike elastic constants in
NLC confined to cylindrical cavity
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250027 Chernigov, Ukraine
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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 K, ;term and the K ;-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 K| o-term. It is shown that the escaped-radial director structure
exhibits some special features induced by the K| ;-term.

B crarTi posrnsHyTo HeMaTHUHUH PIAKMH KPHCTAN, 2aMKHYTHR Y LHTHAPHUHIH MOPOXHHHI, MpH
pisHuX ymoBax 3uemteHHsi. Jlocninxkeno BmiMB wienis K, i K3, mo onHcyloTh KOMGiHOBaHi
ndedopmarlii (CKOIIEHY CiJiTOBHAHICTb Ta KOCHH BMTHH), Ha CTiHKiCTh aKciaJbHOI kxoHdirypauii
AUpeKTOpa. AHANITHYHHE NiAXiA aBTOPIB i3 BAKOPHCTaHHSM poskiazy QIyKTyauiil AUpexTopa B psix
Dyp’e, IO3BONISE BA3HAYHUTH YMOBH CTIHKOCTI MO BiTHOIIEHHIO 0 KOXHOI MOMIM dnykryaniit. Jloci-
ZKeHO [iBa criocobH crabinizauil cTpYKTYpH: 3 JONMOMOIOI0 MarHiTHOrO MOJIS T4 BIUIMBY KpaHOBHX
yMOB. 3HaiileHo OGMexeHHs 3HayeHb KOHCTAHT, IO 3a6e3neuyIoTs MOXJIMBICTh crabinizarii.
PospaxoBano 3anexHicTs pesynbTYIOUOTO NMOPOTY CTIlKOCTi Bifi 3HAYEHb MOBEPXHEBO-NOJIGHHX
KOHCTAHT NPYXKHOCTI. JlOKMafHO PO3TNISHYTO €KCIEPHMEHTANLHO BUSIBJIEHI edeKTH, oGyMOBIeHi
HasBHicTIO 4ieHa K, Ilokasano, mo panianbha CrpyKTypa QHpeKTOpa Mae fesiki  creLudiumi
oco6auBoCTi, 06yMOBNeHi wieHoM K ;.

L. Introduction

(D

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 K, and K5, respectively. They may
be taken in the following forms:
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K
Fay==-—2*[ dv div [n div n + [n curl )]

K 2
Fa=- > [ dvdiv [n divn] @

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 K, -problem, the case
when the K, 3-term is disregarded, notice that the
problem of minimizing thc free energy with the
K,4-term was shown to be always well-pcsed be-
cause this term does not contain the directar de-
rivatives along the directions normal to the
boundary surface [4,5]. Hence, the K, -term only
affects the standard boundary conditions. Re-
cently, physical effects whose very occurrence
critically depends on the value of K, has been
shown to exist [5-7], and even estimates of the
constant has been made [8.9].

In contrary to the K,4 problem, the issue con-
cerning K, ;-term is much more questionable. In
the strict sense, the free energy functional with the
K, 5-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 eifect,
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 K3 and K, if one
takes the assumption that the configuration can
be stabilized. Namely, the stabilization is ap-
peared to be possible provided that the quantity
K,4/4K takes the values lying between ¢4 —
(424! and g, + (924)V/2, Where the notation ¢,
denotes K,,/2K. 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 Ky, and K,3. The
results of numerical calculations are presented.

The escaped-radial director configuration is
investigated in Sec.IIl. 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 K3 at which the stability condition does
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not provide the global stability of the axial pat-
tern. The K, ;-term is found may producc 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.

I1. 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 = He,.
The NLC free energy may be taken in its standard
form:

F= § f v [ ivny’ + el n’- qznf] b Fygt
v

W, W
+Fy- fas@e’ - F [as@e) O
s S

where the one-constant approximation is used
and ¢2 = y HIK (¢7! is the magnetic coherent
length, 7, 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 =cos® cosd ¢, + cos® cosd e +sinO ¢, )

where ® = ©(r,p) and ® = (r,9). Evidently, the
axial director distribution (m,=e,) can be ob-
tained from Eq.(4) on putting ® = ® = 0. Hercin-
after. we shall use the notations 0 and ¢ for small
deviaticns of the angles © and & from zero.

To study the axial configuration stability onc
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 sccond-order part
of the energy in the angle fluctuations 6 and ¢.
For short, we omit the expression for the second-
order variation from which one can obtain the
Euler-Lagrange equations:
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2.2 0
A—l—qr 2=
ol '::'
-2 A-1 q2r2

where

oY (8
A={rZ| +|-2].
(’ 2 )
Since the angle fluctuations are 2m-periodic

functions of the azimuth angle, they can be ex-
panded in the Fourier series over ¢.

0=0n"" X 0,0 explme) o

m=—ow

o=0m Y L a9 o)

"=

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

O ) = (B() +16,,(r)/2 (7a)

0,,() = (B(r) +6,,(r)/2 (7b)

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

1
00®) = Codine) @7); o) = G2 Ly (g7), ©®)
where CJ are the complex coefficients
(ReC,=4), and ImCj, =B}, j=1,2), I(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 AJ-
and B;.

8%F = i [Bsz(A)+82Fm(B)]

m=0

©)

For the axial configuration to be stable all the
quadratic forms 82F, (4) 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
82F,,(A) to be definitely positive which are taken
in the form suitable for subsequent discussion.
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m=0:
Wp <(1+2413) 7,1 (%) ~ g4 + W, = To(x) (10a)
0<y4(®) — gy + Wp =p®)
m>0:
wy <T,(x) = 1,(x)/(2p,,(x)) (10b)
0<p,x) =o,(x)+ Bu(x) — 2q,4 + 2wp
where
A B (11a)
Tm i = 2+ DI 1 0) m+ 1
ml,(x) - (11b)
Y1 () = g =4ma,,(x)x 2

2 2
£(%) = —qlg(oc,n(x) - ﬁm(x)) +
+ 4q13(am(x)[2ﬁm(x) = (m + 1)gp4] +
+Ga4(m = DB, (%) + W, (0, (%) + B, () +

+ 4(am(x) +(m = Dgpq +w,) x

X (Bm(x) —(m+ gy + Wp)

The following designations for four dimension-
less parameters were used: w, = W,R/2K,
W, = W,RI2K, 4,4 = K, /2K and q,3 = K3/2K.
Since parameter wy, 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:

(12)

=i 3
W) =inf (TR, () (13)
7,0, f7 (x)>0andp,(x)>0
TR = m m m
m {O, otherwise 14
Then the stability condition becomes

wy, < W3). (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
W (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 W, (x) = 0 at x = 0 for all
w, > 0 we have the configuration to be unstable,
even though the boundary conditions make the
molecules of NLC orient along the cavity axis.

Ka4-term influence on the stability threshold

In this subsection, we deal with the case of
K5 = 0. There is no need to make numerical cal-
culation to arrive at the conclusion that the axial
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W,R/2K

W,RI2K

15

0.0 2.0 © gR

05 1.0qy,
b

Fig.1. aThe plots of TR,, versus gR for m =0-3 at g5y = 0.8. b.The stability diagram in wj - g,, plane at
gR =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 ¢,4 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 P, < o O T, (x) <0 if gy, takes
the value which is outside the interval (0,1). To
prove our contention let g, initially be negative,
so that P, (x) > 0 for any m. The expression for.

t,,(x) can be derived from Eq.(12) on putting

W, =qi3= 0.
1 (x)=4(m+ l)[ocm+(m -1 qu] x

X [ym+1 - q24] v (16)
Obviously, the sign of t,,(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 a.,(x) goes to
zero as m =« (see Eq.(11b)). If ¢, is greater
than unity it will suffice to note that y,,,,(x) is
monotonically decreasing function of m, which

tends to unity as m —> o, 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
boundayy conditions (x = 0 and w, > 0), we come
readily to the similar conclusion. As o,,(0) =0

and B,,(0) = m+1, from Eq.(12) one can obtain
t,0)=4(m+1) [wp +(m-1) q24] x

x[l—q24+wp/(m+1] an
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It is clear that 1,,(0) goes negative for sufficiently
large number m under g,, being out of the inter-
val [0,1].

The plots of TR, in relation to x = ¢R are
presented in Fig.1a at g,, = 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 (TR,(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, W,(x), are increasing in num-
ber with the quantity g,4 approaching zero or
unity. Interestingly, TR,,(x) are not equal to zero
for all m, if g,4 takes a critical value (0 or 1) and
x #0, but lim TR,, = 0 as m — o and, as a conse-
quence, W,(x) = 0 for any x. Hence, high order
harmonics play an important part in the vicinity
of critical values of K, causing the axial structure
to be destabilized. The effect of the destabiliza-
tion is illustrated in Fig.1b, where the plots of W,
as a function of ¢,, are shown at gR = 1,2,3.

When we alter the anchoring energy W, 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 W, (0):

W= w2 —2q4 +Wp)

[4
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WhR/2K FER/8TK
- 0.5
30 |
20
L * I Zmin /
10 |- 0.0 S~ —
L .02
0.0 ' !
00 X 2.0 gR 1.0 20 z

Fig.2. a.The gR-dependence of TR, for m =0 -3 at 924 = 0.8 and g3 = 0.5. b.The energy of the escaped-radial
configuration as a function of parameter z at 414=20,9,3=1.2,w, =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 974
be equal to zero or unity.

Ki3-term influence on the stability threshold

Here we find out how the surface elastic con-
stant K affects the axial pattern stability. As can
be seen from Egs.(11a-11b), the quantities P,(x)
do not depend on K3 and, even if g,, > 1, it is
possible to meet the condition P, (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 7, (x) as it has been done above. Let us first
have the case of x = 0 and w, > 0. From Eq.(12)
we have:

0(0) = Am® +2 (~g 5 + 2g,3w, + 2w,) m -
2
~qi3+4q13 (W, — gag) +
19
+4<wp—q24) (wp—q24+l) ( )

where

2
A=—q3+4 93 +4 0, (1-q) (@0
The requirement 4 > 0 places the restrictions on
¢i3and g,4:

2 I:Q24 - (424)1/2} <g3<2 [%4 + (‘124)1/2:!»
424> 0

or 21
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b 2
T4gi—[1+413] "<2gp4<1+gqy3+[1+2g5)
q13>-1/2

From the inequality P;(0) > 0 we have the thresh-

old for Wp!

1
2, 2.4 (22
Wp> = g13— 1+ (g9 — 913 - 1" +g13] @2
Bearing in mind Eqs.(21,22), the function
TR,,(0) can be proved to be an increasing func-
tion of m for m > 1. Thus we arrive at the conclu-
sion that W, = TR,(0):

2
i3+ W, W, +2+2q13-2qy,)
l+wp~—q24

Notice that the result of the previous subsection
0 <¢,4 < 1l is a direct consequence of Eq.(21) and
from Eq.(22) we get w, > 0. The latter implies no
threshold for w, at g,3 = 0.

Coming back to the stabilization by the action
of magnetic field under the homeotropic anchor-
ing conditions, w, = 0, one can see the restriction
given by Eq.(21) remains unchanged since the co-
efficient 4 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
q,4 value from above and g,, just must be posi-
tive. Referring to Fig.2a, it can be seen that, even
if w, = 0, the axial pattern is unstable until the
strength of magnetic field reaches its critical

W= (23)
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value, x = x,, which depends strongly on g4 and
g5 Indeed, from Eq.(17) we find out that
10 <0atw, = 0. Therefore, it is necessary to
apply the magnetic field of finite amplitude to
make £,(0) positive. So in the presence of Kjs-
term both the magnetic field (w, 2 0, w, = 0) and
the anchoring energy Wj(x = w), = 0) must exceed
their threshold values to make the axial structure
stable. Here we have the effect to be detected ex-
perimentally.

I1L The escaped-radial structure in
the presence of Kj3- 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 K,-term
alone, but some new effects are appeared to be
induced by the K s-term. The director field and

the free energy for the structure under investiga-’

tion are given by

n = sin x(r) e, +cos () g Q4
22 _
sin y(r) =
e (25)

where p'is the integration constant.

Fep@/QnK) =27 (1 +2)° x

x[224 B2+ 2w, - 2wy 2

+2(1—q24+wp—wh+2q13)] W, (26)
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 F, = 2nKw,. 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
wy, < To(0) yields the increasing of Fgp(2) at z =0,
that is to say it means the local stability of the
axial configuration. In the event when K3 =0,
the condition is sufficient, but as evident from
Fig.2b, in the presence of the K;s-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 K,,-term. For sake of
definitgness, 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 Fgg—F, positive under the planar an-
choring conditions, so that there is nothing to
contradict our stability analysis and the effect
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may be attributed to the existence of the thresh-
old for w,,.

Anotﬁer 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,;-term
may result in an increase in the degree of the de-
generacy in the event when the energy Fgr(2)
reaches its minimum at z = z;; > 1 (see Fig.2b).
If so, a new configuration of the same energy can
be defined in the following way:

. siny ("), 7 <Pmin
siny () = {—sin X (s Pmin<Tr<R
4]
where siny(r) is given by Eq.(25) with p = p;, =
= R/zr:(?m. In the same manner as it 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 K ;-term do not necessary make the
value of z,,, greater than unity, but we always
have z,;, less than unity provided the term being
neglected.
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Bo3mymenus B HXKK, 3akai04eHHOM B LMJIMHIPHYECKOI 110J10CTH,
MO/l BJHSIHHEM MOBEPXHOCTHO-MOAOOHBIX KOHETAHT YIPYIrOCTH

A./JJ.Kucenes, B.JO.Peiuernsx

B crarbe paccMOTpeR HeMaTHYeCKMH XHIKHIl KPHCTal, 3aKIIOUeHHbIH B LHIHHAPHYECKYIO
NOJIOCTh, MPH Pa3THYKbLIX YCNOBHSX clenienus. Hccnenosano Bnusnue unenos K,, H K5, onucobiBa-
folHX KOMOHHHPOBaHHbIe iehOpMaLIHH (CKOMIEHHYIO CeIUIOBHAHOCTh M KOCOM H3THE), Ha yCTORUHBOCTD
aKCHanbHON KOHQHUIYpalHH AHpEeKTOpa. AHATHTHYECKHIl MOAXOJ aBTOPOB C HCHONb30BAHHEM
pasioxeHHst GnykTyauuii qupektopa B paa Oypbe, NO3BONSET ONPENENHTb YCIOBHS YCTOHYHBOCTH 1O
OTHOLUEHHJO K KaXpoit Moze ¢uiykTyauuit. McnonpioBaHbl Ba crnocofa cTaGHIN3aLHH CTPYKTYPHL: ¢
NOMOLIBIO MATHHTHOT'O MNOJIE M BO3AEHCTBHSA KpPaeBbIX YCIOBHii. HaiifleHb! OorpaHHuYeHHs 3HaueHHH
KOHCTaHT, ofecneynBaloliHe BO3MOXHOCTL cTabHIH3alMK. PaccuuTaHa 3aBHCHMOCTD pe3yibTH-
PYIOLIEro Mopora ycroAYHBOCTH OT 3HAYEHHH MOBEPXHOCTHO-MOMOGHBIX KOHCTAHT YIPYIOCTH.
[Toapo6Ho paccMOTpeHB! SKCIIEpHMEHTaIbHO OBGHApYXHBaeMble 3¢pexThl, 00YCIOBIEHHbIE HATHYHEM
unena Ko [Tokasano, yro pamHaibHas CTPYKTypa upektopa obnanaer HEKOTOPbIMH crellHGHYecKUMH
0CODEHHOCTAMH, O6YCIIOBIEHHBIMH YJIEHOM K.
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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 and LP.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
cell resulting in the appearance of Grandjean-Cano type disclinations is considered. It is shown that
the ingomogeneity of the cholesteric twisting power and the finite value of the director adherence
energy with the cell bounding surfaces influence considerably the director field structure near the
disclination. The director field in the neighbourhood of disclination is found for the case of the limited
longitudinal dimension (d # ©) of disclination structure. It is shown that its dependence on the value d
is significant if d has the order of the cell thickness or less.

- Po3rasiHyTO XojecTepHuHHil pifikuil Kpucral, 3aKpydywoya 3JaTHICTh SIKOTO MOHOTOHHO
SMIHIOETBCS [0 OBXHHI [UIOCKOMapanelsHOl KOMiPKH, L0 NPHBOIHTL [0 MOABH QUCKTiHALIH THOY
I'panxana-Kano. Iloxasano, 1o HEOLHOPIHICTh 3aKPY4YIouOi 3JIaTHOCTi XoJlecTepHHa i KiHLeBa

BeJIMYNHA eHBpI‘i-l- 3yefIeHHs] JHPEKTopa 3 06M6)Ky10‘lHMH MOBEePXHAMH KOMipKH CYTTEBO BIUIHBaKOTh

Ha CTPYKTYpY NOJst AHpeKTOpa noGau3y mucKiiHaili. 3HaiifeHo noje MpeKkTopa B OKOJIi IUCKIiHaLii
npH OOMEXEHOMY MOB3JOBXHbLOMY poamipi (d # ®) AucKIiHaLi#iHol cTpykTypH. IlokaszaHo, o floro
3ANEXHICTh BiJl BeJHHUHY d CTaE 3HAYHOIO, SKIO d Mae NOPSIOK TOBLUMHK KOMipKH aGo MEHIUHH.

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
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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-
Iutely 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 0Z
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 0X and 0Y 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: r=1t(x). Assume, however, this
dependence to be small, so the #(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,

F,= % j dv K (div )2 + Koo [ rot % (x)]° +
¢y

+ Ky @ rot @)
=2 [as@ &P w>o.

where F, is Frank volume elastic energy; F, is the
surface free energy expressed by Rappini poten-
tial [6]; @ is director; & ={cos@y, sing,, 0}, unit
vector of easy director orientation on the cell
planes. In the expression(1), terms containing the
elastic constants K3, K,, 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 0X axis, i.e. assume @, = 0.
Since the boundary conditions are planar, the di-
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rector spatial distribution in the CLC cell volume
can be looked for in form = {cosp(x,z2),
sing(x,z), 0}, where @(x,z) is the angle between
the director and 0X axis depending also on the x
coordinate value because of inhomogeneity of the
CLC twisting power.

Minimizing the expression (1) in relation to ¢
angle, we obtain, in the one-constant approxima-
tion (K = K,, = K33 =K) the following equa-
tion: .

2 2
9% 9% _,
ox? oz’ (2
and the boundary conditions to it
3
aﬁ—t(x)i£—sin2(p =0 ®)
oz 2L
z=3%L

Here, the parameter 6 = WL/K.

3. The director spatial distribution
at a finite adherence energy W value

Let a function 7(x) be monotonic over the (o,
+o0) range and of such character that, in the case
of the infinitely rigid adherence of the director to
the cell surface (o = ), the CLC spiral pitch, at

X —» -0, equals to P_, = 2n :é—]i, i.e. n
H-o) n
halfwaves of a cholesteric spiral fit in the cell
2 _ AL

thickness, while, at x —» o, P_= = an
(o) n+l

n+1 of spiral half-waves fall in the cell thickness.
Then, as it is known, a disclination of Grandjean-
Cano type arises perpendicular to X0Z plane; let
the 0Y axis be directed along that disclination.
The development of the director disclinational
structure along the 0X axis is quite unlimited and
depends only on the type of the disclination itself.

If the parameter ¢ = o, the problem of the
director orientation determination in the volume
of a CLC plane-parallel cell with a specified z(x)
is similar to that considered in [3] for a flat wedge
with CLC having the homogenecous twisting
power.

The solution of Eq.(2), in this case, is

=2 T o)
P D)= 2 TR

@' (x,2) = Y2 arctg {tg("z/u)} +@'g

th(mar)
%, x>0, z>0 &
9'3=10;, x<0
% x>0, z<0.
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Generally, for finite o 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

@(x,2) = O(X,2) +

1 2n+1
+ ; {[t(x) - 1[] zZ+ b(x,z)} ©)

and let believe, because function £(x) varies
smoothly, that L—a-2£<< ﬂ Then, it follows
’ ax? T ox? ’

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:

b(xz=tl)=F %:—th(%) ©

At the obtaining of Eq.(6), terms of order

higher than o~! were discarded.
At x —> oo, the CLC spiral distortion due to a

disclination disappears, and @(—0,2) = % z+Cy,

@(0,2) = nzzl nz + Cy. Then, using the expression

(5), the following values for b(x,z) function at
x — oo can be obtained:
. _nz Q)
b(xo2)=% 47
- It follows from the sense of the ¢(x,z) func-
tion definition as the angle between director
and 0X axis as well as from the symmetry of the
problem, that the b(x,2) function is an odd one
of the z coordinate. Thus, the problem of the
@(x,z) determination is reduced to the solution
of Laplace two-dimensional equation for the
b(x,z) function in the range —eo<X<x,
0 < z < L with boundary conditions (6), (7), ac-
counting for b(x,0) = 0.
The solution of this boundary problem can be
presented [6] in the form
bix,2) = —21; [ beer.2) EaﬁG(x,z;x anast ®
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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explﬁg — exp n_f_’
The function

expl =2 | - exp nS ™

. L L

shown to display conformically an infinite strip
—w<x<ow, 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

can be

e%(x+ iz) _ e%(x "4iz'")

| Y+ iz) _ =iz ) | : )]

Gxzx'z")= ﬁ In

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 sin(llﬂ -z sh[%x) (10)

b(x,z) = 4£L_ . pn
c T) - COS(—Z]

Thus, it follows from Egs.(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 o parameter. At a finite value of o >> 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,2)
function and does not depend on the form of the
smooth monotonous function (x).
2n+1

4L
in Eq.(5), the influence of variation of the CLC
twisting power from its average value in the (—oo,
+0) range on the director distribution, attains its

The function | #(x) — . t|z accounting,

. nz
maximum value 1>~ at x —»oo.

4L
Fig.1 shows the calculated values of the b(x,2)
function for several values of z argument. It is
seen that the maximum b(x,z) values do not ex-

ceed those of \:)t(x) _2nd . 7|z function; how-

4L
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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b(x,z)

Figl.z=L/M3-a L/2-b, L -

straightening not depending on the form of t(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 = x,,, n half-waves of the cholesteric
spiral fit in the cell thickness, and in the point
X =Xp,11, ntl the half-waves, i.e. the disclination
structure is limited, along the 0X axis, by a finite
length [x,, X,+1)- Let assume, for simplicity sake,
that a disclination (x = 0) is positioned in the cen-
ter of this length, i.e. x,= -4, X,4+1=d, and the
director adherence with the cell surface is abso-
lutely rigid (W = o).

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 0X axis, dimension of disclinational
structure area:

(11

2n+1
CP(X,Z) - 4L

TN .
nZ + EX + ¢1(x;2),

where ¢,(x,z) satisfies the two-dimensional
Laplace equation and the same boundary condi-
tions on the cell surface as ¢'(x,z). Similar to
¢'(x,2), the @,(x,2) function is odd in relation to 7
coordinate, therefore, it is sufficient to consider it
inthearea0<z<[ -d<x<d

The values of ¢,(x,z), at x = +4 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
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12
dz) =47 pdp=-2-2 (12
To find ¢,(x,2), let consider the plane of com-
plex variable S = x + iz and display conformically
the ietragon (v = —d, x=d, 7 =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 funciion and has the form [6]

w:sn(s-s,mj a3

where

dt

1
k=F(1,m)=
o {V(l-rz)(l—m’r’) a9

is the full elliptic integral of 1st order; m is the
module of elliptic integral.

As a result of displaying (13), the function
®1(5) = @, (x,2), will transform to the function g(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)
¥ L
where
K=f1m", (16)

m'=(1 —mz)l/z.

The boundary conditions for the function
¢i(x,2) will give, after the conversion (13), the
function @(w) values on the real axis.

Thus, for a harmonic function (W), we have
the -Dirichle problem for a half-plane. Its solu-

tion can be written by means of the Poisson inte-
gral [6]:

POw) = i (o0 —— a7

2, 2
o (t-uw)y +v
Inserting the q(w) values on the real axis and
integrating, we obtain

~ 1 z 1+ mu
(pl(x,z)z(p(w)zz(l—Z)arctg P
+l(£—1) rtgﬁl_mu—iarct 1w,
4L arc my 4L £y (18)
AR . S S
4L e 1% 2 gv 4’

where
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u=lsn’—€-xm)dn(£-xm’)
A7ld ™ d ™’ !
v=lcnk-x m)dr{ﬁ-x mix
A d”™ d’”’
k

- LA ’
A=cn dz,m + (19)

2 2k oAk
. +m sn(d x,m)sn(d z,m),

cn(am) =(1- snz(a,m)‘/z,

dn(@am)=(1-m 2 snz(a,m)l/2

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 d—o0, we will obtain,
from Eqs.(15), (16) for the module of elliptic inte-
gral, that m =1, m’' =0, k' ==/2, k/d =n/QL).
Then, after simple conversions, it follows from
Egs.(18), (19) that @,(x,z) = @'(x,2), i.e. we obtain
the problem solution for the case of unlimited size
of the disclination structure along 0X axis.

Fig.2 shows the calculated dependence of
@,(x,2) function values on the distance to a discli-
nation along 0X 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 ¢(x,2) occurs. There-
with, when the z coordinate increases (i.e. as the
cell limiting planes are approached), the maxi-
mum changes of the ¢,(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-
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Fig.2. /L = 2 - solid lines, &/L = 0.5 - broken lines;
z=0.1-23,0.5-b,09-c

ture becomes close to that at its unlimited size
along 0X axis (i.. at d = «). Therefore, the direc-
tor field structure variations near to a disclination
become significant only at d < 2L.
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o

B3anmozeiicTBHe ¢ NOBEPXHOCTLIO M CTPYKTYPA NOJS AMPEKTOPA B
IVIOCKONAPAIeIbHOM fYeiiKe AKHIKOro KPHCTALIA ¢
auckmMHauuavu Tuna I'panxana-Kano

M. D JIenueit, U.IT.ITuHkeBuy

PaceMoTpen xonecTepuyeckuil KHIKHIT KPHCTAILT, 3aKPYYHBAIOLLas CPOCOBHOCTH KOTOPOTo MOHO-

TOHHO H3MEHAETCA N0 [UIMHE IUIOCKONapaIeNbHOH S4eHKH, YTO NPUBOANT K MOSBICHHIO JUCKITHHALH I
Tina Jlarpanxa-Kano. IToka3aHo, 4T0O HEOQHOPOIHOCTh 3aKPYYHBAIOLIEl CNOCOBHOCTH XoJlecTepuHa U
KOHEYHOCTb SHEPTHH CLEMIIEHHS QHPEKTOpa C OFPaHHYHBAIOLIHMH TOBEPXHOCTAMH SUEIKH CYLIeCTBEHHO
BIMAIOT Ha CTPYKTYPY NO/S AMPEKTOpa BOMU3H AuCKIMHaLMK. HalifeHo none qupexTopa npH orpaHu-
YEHHOM MTPOIOJILHOM pasMepe (d # ) IUCKIHHALHOHHON CTPYKTYpbl. I10Ka3aHO, YTO €ro 3aBHCHMOCTD
OT BeTH4YHHbI d CTAHOBHTCA 3HAYHTEIILHOMH, ecld d nops/ixa H MeHbUIE TOJIHHBI SYEHKH.

o
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‘Influence of aerosil surface on frequency characteristics
of filled nematics
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46 Nauki Ave., 252650 Kiev, Ukraine
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31 Nauki Ave., 252022 Kiev, Ukraine

Influence of the aerosil surface modification on the electrooptical properties of heterogeneous
systems aerosil — liquid crystal has been investigated. It is found that aerosil particles can be consid-
ered, within systems in question, as macroscopic admixtures. A model is proposed according to which
the response frequency limit of the system is associated with the minimum size of the director inhomo-
geneity regions.

JlocnilkeHo BIJIHB moznudikauii MoBepXHi aepocHny Ha eNneKTPOONTHYHI BJIaCTHBOCTI
reTeporeHHHX CHCTeM aepocuil — pigkuii xpucran. IlokasaHo, 1o B JIOCHIAXYBaHHX CHCTeMax
YaCTHHKH aepOCHJIy MOXHa PO3TJIIaTH SK MAKpOCKOIiuHi IOMillKH. 3anpOMOHOBAHO MOJEIE, 3riIHO
3 SKOIO FpaHHYHA YacTOTa Bi[rYKY CHCTEMH NOB’A3yeThCd 3 MiHIMaNbHHM posmipoM obiacrei

HEOAHOPIAHOCTI AUpeKTopa.

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 acrosil surface modification on the charac-
teristics of optical response of filled nematics at
the electric field application thereto was studied
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earlier by us. The chemical grafting of various
molecular fragments to the acrosil 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 (U,,,) 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

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-
cyclotrisifoxdne (MVCTS), aminopropyltri-
ethoxysilane (AGM-9), poly(dimethyl)siloxane
(PMS-5), and hexamethyldisilazane (HMDS)
were ¢hosen as modifving 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 trimethylacetoxysilane 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 abové 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.1,a). In the case
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Fig.1. a) Siloxane complexes on the aerosil surface.
R = CHg for OMCTS, CgHg for MPhCTS, CH,=CH
for MVCTS, CH,CH,CH; for AGM-9, CHj; for
HMDS. b) Linear siloxane structures on the aerosil
surface after its modification with PMS-5; n = 1-4.

of modification by PMS-3, linear siloxane struc-
tures are formed on the surface (Fig.1,b).

The nematic ZhKM-1285 (NIOPIK, Russia)
having ‘the dielectric constant anisotropy
Ae = 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 pm 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, f, of the voltage applied, U, is sche-
matically presented. The light beam of a HeNe la-
ser (A = 0.63 pm) 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 Phd2 is intended to

Fig.2. Schematic view of the experimental device used
to measure the dependence of samples light transmis-
sion, T, on the frequency, f, 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 U 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, f, 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
electrooptical 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 of that
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-
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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
(T-) 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 7 and 7. curves behaviour
were revealed. The first type (1) is characterized
by monotonic increase of 7_ component and
monotonic decrease of T.. with the applied field
frequency (f) rise. Therewith, the total light trans-
mission, T + T, 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 T.. dependence for the suspen-
sion 1, which corresponds to the type 1. In the
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Fig.5. Dependence of the frequency characteristic on
the aerosit concentration, C, for second type samples.

same figure, the 7. dependence is displayed for
the pure liquid crystal of 100 pm thickness. As is
seen from these data, the frequency characteristic
steepness increases at :i:¢ aerosil 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 scen that the curve unmonotony begins
to manifest itself only when a certain aerosil con-
centration (9 %) is achieved. At smaller concen-
trations, curves show the same appearance and
the same dependence on the aerosil 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 having the characteristic di-
mension d can be evaluated as

__nd 0
T rK
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Fig.6. Dependence of the limit response frequency f* of the
system and of d_,_ value on the aerosil concentration.

where n is the orientational viscosity; K, the
Frank constant.

In the case of monodomain sample, the T.(U)
value must not depend on frequency at
S< 1/t~ K/ L? and drops sharply at the at-
taining of the limit frequency /'~ 1/1*. In a poly-
domain sample, the T_(f) is influenced by the
domain size distribution and has, therefore, a
more complex character. The drop of the 7.
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

dyin =N K/fM. )

In our case, f*~ 100 Hz what corresponds to
din = 1 pm. It should be noted that this value is
substantially less than the LC layer thickness
(100 pm) 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 aerosil to LC results in an
increase of the T_(f) curve slope and diminishing
of the frequency limit value, /*. In Fig.6, depend-
ences of /* as well as of d;, value on the aerosil
concentration, C, are shown. The character of
those dependencss indicates that the aerosil addi-
tion causes an increase of the characteristic region
of the director inhomogeneity.

We have found that the aerosil presence does
not influence substantially the temperature of the
sysiem transition into the isotropic state, 7 (the
relative shift AT /T~ < 10-2). This indicates that
acrosi! is to be considered not as a molecular ad-
mixture, but as a macroscopic particle which is a

Functional materials, 2, 2, 1995
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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 acrosil particles, the
d i 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
d~ 1.3 pm. 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 um. 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 clectric ficld application is dc-
fined by the spatial sizc distribution of acrosil
particles at a constant concentration thercof in
the system, and the limit response frequency of
the system corresponds to the minimum size of

the director unhomogencity region.
_ The admission of acrosil to LC results in an

increase of the minimum size of the dircctor un-
homogeneity region in the system.
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O BJIHAHHH NMOBEPXHOCTH 2A3POCHJIA HA YaCTOTHLIC
XapaKTePUCTHKH HANOJHEHHbIX HEMATHKOB

I.51.T'y6a, A.B.Inymenxo, H.FO.JIonyxosuy, B.B.Orenko,
10.A .Pe3nuxos, B.JO.Pewernsk, O.B.Spouyk

HccleloBaHO BIMSHHE MOAMMHKALIKM TOBEPXHOCTH a3POCHIA HA 3MEKTPOONTHYECKHE CBOHCTBA
reTeporeHHbIX CHCTEM a3pOCHI — XuJinii xpucrawl. ITokasaHo, YTO B paccMaTpUBAEMBIX CHCTEMaX
YacTHLbl a3pOCHJIA MOXHO PacCMaTPHUBATh KaK MaKpOCKOITHYECKHE NMPHMECH. [pemnoxkeHa Mojeb,
COTJACHO KOTOpOHl MpefieibHast 4acTOTa OTKIIHKA CHCTEMBI CBSI3bIBACTCA C MHHHMATBHBLIM pasMepoM

061aCTH HEOJHOPOAHOCTH ANPEKTOPA.
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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 Feg,(B,Si,C),q 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.

IIpoBeneHo BUMIpIOBAHHS KYTOBHX Ta CNEKTPANbHHX 3alleXHOCTell eJliNCOMEeTPHYHHX NapaMerpiB
aMOp(HHX MeTalleBHX CTPi4OK Feg4(B,Si,C) g 3 METOIO BHBYEHHS BIUIMBY MIACTHYHOI nedopMauii
BHAC/IIIOK NPOKAaTKH Ha CTPYKTYPY Ta ONTHYHI BIACTHBOCTI iX NPHMNOBEPXHEBHX NMPOLIAPKIB.
3’acoBaHo, IO muacTuuHa JedopMallis BHKIHKAE HE TiIbKH 3MiHy ocobnuBocreit ECI'CE no6ausy
piBas Depui, a if BIUTHBAE Ha MeXaHi3MH PO3CIIOBAHHS HOCITE CTPYMY.

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 of that 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
Fegq(B,Si,C)yg were studied, made by the melt
spinning method, in the forms of strips having
approximately 1 cm in width and thickness
d=16 pm and d = 10 pm; both the contact side
(i-e. having contact with cooler during the prepa-
ration) and incontact one (remaining free during
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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 A = 632.8 nm. From these dependences,
the main angle of incidence ¢ = ¢, correspond-
ing to A = /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 o
specimens. '

Spectroellipsometric investigations of the op-
tical constants, namely, of alloy surface layers re-
fraction index, n, and absorption coefficient, x,
were performed on a universal ellipsometer ac-
cording to Bitty’s method in the range of sound-

ing photons energy %o = 0.5 — 3.82 eV, at the
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angle of incidence ¢ = 72 deg. The RMS error of
n and x 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(fiew) = nxo/2m, real part of the dielectric con-
stant, s(ﬁm)znz—xz, and reflection coefficient,

R(fiw) = [(n - )2 + x4/ [(n - 2 +x7.

To characterize the structure anisotropy of
Fegy(B.Si,.C)1g AMA surface layers, the following
parameters were proposed: the difference between
main angles, Ap, = @o — Poy 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, Ag, 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, o) relative to those directions [8].
This factor is absent on the contact surface of a
specimen having d = 25 um, 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 o(fin), &,(fin), R(An)
were calculated according to above formulas; these

Functional materials, 2, 2, 1995

spectra are showed on the Fig.1. The dispersions

of 5(fiw) and R(fiw) (curves 1-4) for the initial speci-
men show an absorption band at photon encrgy

#io = 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 Ep.
In the IR range (1-2.48 pm), the relationships men-
tioned run like to those described by Drude, which
evidences the predominant absorption by free elec-
trons and aliows 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:

Fe)=1-8) " =0’ +92 QP
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 571,

y=0.97-10!5 571, have been obtained.
It is found that, after a deformation, the ab-

sorption band in the o(fio) and R(fio) spectra be-
comes broadened and shifts somewhat toward IR
range, while the absolute values of o 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
5.40-1015 5! and increase of y to 107101357
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 E shift to

the Fe 3d zone, while the intensity drop of o(fin)

and R(fio) spectra is due to decreasing of the d-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

259




M. V. Vinnichenko and L. V.Poperenko / Spectroellipsometry..

15 -1
c-10 ,c R
2}
s .
4+ .
e
o -4 0.7
., e.
A .
+ l“
4 .
’_f 1% :
- + H
3.0 trege e 06
ch- < ‘AZL; o_‘_. vony
oo A 44, “
." LRI ‘.':'QP * “" 4 %
*. “os
25 B 4 ‘e ..‘.. 4*".* ’m » ‘o .. 1
: * ‘.o. “l * '2. N - 05
5 4%, LI *ﬁro* LY “ F "o
2 ”W,? ° e ‘.‘; R
'Q .-‘. + 4 3 4 . L) .
Ttegr / v+, PO I
20 5 4 s e e, taes Joa
L W) * N t++ ‘a1
4 s, b r _tead
P ¥+ + -
Adat o 4
o
‘44
] | | 03
1 2 3 hv, eV
f
4.'.741'4’ ""“"‘4‘;" ettt
sy st g,(hv) RS e Pt e
291 7 84 1 RSP PRE e
& .?g 7 e 4+t ] Tiantd sacors
Py + + FYY e
.t:‘ *fm “:,A“‘ .
- , ‘.l
4 o™ el
58} ¢ ..‘.. Pl
g (hV)/5 it
aes*®
l.
. e

1

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 pm (1, 4, 9) of amorphous strip of Feg(B,Si,C)4g alloy, and for similar
strips rolled one time, d = 16 um (3, 5, 7) and two times, 4 = 10 um (2, 6, 8).

account the R(fin) and g,(fiw) behavior changes in

the IR spectral region).
Thus, plastic deformation results in signifi-

cant changes in the atomic and electronic struc-
tures of Fegy(B,Si,C){g 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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CnieKkTpo3/1eKTPOMETPHs PHIIOBEPXHOCTHBIX CJI0EB
aMOP(HBIX METALIIHYECKHX JeHT

M.B. Bunuuuerko, JI.B. Ilonepenxo

IIpoBefeHb! M3MePEeHHS YTJIOBBIX H CIEKTPAJIbHBIX 3aBHCHMOCTEH 3IUTHIICOMETPHYECKHX MapaMeTpoB
aMopGHBIX MeTaliHueckux NeHT Feg(B,Si,C)yg ¢ Lenbio H3yueHHs BIMSHHS M1aCTHMecKOH NedopMaLiuu
BCJIEZICTBHE MPOKATKH Ha CTPYKTYPY H ONTHYECKHe CBOMCTBA HX MPHIOBEPXHOCTHBIX CIIOEB. YCTaHOBJIEHO,
YTO MuIacTHYeckasi nedopMaliis MPHBOAUT He TOMLKO K H3MeHeHusM ocoGexHocreif B SCIICD p6au3n

YPOBHS (I)ele/l, HO H BJIUSET Ha MEXaHHU3Mbl PacCesaHHs HOCHTeJIeH 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,
T.M. 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.

OpepxaHo JaHi Npo MarHITHY CIPHHHATIMBICTb, CIEKTPH ONTHYHOI MPOBIJHOCTI Ta TEPMO-€.p.C.
amopduux crpivok Ni—Cr—Si~B, BHroToBieHHX NpH pI3HHX TeMIlepaTypax MeperpiBy po3iaBy.
ExcrniepuMenTanbHi pesylbTaTH CBiZYaTh MPO T€, WO BIACTHBOCTI LIMX CTUIaBiB BU3HA4alOThCSl Ha-
camriepe/] 3MiHOIO T'YCTHHH eJIEKTPOHHHX cTaHiB noOau3y piBHs PepMi, a He NPHUCYTHICTIO MAarHITHHX

HEOQHOPITHOCTEH.

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 SUSCﬁptibility X(D of Ni62‘3Cr17‘GSi13.886_3
ribbons prepared at different overheating degree
of the melt AT = 250, 300, 350 and 400 K. ¢(7)
curves (Fig.1) were obtained by Faraday-type
technique. One can see that 7 is decreases slowly
in therange 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 7, is almost inde-
pendent of AT. The value of |0y/0T] below T,
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

2062

this assumption we treated our data according to
the following equation:

a(D =%+ AT? + N2 2 /3k(r-0) (D

%X 108, cm3/mole

150
300 500 700

T,K

Fig.] Temperature dependences of magnetic suscepti-
bility for Nig, 3Cry7Sij34Bg3 ribbons with
AT = 250 (1), 300(2), 350(3) and 450 K (4) (* - heat-
ing, ° - cooling).
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where 3o + 4 T? is the temperature independent
term, Nu2p}/3k(T - 0) is the Curie-Weiss suscep-
tibility ycp» H is the magnetic moment and 0 is
the paramagnetic Curie temperature. The ¥ val-
ues are listed in Table 1. Its main contribution is
the Pauli susceptibility due to predominantly d-
like itinerant electrons [4]. Hence, %o reflects in a
way the change of electronic states density at the
Fermi level n(Ep) at AT increase. One can see that
Yo values are increased with AT indicating Fermi
level is shifted to higher n(Eg) values. Further-
more, 7 is greater for Ni-Cr-Si-B type amor-
phous alloys than for Ni-Si-B ones [3], what is
probably caused by additional d-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 ¥ oy This
term has been analysed in a routine manner. The
o 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 pyj = p(Cp)~ 2
Cni = 0.623), was found to be equal to
(0.37£0.10) pg. Such a small pug; value can be ex-
plained, as in the case of Ni-Si-B ribbons [3], by
partial quenching of the Ni spin moment. But py;
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 d-bonds with Ni atoms, decreasing
the degree of spin moment quenching.

Another conclusion can be drawn from our
investigations: the py; values remain almost con-
stant while AT increases. Obviously, the larger is
AT, 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 pyi while AT increased. So far, such behavior
has not been observed, so on¢ can assert that
composition inhomogeneities influence on the
magnetic susceptibility of these alloys is negli-
gible.

Additional information on this problem was ob-

taineq, from optical conductivity spectra o(fio)
(Fig.2), obtained by the Beattie method. Evidently,
o(fiw) 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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Table 1. The values of % and T, for
Ni62'3Cr17‘GSi13.886_3 amorphous ribbons with dif-
ferent AT.

. AT,K | -105, cm/mole

250 678
300 263 680
350 260 682
450 265 688

610" s

42

34| 1

26

1.8

1.0LL-

05 1.3 241
Fig.2 Optical conductivity spectra for
Ni62.3Cr17.GSi13.sBsb3 amorphous ribbons (curve’s
numbering scheme corresponds to Fig. 1)

29 ho,eV

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 o(fio) peculiarities for

these ribbons in the visible region [5]. Thus, no es-

sential changes in electronic structure of

’ Ni62.3Cr1 7.68i1 3.886.3 amorphous ribbons in the vi-

cinity of E 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. o

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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MarHeTusm H 31eKTpOHHAA CTPYKTYpa
amopdusix Jent Ni-Cr-Si-B

H.T".Ba6uuy, O.h.HakoHeuHas, JI.B.ITonepenko,
T.M.IsetkoBa, H.1.3axapenko

Honyyensl nannble 0 MarHUTHON BOCIPHHMYHBOCTH, CMIeKTpax ONTHYECKOH MPOBOJHMOCTH H
TEPMO-3.11.c. aMOPHbIX JeHT Ni—Cr—Si—B, npurorosnennbix npu Pa3IHYHBIX TEMNEPATypax leperpesa
pacrinaBa. OKCNEPHMEHTAIBHBIE PE3YNbTAThl CBUAETENLCTBYIOT O TOM, YTO CBOMCTBA STHX CILUIABOB
OMPENIGIIALOTCS MPEXIE BCErO H3MEHEHHEM MIOTHOCTH SMIEKTPOHHBIX COCTOSIHHIL B OKPECTHOCTH YPOBHS
DepMu, a He IPUCYTCTBHEM MATHHTHBIX HEOAHOPOIHOCTEI.
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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.

TpoananizoBaHO pe3yJIbTaTH ONTHYHHX Ta OXe-CIIEKTPOCKOMIYHMX JOCTi[keHb MONH(pIKOBaHHX

BHCOKOJO3HOIO iMIIAHTALEIO MOBEPXOHb MOJI

6IEHOBHX 3pa3KiB ioHaMH Cu* Ta 3MiliaHUM NoTO-

koM Fe* i BY. BusHaueHo, 10 y NPHIOBEPXHEBOMY MpOLIAPKY PEYOBHHH BHHHKAE MiXaTOMHHH
3p’SI30K TaKOTo THIY, [ POJib METaloifHHX aTOMiB BilirpaioTh CTOPOHHi JOMIIUKH BYIJIEUIO Ta

{HLIKX €JIEMEHTIB.

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,
¢.g. Cu-Mo or Cu-W type [l]. 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 clements distribution in depth for specimens
treated by HII and by ion-plasma mixing (IPM).
As a ions source, the vacuum-arc large-aperture
(S = 200 to 400 cm?) ion injector was used [2].
The acqglerating potential was 80 kV, the ion im-
plantation dose 10'7 - 10'8 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
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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 ¢V. 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 o =nxv, where v is the
sounding light frequency, and the real component
of the dielectric constant, €,. 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.1)
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
50 100 150 h,nm
C.at.%
b
500 1500 h, nm

Fig.1. 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 D; > 5-10'7 jons/cm?, the target sputtering
and implanted ions penectration 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, o(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 €V 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 o(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 €V are associ-
ated with interzonal electron transitions from the
filled d-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, £,(E) dependence in the

Functional materials, 2, 2, 1995




g

L. V.Poperenko et al. / Optical properties...

€1

Cu-Mo

FeB—-Mo
-401-

Mo
| { ]

04 06 0.8 10 E,eVv

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 g,(E) 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 HII
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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OnTH4ecKHe CBOCTBA MOIM(UUMPOBAHHBIX HOHHOH
UMILIAHTANHEeH MeTATHYECKHX noBepxHocTei

JI.A.ITonepenxo, O.M.Tonona, B.JI.Kapnywa

HpOaHaﬂHBHpOBaHbI pe3yJbTaThbl OINITHYECKHX M 0Xe-CITEKTPOCKOMHYECKHX HCCJIeIIOBaHHﬁ MOBH@H-

_L[HpOBaHHbIX UMILTAHTALHEH HOBerHOCTeﬁ MOJHGAEHOBBIX 06pa3uoB HOHaMH CU+ K CMeElIaHHbIM

notokoM Fe't, BY u onpegesnenHo, 4To B NPHIOBEP
CBS3b TAKOTO THIIA, TAe POJb METAIUIOHAHBIX aTOM

3JIEMEHTOB.
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OB MrpaloT BHElHHE NPUMECH YIIIepofa H ApYTHX

267




Functional Materials 2, No.2 (1995)

© 1995 — Institute for Single Crystals

Photoacoustic and luminescent properties
of porous silicon

L.V Blonsky, M.S.Brodyn, V.A Tkhorik,
Yu.P Piryatinsky* and G.Yu.Rudko*

Institute of Physics, National Academy of Sciences of Ukraine,
46 Nauki Ave., 252650 Kiev, Ukraine

*Institute of Semiconductor Physics, National Academy of Sciences of
Ukraine, 45 Nauki Ave., 252028 Kiev, Ukraine

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 cm%/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

of por-Si.

Brepute gocnigxeno $oToaKycTHYHi CHEKTPH MOPHCTOTO KPEMHiI0O NpH ras’oMikpogoHHil
peecTpauii CHTHay, Ha OCHOBI SKHMX BIATBOPEHO i1Ooro (yHIaMeHTaJIbHHH KpaH MNOTIMHAHHS Ta
BH3Ha4YeHO KoedilieHT TemnepaTyponposigHocti D = 0,09 em?/c. Pesynbratd HoCTimxeHs ¢oro-
aKYCTHYHHX CMEKTPIiB CHiBCTaB/IeHi 3 OTPHMaHUMH aBTOPaMH CIEKTpaMH (OTOTIOMiHiCLEHLi] 3
aCOBHM DOBBHTKOM, LIO J03BOJISE 3pOGHTH BHCHOBOK MPO iCHYBaHHSA «IUISLIKOBOTO TOp/Iay» B
€HEpreTHYHIN penakcauii elleKTPOHHHX 36yIxeHb 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
(SigO3Hg, SiH, SiH,, 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 of por-Si is
very important. The solution of this problem by
means of traditional absorption spectroscopy
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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

Functional materials, 2, 2, 1995
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closed chamber with optical windows which is
filled 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 ¢ 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 ¢
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 o=2nf and excitation light
wavelength A. 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 ¢ 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 pm) were investigated. They were the single
crystalline silicon wafers and Si wafers with layers
of por-Si of 5 pm and 50 um thickness. The por-Si
layers were obtained by anodizing in the ethanolic
HF solution at current density 40 mA/cm?.

Fig.1 shows the frequency dependences of PA
signal amplitude U and phase ¢ for three types of
samples measured at A = 632.8 nm. It is seen that
U(f) and o(f) dependences are almost the same
for the bulk Si wafer and for the sample with
Smm por-Si layer while the corresponding de-
pendences for the sample with 50 pm 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 A = 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.1. The frequency dependences of the PA signal
phase ¢ for single crystalline Si and for the samples
with 5 pm and 50 pm por-Si layers (curves 1-3, respec-
tively) and the frequency dependences (curves 4 and
5) of PA signal amplitude U for the samples with 5 um
and 50 pm por-Si layers, respectively, normalized to
the PA signal amplitude for single crystalline Si.

the thickness L ~ 10-8 cm which is determined by
the absorption coefficient at A = 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 ¢. The
latter value is also influenced by the thermal dif--
fusivity coefficient D. In fact, the wavelength of
the thermal wave is given by I = (2D/ m)l/z.

The above considerations elucidate the source
of the discrepancies in U(f) and ¢(f) dependencies
obtained for the samples with 5 um and 50 pm por-
Si layers, and evidence that, in the chosen range of
o values, the samples with the por-Si thickness
h > 5 um should be investigated by PA-spectros-
copy methods. Using the phase-frequency depend-
ences (Fig.1) 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,,, = 0.04 cm’/s. Note that, for the bulk Si,
D = 0.9 cm?/s [7]. However, it should be empha-
sized that in the case of por-Si, the value of ng,
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
@ 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 ¢(2,3) of the PA
signél for the samples with 5 pm (curves 3,4) and
50 pm (curves 1,2) por-Si layers.

thin (at /= 120 Hz, /= 103 pm, i.e. I >> h). On the
other hand, the dependences U(A) and ¢()) for the
sample with the 50 pm por-Si layer (/ = h) exhibit the
abrupt increase of phase shift and amplitude with the
decrease of wavelength starting with A = 630 nm.
Since the dependences U(L) and ¢()) 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 pum por-Si
layer, the increase of U(L) and @(A) corresponds to
the absorption edge ou(}.).

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 (A, = 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 75
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 r;= 100 ns while the new band in the
spectral range 550-800 nm emerges;

3) with the increase of ¢ 5 from 100 ns to 30 ms, the
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Fig.3. Time resolved fluorescence spectra of por-Si.
The delay time, £3: 1 =1 ns,2-10ns, 3 -1 ps, 5 -
20 ps, 6 —30 ps, 740 ps, A, = 337.1 nm, 7T =300 K.

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 ¢ 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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@®0T0aKyCTHKA U JIOMHHeCHEHIMS NMOPUCTOr0 KpeMHHUS

U.B.Bnouckuii, M.C.Bponus, B.A.Txopuxk,
}O.I1.Mupstunckuit, I'.FO.Pyabko

BriepBble HcceioBaHbl GOTOAKYCTHUECKHE CIIEKTPLI MOPHCTOTO KpeMHHUsl IpH Ta30MHKPOGOHHOH
PETHCTPALIMK CHTHANA, Ha OCHOBE KOTOPBIX BOCTIPOM3BE/IEH €r0 (yHnaMeHTaNbHBIH Kpai NOTTIOLEHHS H
onpezeneH Xo3pPHIHEHT TEMIEPaTypONPOBOIHOCTH D = 0,09 cM2/c. PesynsTaThl nccnefioanuii ¢poTo-
aKYCTHYECKHX CAEKTPOB COMOCTaBIIEHBI ¢ NMOTY4EHHBIMH aBTOpPaMH crekTpaMH (OTONOMHHECLIGHLIMH C
BpEMEHHBIM pa3spelliecHHEM, YTO MO3BOJISET CAeNaTh 3aK/TIOYEHHE O CYLIECTBOBAHHH «ByThUIOYHOTO
ropJiia» B 3HEPreTHYECKOH peNakcallii SMEeKTPOHHBIX Bo36yxaenuit por-Si.
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The study of the substance desorption process
using holographic interferometry

Yu.I. Onischenko, L. I Kostrova, E.P.Udalov, L.I1. Robur and G.A.Avtonomov

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine

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.

OgHiero 3 BaxJIHBUX 3a1a4 NPH JOCTIIKEHHI B3aEMOJIT TBEPAHX Ta PiIKHX IIOBEPXOHDb 3 ra3onoai6-
HHMH i DIAKHMH pe4oBHHaMH € 3abesredeHHs Ge3KOHTAKTHOTO Ta HepYHHIBHOTO KOHTPOIIO CTPYK-
TYDPH NOBepxHi. JIJ1s L€l MeTH MOXHa 3 YCIiXOM 3aCTOCYBaTH MeTOJ rojorpadivyHoi intepdepoMerpii.
ITpunuun 3anucy rojorpagiydux inTepdeporpaM nojsrae B iHTepdepentiii ABoX cTaHiB ofHiel i Tiei x
MOBepXHi JOCTIAXYBaHOro 06’eKTy: B NOYaTKOBOMY CTaHi Ta mioyia Jesixoi BzaeMopii. Haiimenini sminu
CTPYKTYPH [OBEPXHi, BUKJIMKaHi JecopOilielo pe4OBHHH, NMPH3BOJATE OO 3MiHH KOHTpAcTy iHTepde-
PeHLiiiHOol KapTHHH cMYT. I{e Ko3BoJNsE OUIHHTH IIBHAKICTh T4 IHTEHCHBHICTh B3aEMOJIii PEYOBUHH 3

MIOBEPXHEO.

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 iliuminated surface ab-
sorbs and reflects the light and thus acts as a source
of spheric waves is taken as a basis of the proposed
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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,y) is the function &(x, y) which is defined as:
é (x9y) =f(Ra’ Rz)s (1)

where R, is a mean arithmetical deviation of the
profile from the central line within the limits of
some length I; R, is the height of the profile
uneventies.

i=

0
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@

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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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.

Uey) = k [[ Utey) expliznGE(, y)/A] de dy )

—oQ

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
iltumination and observation.

Since the parameters characterizing the state of
the surface (relief, structure, etc.) vary randomly
by the value of the wavelength A or more, the
phase member G&(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
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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.1 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.

References
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H3yyenne npouecca AecopOuuy 8eilecTs € ROMOUIBIO
rojorpaduyeckoii HETepdeponeTpuy

}0.U.Ouuenxo, JI.M.Kocrposa, E.I1.Yranos,
JI.A.Po6yp, I A.ABTOHOMOB

OpHOI U3 BOXHEIIIHX 38184 [P HCCIIEOBAHHH B3aHMOLCHCTBHS TBEPUbIX ¥ KHIKHK MOBEPXHOCTEH
¢ ra3000pasHbIMH M XKHIKHMH CpellaMy SBIIAETCH obecnieyeHKe HECKOHTAXTHOTO H HEpaspyLIaIoilero
KOHTPOJISl CTPYKTYDPbl OBEPXHOCTH. Jlnst STOR Lenk MOXeET 6bITh YCNEHO NMPHMEHEH METOX IoJIoTpa-
duueckoll uHTepdepoMeTpuH. TTpHHLINI 3aiTHCH ronorpaduyeckyx HHTepdepoOrpamMM 3aKmouaeTes B
HCTIOTL30BaHHH HHTephEPEHLMH IBYX COCTOSHIH OJIHOH H TOH e [TOBEPXHOCTH HCCefyeMoro oobeKTa:
B HauyaTbHOM COCTOSHHHM M [10CIe HEeKOTOPOTO B3auMojelicTBHA. MaieHiiune HIMEHEHHS CTPYKTYphI
MOBEPXHOCTH, BbI3BaHHble NecopOiMell BewlecTBa,PUBOMAT X M3MEHSHHIO KoHuTpacra unTepde-
PEHLMOHHOH KapTHHbI NMOJOC. DTO MO3BOIAET OLEHHTh CKOPOCTD H HHTEHCHBIIOCTH B3aHMOIeHCTRES
BeLleCTBa C MOBEPXHOCTHIO. :
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Ellipsometric analysis of irradiated copper mirrors
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Sciences of Ukraine, 47 Lenin Ave., 310164 Kharkov, Ukraine
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To analyze irradiated mirror surfaces, the ellipsometric method is used as the reflecting surface
model, a homogeneous absorbing film on a homogeneous absorbing substrate was used. The principal
ellipsometric equation was solved numerically. The optical constants of the substrate and the film, the
film thickness, the reflectance and absorptivity of the mirrors as functions of Cu* and Ar* penetration
into copper were calculated. It is shown that the method can be used to study surface roughness prior
and subsequent to irradiation. Irradiation of copper mirror surfaces with the Cu* ions of 3 MeV or Ar*
ions of 4 keV increases their reflectivity, the high reflectivity properties are retained for several months.

“JIns aHalli3y ONpOMiHEHOI MOBEPXHi 3aCTOCOBYBAH enincoMeTpu4Huii MeTos. 3a Moaeb BinOHBa-
J040i MOBEPXHi BHKOPHCTOBYBAIH OHOPI/IHY MOIIHHAIOYY MUIBKY Ha OMHOPIAHiIH MormuHaoYiH
nigxnaani. OCHOBHe piBHAHHS eiNcoMeTpii po3B’S3yBalli YHCENbHHM METOJOM. B pesyabTaTi
pO3paxyHKy 3HaXOAWIH ONTHYHI MOKA3HMKH NiAKIAAKH i MIBKY, TOBHIMHY NAiBKH, KoedillieHT
BiIGUBaHHS B 3aJIEXHOCTI BiJi TTHOHHH NPOHHKaHHS joniB Cu* Ta Ar* B Mims. B poGoTi BijoGpaxena
MOSKIIHBICTh 3aCTOCYBaHHSI METORY VISl AOCTIKEHHS IOPCTKOCTi MOBEPXHi 10 i micis ONpPOMiHEHHS.
OnpoMiHeHHs! MiJIHHX JI3€pKajl jonamu Cu* 3 eHepri
10 36inbieHHs xoedilieHTy BiIOHBaHHS, NpUYOMY

IPOTATOM KilIbKOX MicAuiB.

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-
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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 A 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:

1) 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 Art
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.
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Fig.1. 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
107 ion/cm? 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* jons
and HO 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-compcnsator-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 wasdD =
=5, 8y = -1', respectively. In our calculations, the
values of A and y have been averaged over two
conjugate zones.

At the wavelength of the laser A = 632.8 nm,
the. electromagnetic radiation extended into the
surface of the copper mirror to a depth d = 1/k =
=Md4=zk = 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*

Functional materials, 2, 2, 1995
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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-i2.987 | 0.267-3.898
refraction, N
Coefficient of reflection, 85.5 91.0
R, %
Natural absorption 59 77
coefficient, K, p!
Depth of the irradiated 16.9 12.9
zone of copper sample,
d, nm
Optical conductivity, 7.5- 10" 4.9. 10"
G,s™!

The ellipsometric data obtained for the copper
mirrors with the Cu* ions implantation at a depth
of 1 pm 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
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Fig.3. Cos A as a function of ¢: | - 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 V) 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 ¢
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

[
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 10!7 ion/cm? 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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DAIMNICOMETPUYECKHIA METO AHAIN3A
00JIy4eHHBIX MeIHbIX 3epKaJl

b.B.I'puropenko, P.C.Muxanbyenko, B.C.Boﬁueng

Ans aHamuza o6ny4yeHHBIX MOBEPXHOCTEH MPUMEHSIIH 3JUTHIICOMETpHYecKHH MeTod. B kauecte
MOJeMH OTpaxalollled MOBEPXHOCTH HCIOJb30BaIH OAHOPOAHYIO NOTJOWAIOMIYIO MIEHKY Ha
ORHOPOAHOH nornowarolei nomroxke. OCHOBHOE YpaBHEHHE UIHIICOMETPHUH PEILANH YHCICHHBbIM
MeToloM. B pesyibraTe pacyera HaXOWIH ONTHY ecKHe MOKA3aTeNH MOJIOXKKH H TUIEHKH, TOMKUHY
MeHKH, KoedpHLHEHTB! OTpaXeHHs H NOTJIOLIEHHS 3epKall B 3aBHCHMOCTH OT ITyGHHbI IPOHHKHOBEHHS
HoHoB Cu* 1 Ar* B mentb. [Tokasana BO3MOXHOCTb IPHMEHEHHS METOA ISt HOCTIEIOBAHMUS LIEPOXOBA-
TOCTH NOBEPXHOCTH 10 H nocie obaydeHust. OGurydeHue MeqHbIX 3epkan HonaMu Cu* ¢ sneprueit 3 MaB
ui Ar* ¢ sHeprueii 4 k5B NPHBOINT K yBeTHUYeHHIO KOIDQULIMEHTa OTPAXEHHS, IPH 3TOM BBICOKHE
OTpaxaTejlbHble CBOHCTBA COXPAHSIOTCS B TE4EHHE HECKOJILKUX MECSILIEB.

278 Functional materials, 2, 2, 1995



Functional Materials 2, No.2 (1995)

© 1995 — Institute for Single Crystals

Electropolishing influence on the optical properties
of amorphous metal strips
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Electropolishing influence on the structure and optical properties of the skin-layers of the amor-
phous metallic alloys FegyNiygB,g and NizgSigB4, 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.

BuBYeHO BMIMB €leKTPOJiTHYHOI NMONIPOBKH Ha aTOMHY CTPYKTYPY Ta ONTHYHI BJaCTHBOCTI
[IPHIIOBEPXHEBHX MPOLUAPKIB aMOpgHUX MeTaneBHX craBiB FeggNiygBaog Ta NiggSigBy,. IlokasaHo,
WO ENEeKTPOMTHYHA MOJNIPOBKA HE 3HIMAE ICHYIOHOl CTPYKTYPHO!1 aHI3OTpOMil 1 HE NMPH3BOAHTL N0
36arauyeHHs NOBEPXHi 3pa3ka OAHI€I0 i3 KOMIIOHEHT.

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 FeggNiygBog and NizgSigB,4 made
into strips, in the sounding photons energy ranges

fivo = 0.056-0.01 eV and 0.5-3.7 ¢V, as well as to
clarify the influence of the electropolishing on the
optical absorption and reflection spectra for both
surfacés 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~!. The experiments were per-
formed in the spectral range 80-450cm!. The
relative reflection factor R,,; = R/Rp;, where Ry

Functional materials, 2, 2, 1995

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 o(fio) = nko/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
tgy for the amorphous alloys were determined
(where A is the phase shift between the polariza-
tion vector orthogonal components; v, the az-
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.1. Specrtal dependences of the optical conductiv-
ity for initial (1.4) and electropolished (2,3) speci-
mens of the amorphous FegyNigByq alloy strip
measured on the incontact (1,3) and contact (2,4)
strip sides. The curve 4 is deplaced down by

051019571,

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 tgy vs angle of incidence, ¢, the optical
polarisation characteristics of the strip were de-
termined for two orientations of its longitudinal
axis (parallel, @, and perpendicular, ¢, rela-
tively to p-plane). In our experiments, after the
system was readjusted, the @g and @ 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 tgy
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
APy = Pg — Po. 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 g and g, 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 FeggNigygBog and NizgSigBy4 al-
lovs, 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.
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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 Ni;gSigB4, 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.1 and 2, respectively. The Fig.1
shows that the optical conductivity curves for the
FegoNiygBog 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 d-zone bottom by hybridization
of metalloid p-states with Fe and Ni d-states; and
also to transitions from Fermi level to energeti-
cally higher ones corresponding to hybridized 2p-
states of the metalloid and s-states of the both
metals.

The appearance of real dielectric permeability

g,(fio) and optical conductivity o(fiv) 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 o(fio) 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 o(fio). 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 R, 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 amorphous NizgSigBy4 al-
loy (for.both sides). This frequency, y, as deter-
mined by linear approximation of the function
fO0)=¢gy/(1 —g))=yA/2nc, is cqual, for CS,

2.21-1015 51, while for IS, 0.76-10'5 s~1. The deter-
mination error for those values did not ¢xceed 10
per cent. Thus, the CS is characterized by a highery
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 paraimeter of the an-
isotropy, Apy = gy — P is higher for the incontact
side. The electropohishing 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 arc cs-
sentially the same.
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BausiHue J1eKTPOJIUTHYECKOi MOTHPOBKH HA ONTHYECKHE
CBO#iCTBa AaMOP(HBIX METAHIHYECKHX JIEHT

B.B.BoBouak, JI.B.ITonepenko

H3y4eHo BIHAHHE AeKTPONMTHIECKOM MOIMPOBKU HA ATOMHYIO CTPYKTYPY H oINTHYecKHe CBOHCTBa
MPHIOBEPXHOCTHBIX CNOEB aMOP(HBIX METAUIMYECKHX CILIABOB FeggNisgBag ¥ Ni;gSigB 4. I1okasano,
YTO 3JMEKTPOJHTHYECKas MONMPOBKA He CHUMAeT CYIECTBYIOLLYIO CTPYKTYpHYIO AHW3OTPOIHIO H HE
BbI3bIBAET OGOraleHie HOBEpPXHOCTH 06pasiia OfHOH H3 KOMIOHEHT.
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Investigation of metal—GaAs structures
exposed to beam treaiments

J.Breza*, K.A Ismailov**, R.V Konakova***, J Liday*,
V.G Lyapin*** V.V Milenin*** A A Naumovets***,
LV Prokopenko*** V A Statov** and Yu. A Tkhorik***

*Slovak Technical University, 3 Ilkovicova, 81219 Bratislava, Slovakia
**Karakalpak University, 1 Universitet koshesi, 742012 Nukus, Uzbekistan

***Institute of Semiconductor Physics, National Academy of Sciences of
Ukraine, 45 Nauki Ave., 252650 Kiev, Ukraine

The effect of electron beam and $°Co 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 @p, ideality parameter n, minority carriers effective lifetime 7, and reverse current I, were
measured as functions of the adsorbed dose. It was shown that both geam treatments may consider-
ably improve these characteristics. Interdiffusion in contacts and charge in sample deformation under

y-irradiation were studied also.

JlocTinxKeHo BIUMB eleKTpOHHO-IpoMeHeBoro Ta 90Co y-onpoMiHIOBaHHS Ha BIIACTHBOCTI KOHTAKTIB
[Iortki Meran (Au, Cr, Mo, Pt, Sn, Ti, W) — GaAs. OrpuMaHO [030Bi 3aJIeXXHOCTi TAKHX €eKTpO-
Gi3HYHHX XapaKTEPUCTHK sK BHCOTa Gap’epy g, NapaMerp imealbHOCTi n, eeKTHBHHH uyac XHTTH
HEOCHOBHHX HOCIIB T, Ta 3BOPOTHHH CTPYM /. Ilokasano, o o6u/Ba THIH OGPOGKH MOXYTh CIPHUHHATH
ICTOTHE NOKPAILEHHS LMX XapakKTepHUCTHK. JIOCIKEHO TaKOX B3aeMOMHOY3II0 y KOHTAaKTax i 3MiHy

nedopmautii 3paskiB NpH y-OMPOMIHIOBaHHI.

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 ¢p,
1deality parameter n, avalanche breakdown volt-
age I'p, minority carriers effective lifetime T, Te-
verse current /p) may be changed by various
treatments, including the beam ones.

It 1s well known that ionizing radiation is a
universal tool to modify physico-chemical state of
matter. In spatially nonuniform metal - semicon-
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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 103 Pa) by

Functional materials, 2, 2, 1995
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Fig.1. Barrier height @z (dashed lines) and ideality parameter n (full lines) as functions of absorbed electron beam

(@) and y-irradiation (b) dose.

sputtering the electron-beam evaporated metal
onto the (100) surface of n-GaAs films (the ma-
jority varriers concentration n = 1016-10'7 cm3).
The films were grown by vapor-phase epitaxy on
a highly-doped n-GaAs substrate (n=10'8 cm™3).
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/em?) or to %9Co
y-irradiation (dose range 103 to 106 Gy, dose rate
3 Gyfs). Electrophysical parameters of both the
Me—GaAs interfaces and GaAs near-the-bound-
ary regions were studied by taking /-7 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-
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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-
jed 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 ¢ 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 T, versus
absorbed dose curves are shown in Fig.f. While
all these parameters change non-monotonously
with the absorbed dose, the 7, changes are far
beyond those of both ¢g and B. (The reverse cur-
rent I, being inversely proportional to t,, also
changes drastically with the absorbed dose.) Sincc
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Fig.2. Minority carriers effective lifetime 1_ as a function of absorbed electron beam (a) and y-irradiation (&) dose.

P

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 [ and increasing minor-
ity carriers effective lifetime t,. 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-
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Table 1. Transition layer width (nm) for some Schot-
tky contacts before and after y-irradiation.

Component Before Absorbed dose, Gy
y-irradiation 10° 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-

Functional materials, 2, 2, 1995
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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 foliowing expression
may be used for particle flow density in the het-
erosystems studied [7]:

(dN _KPQydN . gE] (D)
= D{dx+kBTNdx—NkBT}

Here D is diffusion coefficient (under irradiation
its value may differ condiderebly from that for
the ordinary thermal diffusion); N, Q and g are,
respectively, concentration, atomic (ionic) vol-
ume and charge of diffusing particles; K is bulk
modulus; p is coefficient of the host lattice expan-
sion due to penetration of diffusing particles; E is
electric field strenght; T is temperature and kp 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
B < 0 aud 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

Functional materials, 2, 2, 1995

Table 2. Inverse curvatures and elastic bending de-
formations &, of the samples before (left subco-
lumns) and after (right subcolumns) y-irrradiation
(absorbed dose 10° Gy).

"Heterosystem R,m £px 105
Au-Ti-GaAs 11.4 17 3 2.06
Mo—-GaAs 10.3 ) 15 0
Pt-GaAs 15.9 258 0.95 0.58
W-GaAs 414 ) 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 €5 — 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 + ngGaAs —
—> nMe,Gag + gMeAsy,

failed and the irradiation doses used had no pro-
nounced effect on the rate of intermetallic phase
formation. In other cases (¢.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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Hccaenoanue ctpyktyp Me—GaAs,
MOJABEPrHYTHIX JIy4eBbIM 00padoTKaM

IO.Bpesa, K.A.Hcwmaiinos, P.B.Konakosa, 1.JTunau, B.B.Munenus,
' A.A.Haymosen, U.B.ITpokonenko, B.A.Cratos, I0.A.Txopuk

HccnenoBaHo BIMAHHE 971eKTPOHHO-TyueBoro H 80Co y-o6myyuenns Ha ceoiictsa konTakTon IloTTicu
meramn (Au, Cr, Mo, Pt, Sn, Ti, W) — GaAs. Haiineubl H030Bble 3aBHCHMOCTH TaKHX IEKTPO-
(H3HYECKHX XapaKTEPHCTHK KaK BbIcOTa Gapbepa (g, NapaMmerp HAEANbHOCTH 2, 3bBeKTHBHOE BpeMs
XKH3HH HEOCHOBHBIX HOCHTesIeH T, H obpatublit Tox [. IlokazaHo, 4To 06a THNa o6pabOTKH MOrYT
TIPHBOJIHTD K CYIIECTBEHHOMY YJIYYLICHHIO 9THX XapaKTepHCTHK. MccenoBansl Takke B3auMoanddysus
B KOHTAKTaxX H U3MeHeHHe AepopMalHH o6pa3LoB NpH y-00IyYeHHk.
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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 jon bombardment surface of Cu and Al. The optical constants
of pure metal and transitional surface layers are obtained which allowed to find some featurcs 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 Brillouin

zone for Al.

TIpOBE/IEHO CHEKTPOEINCOMETPUYHE JOCII[UKEHHS] i3 3acTOCYBaHHAM SIK 3BHYaiHOI, TaK i HOJSIPH-
TOHHOI 6araToKyTOBOI CIIEKTPOEiICOMETPii OKHCIIEHHX Ta ionHo-6omBaprosannx nosepxonn Ali Cu.
OpiepXaHO ONTHYHI CTajli YHCTOrO MeTany Ta MepexiIHOTrO MOBEPXHEBOTO apy, O J03BOJHIO
BHSIBUTH psil OCOBJIMBOCTEH eNeKTPOHHOI CTPYKTYPH OCIIKEHHX 3Pa3KiB, a TaKOX CKJIaJl MOBEpX-
HeBOTO LIapy. Brieplie BAanOCs eKCIEPUMEHTAILHO BUSBUTH (BA THITH MiX30HHHX NepexoiB nobausy

W Ta K Touok 30uu Bpiwmoera s 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, ctc. 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 simultancous 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

Functional materials, 2, 2, 1995

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.c.
refraction and absorption indices of metal n and
%, those for the surface layer n; and 7, and cffec-
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 ncar 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 d, between the glass prism and
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Fig.1.

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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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 o 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 S 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 n; and absorption
% indices on the light wavelength A for the transi-
tonal surface layer on Al with the thickness
d=4 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 y, and, finally, absolute value
of the refraction index n, give evidence to the fact
that the transitional layer consists mainly of
Al,O3 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 bomb ardment and con-
sideration of this layer in calculations according
to the method [1] from the results of the measure-

Functional materials, 2, 2, 1995

6 -107s”
12 |-
08
— 3
04 | V4
— 1
] i
400 800 A ,nm
Fig.4.

ments with several incidence angles at both ordi-
nary and polaritonic spectroellipsometry.

Spectral dependences of optical conduction ¢
on the wavelength A 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 & 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 cach 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 %, 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 coeflicicnt
y, 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 Cu,0,
CuO in different concentrations and under some
conditions — into that of Cu,0, CuO and Cu. For

289




V.A4.Bolottsev et al. / Optical properties of copper...

A, nm

500 700
Fig.s.

all cases mentioned, measured were spectral de-
pendences of the refraction n, and absorption %1
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 CuyOin
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 Cu,O 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 7y,
(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 Cu,0 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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OnTuyeckue CBONCTBA MeH H ATIOMHHHSA, NOJTyYeHHbIE
C Y4€TOM IOBEPXHOCTHOIO CJIOS METOAOM OOBIYHOM U
NOJIIPUTOHHOM CIIEKTPOIITHIICOMET UM

B.A.Bonotues, JI.KO.MenbHu4eHKoO, B.JO.ITacvko, U.A.lllajikeBry

IIpoBeneHs! ClieKTPOIILTHIICOMETPHYECKHE UCCIIENOBAHHS ¢ IPHMEHEHHEM KaK OGbIYHOH, TaK H MOJIs-
PHTOHHOH MHOTOYTJIOBO# CIIEKTPOILIUIICOMETPHH OKHCIIEHHDIX H HOHHO-GoMbapIHPOBaHHBIX MOBEPX-
Hocreit Al u Cu. TlonmyueHb! onTHYeCKHE MOCTOSHHbIE YHCTOTO METAIIA H MEPEXOJHBIX MOBEPXHOCTHBIX
CHIOEB, HTO NMO3BOJIMIIO BLIIBHTH PSIl OCOBEHHOCTEH 37EKTPOHHOMN CIPYKTYpbl HCCTETYeMbIX OGPA3LIOR, a
TaKke cocTaBa MOBEPXHOCTHOTO cnost. Briepsele skcnephMeHTambHO ynanoch oGHApYKHTH IBa THRA
MEX3OHHBIX nepexofoB BOmu3u Touek W u K 30ub1 Bpuimosna s 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 G2 used in electrophotography are obtained. The maximum space charge density
is 3-107% Q/cm? at 0.1 cm distance from electrode. The negative ions mobility is 2:10~* cm?/V-sec.

OnucaHo exClIepHMEHTANBHUN METOJ BHMIpIOBAHHS PO3MOALTY I'YCTHHH MPOCTOPOBOTO 3apaily

NOABiHHOrO 1Iapy NOBIH3Y MexXi PO3RINY MeTall — PiftkHil AieNeKTPHK. Merop 6a3yeTbcs Ha BUMIpIO-

< BaHHi NepeXigHOTO CTPYMY Bifpa3sy Hicis NpPHKIaJCHHS 30BHILIHBOTO TPAHCIOPTHOTO NOJSA i
[IpHITYCKaE HASBHICTb HOCIIB OZHOTO 3HAKY Ta BilCyTHICTh iHXeKLli1 3 eekTpoZiiB. 3MiHa Yyacy BUTPHM-
KH PiIIKOTO JieleKTpHKa ¥ KOPOTKO3aMKHYTOMY CTaHI NepeJi MPHKIaIeHHIM 30BHILLIHBOTO MOJIS 1€
MOXJIMBICTh PO3PAXyBaTH JHHAMIKY PO3IMOJIIY IPOCTOPOBOrO 3apsay. OfiepXaHo eKCriepHMEHTAIbHI
3aJIekHOCE g piguHH JK2, 110 BHKOPHCTOBYETHCH B enexrpodoTorpadii. MakcumaipbHa rycTHHa
MPOCTOPOBOTO 3apany 310~ Ki/om3 ua Bigcrani 0.1 oM BiJl MeTasieBoro enekTpoly. PyxoMicTsb Bix'eM-

HOTO iOHHOTO 3apsiAy ckIafae 2-10~4 cm?/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

Functional materials, 2, 2, 1995

shown in Fig.1. 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:

Ja, h=p-plx, H-E@x -

n. op(x, . OE(x, ) (1
D o +ggg o )

where g, is the electrical constant, £ - permittivity
of the liquid, D — diffusion coefficient of the
charge carriers, p — their mobility, p(x.r) and
E(x,1) are the space charge density and electrical
field strength at a distance x from the measuring
electrode at the instant ¢.

Integrating eqn.(1) 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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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,

L
é-J(t)=u-jp(x,t)-E(x,t)-dx— )
0

L L
P 0
_D.B;_([P(x, t) ‘dx+8€0'5£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 cm?/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:

L
J(O) = EZ‘S [ ot - EGe, 1) - ax 3)
0

When the field of volume charge is much less than
the external transport field, E(x,f) 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
d,. . SpEd el
S0 = dt{p(x,r) d|=

_SHE ax @
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Fig.2. Space charge distribution in the dielectric liq-
uid calculated from the data of Fig.1 with the use of

eqn.(5).

12 x.cm

L d )
L t=—=—2 jp).
L 0= 0

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:

0=-[Jo-dr. ®)
0
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:

L
E E
Jigy == s[pw ar=H70. ()
0

One can calculate from this equation the mobility
of ions which form at the charged double layer:
L J(tp)
T E-Q° ®)
For the dielectric liquid under investigation, the

mobility was 1.95-10-% cm?/Vs. A knowledge of p
makes it possible to calculate, with the use of

Functional materials, 2, 2, 1995
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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 ¢ with the velocity p - E
are plotted as abscissas (Fig.2) in place of time
1. 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-

ers, the greater the function p(x,7) changes its
shape as compared with the initial one. Thus,
the space charge arrived from the opposite clec-
trode undergoes more changes.
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JIMHAMHKA aKKYMYJIMPOBaHUA 00beMHOr0 3apsiia y NOBEPXHOCTH
pasaesia KUAKKi THITeKTPUK — MeTaJL

C.5.111leBuenko

OnHcaH 3KCIEPUMEHTANbHbIIE METOJ, H3MEPEeHHs pacrpefieleHHs MIOTHOCTH NPOCTPaHCTBEHHOIO
3apsga ABOMHOIO CNOS BOJM3H IPaHMLbI pasjiena MeTall — KHIKHH JHJCKTPHK. Meron ocHoBaH Ha
H3MEpEHUH MEepeXOoHOro TOKa cpasy I0cie MPUIOXKEHHs BHEUIHEro TPAHCMOPTHOTO MO U MpPeArno-
naraeT HANMYMe HOCUTeNeH OJHOTO 3HaKa M OTCYTCTBHE MHXKEKLHHM M3 3JIeKTpoNoB. H3MeHss BpeMs
BbIAEPKKH KHIKOrO JUAIEKTPHKA B KOPOTKO3AMKHYTOM COCTOSHHH MeEpel MpHJIOXKEHHEM BHEIIHEro
110119, YI2eTcs PACCYHTATh UHAMHKY Pacrpe/ieNieHHs MpOCTpaHcTBeHHOTo 3apsifa. HonyueHsl skcnepu-
MEHTATbHbIE 3aBUCHMOCTH Ul XHAKocTH JK2, mpumeHsieMoii B snextpodororpaduu. MakcumansHas
MJIOTHOCTh NPOCTPAHCTBEHHOIrO 3apsia 3.107° Kn/em? na paccrossuu 0.1 cM OT MeTalIM4€CKOro
3nexTpoaa. [I0BHXHOCTb OTPHLATENBHOTO HOHHOTO 3aps/ia COCTaBIISeT 2:10~% cM?%/B-c.
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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 (1x1) 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.

MonexysapHo-op6iTanbhuit miaxin 3acrocoBano Ao dochopy Ha penakcoBadiit (Ix1) mopepxHi
(111) anmasy. O6uuciego XBHILOBI GYHKUIl 71 PisHHX BEMHYHH penakcallii Ta NPOBEJEHO MOpiB-
HsHHs 3 EIP nanumu. PesynbTaT 1O3BOJSIOTH 3pOGHMTH BHCHOBOK, IO MapaMarriTHuil hochop y
ajMasi € IpYTHM HaHOIMHKYHM CYCiIOM BaKaHTHOTO By3Jia TPATKH.

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,
A4=20.840.2 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 sp3-hybridized orbitals
constructed of the 2s and 2p atomic wave functions of
carbon and 3s atomic wave functions of phosphor.
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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) (Ix1) 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) (1x1)
surface of diamond.

npm) o? p* 4 (Gs) | 4, (Gs)
0.00 0018 | 0.141 937 50.1
4.62 0015 | 0.138 83.1 40.5
18.52 0.008 | 0.124 54.7 16.3
Experiment | 0.006 | 0.012 232 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 ¢V 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:

3 ) 3 5
d B =) (B):
an 2(b

O=a¥y+Y By ¥3p,
k=1

The values A" = 3846 Gs and 4| = 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 A, (Gs) |4, (Gs)
V+27C+P | (1,1,1) | 0.116 | 0.570 | 538 362
V+27C+P | (2,2,0) | 0.005 | 0.021 | 242 17.7
V+27C+P | (3,1,1) | 0.000 | 0.014 2.9 -1.5

Phospor| o2 p?

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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Moneauposanue ¢ocdopa na aamasHoii (111) (1x1)
NOBEPXHOCTH U €ro CBepXTOHKas CTPYKTypa

H.B.Toxkuii, M.B.I'pe6eniok, B.B.Tokuii

MosieKy1spHO-0op6HTATb B! NoAxo/ NpuMensiercs k Gocdopy Ha penakcHpoBaHHO#H (1 x1) nmoBepx-
HocTH (111) anmasa. BeluHCiIeHbl BOJHOBbIE GYHKUMH VISl PAa3THUHbIX BEJIHYHH peakcalui H npoBe/e-
Ho cpaBHeHHe ¢ DITP naHHbIMHU: Pe3ylibTaTel HO3BOISIOT CAIE/IaTh BbIBOA, YTO NMapaM arHuTHbIA docdop B
anMase SIBJISeTCs BTOPbIM GIIHXKaHIINM COCEIOM BAKAHTHOTO y3/1a PEIIETKH.
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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.

Bupueno 38’30k Mix Mopdoiorielo i cTaGUIBHICTIO 3apsay B HEMOJISPHUX MOTIMEPHUX elexTperax.
ITokazaHo, 1O i30MeTpHYHE HArpiBaHHA NPHBOOUTH AO 3MiHH HAMOJIEKYJISAPHOI CTPYKTYPH IOJiMepa,
ocobmBo iHoro xpHcraniyHocti. [IpH BUMIpIOBaHHSIX BHKODHCTOBYBAJIACHh OPHIIHANBHA METOAMKA, 1O
6a3yerbest Ha opHOWACHIH peecTpallii TepMOYCaJKOBHX HaNpyr i peyiakcailii [IOBEPXHEBOTO MOTEHLIANY.
PesynbraTtH JOCHIIKEHb MAIOTh MOXIHMBICTh BH3HAYHTH PEXHMH i30MeTpH4HOI TepMOOGPOOKH MOJIi-
MEpPHHX IU1iBOK MPH NPOMHCIOBOMY BHPOGHHIITBI MOMIMEPHUX ILTBKOBHX €/IEKTPETIB.

the grid and the dielectric surface — 3 mm. The
sample holder potential was 300 V.

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-

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
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The curves of isometric heating (CIH) and ther-
mally stimulated relaxation of the surface potential
(TSRSP) for the PTFE, FEP-Teflon and PP sam-
ples are shown on Fig.1, 2 and 3, respectively.

Surface

potential, V o, MPa

-300

-200

-100

L Tm
0
300 400 500 T.K

Fig.1. CIH (4) and the TSRSP (1,2,3) curves for
uniaxial oriented PTFE films.
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Surface
potential, V o, MPa
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0
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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-
tancously. After first cycle TSRSP up to 7 <7,
(curve 1), there is almost no increase of charge
thermostability in the second cycle (curve 2).

If the heating in the first cycle reaches 7 > T,
(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-

Functional materials, 2, 2, 1995
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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}.

References

1. F.Decandia, R.Russo, A Peterlin, J.Polym. Sci.:
Polum. Phys.Ed., 20, U75 (1982).

2. J N Rozhkov, Thesis Pedagogical Univ., Leningrad
(1990).

297




V.G. Boitsov et al. / Mechanical stresses...

Mexannueckne HanpsiKeHUsl H CTA0KILHOCTD 3aps/ia B
HeNoJISIPHBIX MOJHUMEPHBIX JIEKTPeTax

B.I".boiinos, A.A.Priukos, U.H.PoxkoB

Hzyuena cBasb Mexy Mopgonorueii 1 cTabHIbHOCTBIO 3apsia B HEMOMNSPHBIX MOTHMEPHBIX 3JIEK-
Tperax. ITokasaHo, YTO H30OMETPHYECKOE HarpeBaHHe NPHBOMMT K H3MEHEHHIO CBEPXMOJNEKYISIPHOMN
CTPYKTYpBI MOJIMMEPA, B OCOGEHHOCTH ero KPHCTaIHYHOCTH. [IpH H3MEpEHHSX HCHONb30Balach
OpHIHHAbHAA METOJMKA, OCHOBaHHAs Ha OJHOBPEMEHHOH perHcTpalHH TepMOYCaHOYHbIX Hanps-
XeHHil H pelakcallii IOBEPXHOCTHOTO [IOTeHUHaNa. Pe3yabTaThl HCCIENOBAHMI JAIOT BO3BMOXHOCT
OINPEENHTL PEXHUMBbI H3OMETPHYECKOH TepMOO6PabOTKH MOJHMEPHBIX IJIEHOK [PH IIPOMBbIIIIEHHOM
MPOU3BOACTBE NOTHMEPHBIX MIEHOUHbBIX 3/1EKTPETOB.
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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;
o cesium iodide doped with cesium carbonate;

e potassium chloride;

e potassium bromide; .

« combined potassium chloride and bromide single crystals.
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