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Abstract: A modified Green’s function theory with pseudo vibration theory of fer-
roelectrics has been applied to deuterated triglycine sulphate crystal to predict the applicati-
ons of the ferroelectric crystal in computing technology.
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1. INTRODUCTION

Ferroelectrics is a special class of condensed
matter physics which has a broad application in dif-
ferent technologies such as computing, sensor,
display, thermal image technology etc. In computing
technology, it has an important role in memory devi-
ce and quantum capacitor etc. Due to switching pro-
cess and other physical constants of crystal-like local
mode frequency, electric polarisation, micro wave
absorption, quality factor, acoustic mode frequency,
relaxation time, electric resistivity, differentiability,
IR sensitivity etc., these properties may be used
directly or indirectly in computing technology. The
first mention of the idea of ferroelectrics FETs was
in US patent of Ross (1957) and the first realization
was by Moll and Tarui (1963) while the first attempt
to fabricate one ferroelectric on silicon was by Wu
(1974). Early ferroelectrics FETs utilized gate of the
lithium niobate (Rice University; Rabson et al 1995)
or BaMgF, (Westinghouse, Sinharoy et al
1991,92,93). An example of ferroelectrics FET devi-
ce was fabricated by Mathews et al (1997). The
optimum parameters for such a ferroelectrics-gate
material are extremely different from those for pass-
gate-switched capacitor arrays, in particular, the
latter require a remanent polarisation (~ 10 pC/cm?),
whereas the ferroelectric-gated FETs can function
well with 50 times less ¢0.2 nC/cm?). However, the
switching array (FRAMs) is very tolerant of surface
traps in the ferroelectric (which may be 10*° cm™) in
the interface region near electrodes.

1.1. Crystal Study

Triglycine Sulphate (TGS) Crystal was a first
crystal to be discovered of all (NH,CH,COOH);
H,SO, type crystals in 1956 by Matthias et al [1].
TGS crystal exhibits a phase transition at 49° C from
ferroelectric phase to paraelectric phase which
means polar to non-polar form. Triglycine Sulphate
(TGS) crystal is a monoclinic type crystal with space
group points 2m and 2 which disappears after phase
transition. In Triglycine Sulphate (TGS) crystal,
there are three different glycine ions with plane mir-
ror symmetry. This plane mirror symmetry produces
a double potential well barrier in the crystal and this
potential barrier condition is solved by quantum
mechanics. Thus we came to know about pseudo
spin character of proton between two adjacent poten-
tial wells. Some authors have previously carried out
study of ferroelectric Triglycine sulphate crystal [2—
4]. Tts deuterated form is deuterated triglycine sulp-
hate crystal whose phase transition is 333.89 K
while other behaviour in terms of physics is similar.
Crystal growths and its characteristics with doped
condition were studied by Batra et al [5S]. DTGS is a
successful high sensitive detector type used as infra-
red spectrometers which is used to take measure-
ments in the mid-infrared (mid IR) range. Domain
structure of DTGS crystal has been investigated by
Drozhdin et al [6]. J. Bjorkstam et al [7] have shown
a phase transition in deuterated triglycine sulphate
crystal by deuteron nuclear-magnetic-resonance
method. Ferroelectric properties of different solid
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solution of DTGS crystal with different concentra-
tion were studied by B. Brezina et al [8]. Optical
properties of deuterated triglycine sulphate have

been investigated by O. S. Kushnir et al [9]. Dielec-
tric properties of DTGS were proposed by A. Cam-
nasio and J. A. Gonzalo et al [10].

GII

or symmetry in triglycine sulphate crystal which

develop a double potential well barrier in the crystal lattices which trapped a hydrogen bond in its either well.
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Figure 2. Anharmonic interaction between different lattices of hydrogen bonded ferroelectric crystals.

We know about domain structure of ferroelec-
tric crystal which may be helpful in memory device.
The domain of the crystal is uniaxial, optically
distinguished, safe reversible field domain, and the
convenient temperature region make it suitable for
non-volatile memory device. We have determined
that quasi-stable spike-like domains structure in
external electric field domain change into regular
hexagons domain well are parallel to the facets pul-
led along the polar axis. The field dependent
sideways motion or velocity of these domains is
approximately or parallel to the crystal facets. We
use this condition in our paper to make a good non-
volatile memory structure of crystals and this is pos-
sible by one method only, which is real time regi-
stration of domain pattern during switching by using
electron or optical microscopy. This can be done by
measuring the transient current. For memory devices
crystal film should be prepared for which polarisa-
tion should be any stable thermo-dynamical condi-
tion.

It should allow switching between two states
with a character of hysteresis loop. So on the bases
of these properties of crystals we can form a ferroe-
lectric capacitor which can store information. This is
not sufficient for making a non-volatile computer
memory.

A pass-gate transistor is required so that a vol-
tage above the coercive voltage is only applied to the
capacitor when voltage is applied to both of the
word and bit line; how electronics information can
be stored in electric polarisation state of ferroelectric
materials is a fairly obvious issue, however the reali-
zation is not straight forward; the initial barrier in
development of ferroelectric memory necessary to
make them very thin because the coercive voltage of
ferroelectric materials are typically of the order of
several kV/cm requiring submicron thick film to
make that work on the voltage scale required for
computing ( all Si device work at <5 V) with today
depositions techniques. This is no longer a problem
and high density arrays of non-volatile ferroelectrics
memories are commercially available. However
reliability remains an issue, a ferroelectric capacitor
while capable of storing information is not computa-
tional electronic structure theory has increase
dramatically giving us new understanding of
ferroelectricity. If the capacitor being read is in
different state, the difference in current will be quite
large where the displacement current associated with
for the differences. If capacitor does not switch, it is
already in reference state. The difference in current
capacitor being read and reference Capacitor is zero.
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2. CRYSTAL THEORY
2.1. Inhomogeneous Theory

We consider the Inhomogeneous solution for
crystal of hydrogen bonded crystal

G, =1)= <<Sfl.(t); Sfj(t')>>
- —i¢9(t—t’)<[Slzl.(t); Slzj(t’)]>’ (1

where n= ﬂ:l, [SZU, SZU] n= SZ“Sle_n Szll‘SZU], 0
(H)=1fort>0,and 0 (r)=0, for £<0.

Angular bracket <-----> denotes ensemble
average over a grand canonical ensemble. It follows
from the definition that the Green’s functions so
defined are a function of #¢’ only. The Fourier-
transformed Green’s function is defined by

Gi(t-1') =<< §%; | S>> :% TGij (t)e™dt
” —00
This Green’s function satisfies the equation of
motion

1

z z — z z z z z
O<< S8 >>, “Ih < [S“,SUL>+ << [S”,SU]SU >>

thus

involves and in-homogenous terms and higher-order
Green’s function. One of the problems of this met-
hod is to decouple the higher-order Green’s function
and o choose appropriate Green’s function so that a
closed system of equation is obtained.

In addition we have shown that the poles of
the Green function correspond to the energies of the
elementary excitation of the system. The average
value of the product of two operators can be calcula-
ted from the formula.

The equation for <<S§.,S/ >>

®°

z s|oz
Sl/‘ >> e — << S} Sl/ >>, . )do

. - 1 . -

<8587 >=lim [, —m——i(<< S}
10 (e —77)

The parameter | may be arbitrarily chosen as

+1 or -1. If S7 and S|, are bose operators, 1 is

generally chosen as +1 and if they are Fermi opera-
tors, n is chosen to be -1. Sometimes, however, the
reverse choice becomes necessary. In the problem of
DTGS (Deuterated triglycine Sulphate) crystal,
where one deals with spin operators, it would be
convenient to chose 1 = +. However, it turns out that
Green’s function for system has a zero frequency
pole. Under these consideration, in the calculation
for which n = +1, it cannot be used. Since the inte-
gral becomes divergent (efforts to circumvent this
problem by the addition of vanishingly small pertur-
bation terms were unsuccessful) on therefore has to
resort to fermion Green’s function i.e. with n = -1,
to treat the pseudo spin problem.

0<<S, ‘S‘; >>=<8§,8; +6,(1-25,5,)>-2Q<<S; ‘S‘; >>

5; >>)

g~m

+%2ng << (SS?

- 1 + Qo+
Sp)>> +52J1g << (S, S;
!

2<8:5° >

0 <<S;|S; >>= 178 Tr0 << SF
g 21_[ g

Sy >> —%ZJW << S;S:,‘S; >>

—lZJlg <<S/S,|s; >>
25
(1-6,)(5,5,)

w<< St
« 211

S, >>= -Q<< Séf

The above equation can be closed by decoupling the
higher order Green’s functions. The two decoupling
procedure.

In decoupling of pseudospin, one assumes that

+Qz - _ g + -
<<S, S, (8, >>=< 8, ><< S5, (S, >

z Qo+
<< S/S,

- _ z +
S, >>=<§] ><< 8,

S; >>
Introduce the notation
= < = < QP =
x=<§>=<§> n=<5>, JO:ZJU_
J

Then the above equation of decoupling beco-
mes as, if f=g

wo-Jyn 0 20 Y << +H->> 1
0 o+Jon —2Q| <<—|->> Lo
Q -0 o \<<z->> o
where <<+ | ->> << - | ->> <<z | - >> are aberra-
tion of notation for << §7(§ >> etc.

The secular determinant for the system is
given by
A=a(0’ - ;)
where,
1
o, =[((Jm)* + (20" @)
From the above mentioned equation
<< H->>= (%)[a)(a)+ J,n)—2Q%]

spontaneous polarization in deuterated triglycine
Sulphate crystal is
P=2N,<s>

In two dimensional form of pseudospin in z-
directional sum is not zero before T (Curie tempera-
ture, 7' < T¢):
S”+8”#0and "+ S/,
but after Curie temperature (7 > T¢) total spontane-
ous polarization becomes zero:
S+ 87=0.

Especially for DTGS crystal (ferroelectric)
both spins become zero.
S =87=0,
For Deuterated triglycine sulphate crystal (ferroelec-
tric crystal) at phase transition, while SZ: 874> 0;

S/’ >> 40 << Sg’ S; >>
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but Py — 0 not exactly zero (for second order phase
transition).

<8 >=gtanh(@
Q 2
<87 >=0
z ! z 3 Y
S >e Jy<S >+~J0 <S> )tanh(@)
2Q 2

Differentiated twice GF(2) first with respect
to time (¢) and then with respect to time (#') using
model Hamiltonian (Eq.1) taking Fourier trans-
formation and setting it into Dyson's equation from

G,(w)= G)(0)+ G} (0)P(0)G} (w) (3)

i
where

0 Q<S‘:> ‘/ 4
Gylw)= m )

Qs;)

G,(@)= (o — 40" - P(0)) ©)

and N

P(0) = P(0) + P(o), (6)
P(w __m (0.6 7 ) e, @)
P(w) Q<S”“>2 (F":s5,")
Blwy=—"_lF.F (8)
@ Q2<S1f>2 << />>

The second term of Eq. (6) contains higher
order Green's functions which are decoupled by
using scheme <abcd> = <ab><cd> + <ac><bd>
+ <ad><bc>. Then simpler inhomogeneous functi-
ons are solved in the zero™ order approximation i.e.
higher order terms are neglected from P(®)type

terms. In Eq.(8)13(a)) is resolved into its real and

imaginary parts using formula
lim_ 1 _ (l]iim?(x)- The real part is known as
" x+im \x
shift A(w) and the imaginary part is called
width['(w) .
These are obtained as follows.
Spin shift is
4 2.2
SO ] o
B ©)]
VIN,a 4’ E*a’
+ ~
20w &) 200w )
( ) ZVIA <S11>a)k (a)Z _5)/(2) (10)
A, P

[GEIE 4wzr;(w)}

Spinwidthis
Ne)= o=l -28)-s0+a)

(11)

2 [S0-8)-(0+8)]

400
N 6)ofo]
272 2 _ -
+%[§(&1—Q)— Slo+a))
Spin Phonon width is

(0)- wisHelo? - 52)

[(wz - a)k)z +40.T; (a))}

In Eq.(10) and (12) g)k is renormalized phonon

(12)

frequency and I',(w) is phonon width in the
Green's function G,.(t—1') =<< 4, (); 4, (¢') >>

which are obtained as

Gl.j.(a))= wk5kk'

ﬂ[a)2 &} 20, {A, (0)+ iF(a))]
k(w)’
Phonon shift is given as
A (0)=ReP (0)=18P 3 [ (k,.ky—k) | x
k2

w,,
k1%%k2 \
X== (nk1+nk2/ > [~ - 1
Wy Wy @ _(a’m +a)k2)

5kl + a~)k2
+ (nkz - nkl ) 2 ~ ~ 2 +
- (a)kl + @O, )

(13)

@ =@} +2w,A (14.1)

W + Oy

+

+48P 3 1O (ke — ) | 2P

Ky

(14.2)
O, Oy, D5

a)k + @, + 0,

(1+n n_+n.n_+n_n )
ey Iy Ty k't ) >
{ ] — (@, + @, +@;3)°

3(1 a)k‘ + @, + Oy
+3\U=nyn, +n,n, —n, n f—

- (51(, + 5@ + 5ks)z
And, phonon width is given as
F(@)=1mP (@) =97 % [ (k. ky—h)f %

-0 (a) -, — @y, )+ (higher terms)

+(nk2 -n, l&(aw&kl +5,€2)—5(a)+5k +@, )}

487 S ‘V(4) Kok ks =k 12 w;ﬁ?kz?l\‘ (14.3)
kg O, @, O,

+X{(l+nk‘nk2 +ny ng +nk;nk4)+

+Xslo+a, +3, +a, )-5(w-6, -6, -&,)]+

+3(nklnk2 +ny —nk‘nk4)+ S(nklnk2 +n _”k3”k4)+

+X[§(a)+5kl - @, —5,(3)— S(w-d, +a, +a,)] }
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o =@} + A7), (14.4)
The Green' function (2) finally becomes

Q(S;))s,

G ()= 7z(a)2 -0 - P(a))) (1)
0 =02+204 (o), (16)
02 =0 1204 (o), (17)

(18)

0 =407 + Q<;x><[F,sU? :
1i

In Eq.(18) second term is evaluated using
mean field approximation i.e.

(si) (s5) 1 )
AT X2 tanh g (19)
a b 20 anh / 2
which gives
Q*=a’+b* +bc (20)
where
a=2J(S;)+K(S;)+2uE (21
b=2Q;
and
c=2J (S7)+K(Sy) (22)
Solving,Eq.(16)
~ = ~ =\ %
02 = %(55 + QZJ + ;Ka,f - Qz) + 8V£<S§>Q} (23)
7= n (24)
‘ -1 773
2k, tanh [4(22]* ]
where
n* =(2J -K) o? +4Q* + QuE)* (25)
and
2 w?
(J+K)*=(2J + K)+ =2k (26)

~4 2
o, +4o,17;
J*is renormalized exchange interaction constant.

2.2. Crystal energy

Hamiltonian of hydrogen bonded ferroelectric
crystal can be calculated by pseudo vibration [11—
17] and Ising spin [16] model with Inhomogeneous
function theory of ferroelectrics extended with third
and fourth order phonon anharmonic interaction
terms and electric field terms

H=-2055; +5;)-3 s 15;5;)+ (5353
% K (53852455, +55)+

1 o+ o+
+21 %wk(AkAk +BkBk)

—Z ViSid — X ViSydi + @27

kk)AAA

O
+ SV,
1’72773 k1 k2 k3

kikaks

(4)( )
w3V Nk kyky ) 4, 4 A A,
kel 125
Where, in Eq.(27) above Q is proton tunnel-
ling frequency, S° and S* are components of pseudo-
spin variable J; is interaction between the same
lattices and Kj; is interaction between different latti-

ces. M is dipole moment of O—H-O bond, £ is

external electric field, V' is spin lattice interaction
and A, and By, are position and momentum operators
@, 1s harmonic phonon frequency V¥ and V¥ are

third and fourth order atomic force constant'”.
2.3. Dielectric Constant

The response of a dielectric crystal to the
external electric field is expressed dielectric
susceptibility y given as

2(0)= =327 G, (0 + iX) (28)
The ;((a)) is related to dielectric constant as
e=1+4ny (29)
With the help of Eq.(25) and (26) one obtains
the expression for dielectric constant as
(s7)0

e(0)=(-87Nu*) (30)

[(a)z —0rf 4 4er2}
g(a)) >>] in the ferroelectric crystal.

2.4. Microwave Absorption

The power lost in dielectric when exposed to
electromagnetic field is conveniently shown as die-
lectric microwave absorption which is expressed as

i 31)

tand = g—,
£

By using Eq. (30) and (31) we obtain

expression for loss tangent as

tan o = — 2!2)1"(502) (32)
o —Q
2.5. Ultrasonic Reflection
The acoustic attenuation is given as
INo
a= —( ) 33)
1%

where F(a)) is width and v is sound velocity.
2.6. Ratio of Figure of Merits
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We know that dielectric permittivity can be
written as
e=¢&'tig" (34)
where &' is real part of permittivity, £” imaginary
part of permittivity and magnitude of this complex
number will be

e=~Neg?+¢e" (35)
Solve eq.(35) and eq.(31) we have
2
| £
(S [ (R — 36
¢ (1 +tan’ 5) (36)
and
2 2
g tan” o
"= 1/— 37
l+tan’* & @7

in IR detection we can write the figure of merit can
be written as

M =E£
£
High current responsivity
P
M2 = ”
&
And vidicons application
Yol
M, =——
3 \/?

Then relative figure of merits will be

My 7, Ma_ e M &
M, M, Ve M1 g

2.7. Quality-Factor

Q-Factor = 1/tand
where tand = tangent loss.

2.8. Electric Conductivity

o =weE" (38)
where, o = electric conductivity
@ = phonon frequency.
2.9. Relaxation Time (Minimum)
Relaxation time (minimum) is,
~ZEtans)
2
L, SXP
@ (39
2.10. Differentiability
g
SF.==2
e (40)

3. CALCULATION

We have derived different relations for diffe-
rent physical constants used from different literatu-
res as given below in table 1 and table 2.

Table 1. Crystal constants of deuterated triglycine sulphate crystal.

Qem") | Jem™) | K(em™) | Vi (ecm™?)

T, (K) C(K) | p(10"esu) | Zw (cm™)

0.01

470 0 15

333.86 | 4873.16 23 1.92

Table 2. Calculated values of <S>, <S8;>, <8/>, <8,"> for deuterated triglycine sulphate crystal.

T(K) <S> <S,"> <S> <S>
285| 0.0003 —(0.08598 0.0134 —0.0156
2971 0.00051 —0.08596 0.0118 —0.0171
309 | 0.00052 —0.0713 0.0083 —0.0193
321 0.00054 —0.0398 0.0071 —0.0206
333 ] 0.000568 —0.004956 0 0
345| 0.000513 —0.00138 0 0
357 0.000512 —0.0009101 0 0
369 | 0.000511 —0.000601 0 0
381 | 0.000510 —0.000342 0 0
393 | 0.000509 —0.000521 0 0
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4. RESULTS

We have calculated results, which are given in the form of temperature gradient form in Figures 3-15
by using physical constant from table no. 1 and 2.

140 -

120 4
g 100 -
=
=
E 80 - —4—0kV/cm
% 60 - =f=1kV/cm
L)
= =3 kV/cm
£ 40 /
%] =5 kV/cm
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Figure 3. Temperature dependence of soft mode frequency of deuterated triglycine sulphate crystal.
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Figure 4. Temperature and electric field dependence of lattice frequency shifi of deuterated triglycine sulphate crystal.
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Figure 5. Temperature and electric field dependence of lattice frequency width of deuterated triglycine sulphate crystal.
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Figure 6. Temperature and electric field dependence of dielectric constant of deuterated triglycine sulphate crystal.
(matched with experimental result Bye et al [18])
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Figure 7. Temperature and electric field dependence of loss tangent of deuterated triglycine sulphate crystal. (matched
with experimental result of Hills and Ichiki et al [19])
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Figure 8. Temperature and electric field dependence of quality factor of deuterated triglycine sulphate crystal.
(matched with experimental result of Hills and Ichiki et al [19])
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Figure 9. Temperature and electric field dependence of acoustic attenuation of deuterated triglycine sulphate crystal.
(matched with experimental result of Shreekumar et al [20]
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Figure 10. Temperature and electric field dependence of electric conductivity of deuterated triglycine sulphate crystal.
(matched with experimental result of Gaffers et al [21])
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Figure 11. Temperature and electric field dependence of smooth function of deuterated triglycine sulphate crystal.
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Figure 12. Temperature and electric field dependence of relaxation time of deuterated triglycine sulphate crystal

(matched with experimental result of Drozhdin et al [6-9, 21-23]
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Figure 13. Temperature and electric field dependence of ratio of figure of merits (M2/M1) of deuterated triglycine
sulphate crystal. (matched with experimental result of Banan et al [23] and Kushnir et al [9])
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Figure 14. Temperature and electric field dependence of ratio of figure of merits (M3/M2) of deuterated triglycine
sulphate crystal. (matched with experimental result of Banan et al [23] and Kushnir et al [9])
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Figure 15. Temperature and electric field dependence of figure of merits (M3/M1) of deuterated triglycine sulphate
crystal. (matched with experimental result of Banan et al [23] and Kushnir et al [9])

4. DISCUSSION

In this paper we have modified pseudo
vibration theory by adding third and fourth order
phonon anharmonic interaction terms in two sublat-
tice modes for deuterated triglycine sulphate
(DTGS) crystal. Using model values given by Cha-
udhuri et al [14,15], temperature dependence of
shift, width of soft mode frequency, dielectric con-
stant, loss tangent, quality factor, electric
conductivity, smooth function, relaxation time and
ratio of figure of merits have been obtained for deu-
terated triglycine sulphate crystal. Previous resear-
chers [14,15,17] have not considered phonon
anharmonic interactions, or two sublattice model and
even not in a convincing way as they have decou-
pled the correlations at an early stage. As a result,
some important interactions disappeared from their
calculations. The width and shift of the present cal-
culation reduce to the results of Chuoudhari et al.
Previous researchers have not calculated the effect
of electric field on soft mode frequency, dielectric
constant, tangent loss, attenuation, quality factor,
electric conductivity, smooth function, relaxation
time and ratio of figure of merits of the crystal. All
our calculated results are in good agreement with the
experimental data. Thus, the study of deuterated
triglycine sulphate crystal and their isomorphous
forms can also be done in a similar way. The loss
can be explained as the following, “A transverse
radiation field derives the low lying transverse mode
of the material in a forced vibration. Energy is tran-
sferred from the electromagnetic field to this lattice
mode and is then degraded into other vibrational
modes of the material. Due to anharmonic phonon
interactions, decay processes take place, for

example, third order interaction leads to the decay of
a virtual phonon in the real phonons or the virtual
phonon may be destroyed by scattering a thermal
excited phonon”. A ferroelectric field effect transi-
stor in which a ferroelectric is used in place of metal
gate on a field effect transistor would both decrease
the main size of memory cell and provide nano
structure read out; however, no commercial product
has yet been developed as well as the application of
random ferroelectrics memory (FRAMs). Ferroelec-
trics materials have a potential use in dynamics ran-
dom access memory (DPAMs) because of their high
dielectric constant in the vicinity of ferroelectrics
phase transition (Kingon, Maria, and Streiffer 2000).
The leading computing technology in the long term
for non-volatile computer includes FRAMs and
magnetic access memory (MRAM). The main disa-
dvantage of the above mentioned devices are
accompanied by a write operation leading to faster
degradation of the device. As a result much of the
ferroelectric FET research has employed buffer
layers, for example the first BaMnF4 FET made at
symetrix (Scott 1998) used buffer layers for 40 nm
of Si02, subsequently studies often used PZT (Scott
1998). Although the large remanent polarization in
the case ¢40 pC/cm?) is actually undesirable for a
ferroelectrics FET gate. The direct contact of the
ferroelectric on to Si produces a semiconductor jun-
ction that is quite different from the metal-dielectric
interface the Schottky barrier height and for this case
have been calculated by Peacock and Robertson
(2002). It is also observed that stress widens the
domain with compressive stress while a-stress widen
domains with the c-stress the opposite tendency
meanwhile the b-stress effect caused by AFM tip
derive the domain switching towards the polar axis.
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5. CONCLUSION

As conclusion we can say that deuterated
triglycine sulphate crystal is conditionally a
satisfactory crystal for memory devices, display
devices and other pyroelectric devices.
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TOXR

VJIO'A AKYCTUYHUX 1 OIITUYKNX BUBPALIMOHMX MOZIA
Y TEXHOJIOTMJAMA ®EPOEJIEKTPUYHOI" KPUCTAJIA
(KPUCTAJI AEYTEPUCAHOI" TPUI'TIMIH-CYJI®ATA)

Caxerak: MoaugukoBana Teopuja ['puHOBe (yHKIIMje ca TEOPHjOM IceyI0BUOpa-
1uja GepoereKTpUKe IPUMUjehEeHa je Ha KPUCTall IeyTepPUCAHOT TPUNIMIUH-CYIIaTa Kako
6u ce npeaBujee mpuMjeHe GepoeIeKTPHUHOT KPUCTAIa Y KOMILjYTEPCKO] TEXHOIOTH]U.

KibyuHe pujeun: daszuu npujenas, KBAHTHA CTaba, peOalBambe.
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