Condensed Matter Physics, 1999, Vol. 2, No. 4(20), pp. 693-702 CONDENSED
AT rER
PRYSIES

Anisotropy of critical indices of
ferroelectric phase transition in TGS
crystals by the optical interference
investigation

B.V.Andriyevsky, O.Ya.Myshchyshyn, M.O.Romanyuk

The Ivan Franko National University of Lviv,
8 Kyryla and Mefodiya Str., 79005 Lviv, Ukraine

Received January 13, 1999, in final form September 14, 1999

Temperature dependences of the optical path difference, variable part of
the refractive index and thickness of triglycine sulphate crystal for three
crystallophysic directions are studied in the temperature range of 39—70 °C,
including the ferroelectric phase transition at 7.=49 °C, using the Jamen
type optical interferometer. Temperature dependences of the spontaneous
changes of the characteristics studied in the range of 39-49 °C are fitted by
the power-like low Y ~ 72 with doubled averaged effective critical indices
2/3=0.87-0.95. The 2 values being different from the unity is explained by
the essential temperature dependence of the coefficients of electrooptic,
inverse piezoelectric and electrostriction effects in the range close to the
phase transition point.
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1. Introduction

It is known, that the critical behaviour of the spontaneous polarization Py at the
2nd order phase transition (PT) in a crystal can be described by the critical index

B,
P, ~ (T, —T)°, (1)

where T is the PT temperature [1]. Here, index § can be treated as asymptotic or
effective one [2]. The effective critical index Seg is determined to be the derivative

Pese (1) = d[In(Fy)] /d[In 7], (2)

taken at some temperature 7' < T.. Here, 7 = (T, — T')/T.. The effective critical
index Beg is becoming the asymptotic one, when the value 7 is approaching zero
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(1 <1073) [2].

On the other hand, experimental temperature dependences of crystal parameters
in the range of PT can be also presented with the help of coefficients of thermo-
dynamic potential expansion. According to the Landau theory, the elastic Gibbs
energy (31 in the case of uniaxial ferroelectric can be expressed in the polynomial

form 1 ] 1
= —_AD*+ -BD*+ —CD°®
Gy =AD"+ BD"+ 2OD”, (3)
where D is electric displacement, A, B and C' are coefficients [3]. Here, the energy
is measured from the non-polar phase and the polynomial is arbitrarily terminated

at D®. Dielectric state equation E = 0G1/0D takes the following form
E = AD+ BD?+ CD?, (4)

where F is electric field. In the first approximation, which is in many cases satisfying,
we assume:

A= AT —Tp,). (5)

Coeflicient Ay is usually determined from the measurements of dielectric constant
as a function of temperature in the paraelectric (PE) phase. In the ferroelectric (FE)
phase the coefficients B and C' can be determined from the temperature dependence
of P, (E=0, D=P;). The equation of dielectric state (3) can be now written as follows

P? = (B/20) { [1+44y(T, — T)C/B?] M — 1} . (6)

To characterize the order of PT, the parameter V = B?/A,C' can be used [3]. The
physical sense of this parameter is clearly visible in the description of the first-order
PT. The polarized state becomes stable at the temperature Ty = T,+3/16(B%/A,C),
whereas the upper limit of a superheating is T} = T, + B%/4A,C. When the first-
order PT comes near the second-order PT, the absolute value of V' decreases at the
tricritical point Ty =T7 = T..

Both sets of parameters, index 2/ in formulae (1), and coefficients A, B, and C
in formulae (6), can be used for the approximation of temperature dependences of
spontaneous polarization of ferroelectrics near the PT point. In the first five columns
of table 1 the parameter V' as well as the parameters Ay, B, C of the equation of
state for some ferroelectric crystals are presented [3].

Based on the values of coefficients A, B and C' presented in table 1, we have
calculated the temperature dependences of spontaneous polarization Py(T) by the
formula (6) in the range of 312-322 K. Then, using the dependence Ps(T") obtained,
we have calculated the corresponding effective critical index [.g averaged in this
temperature range using the formula (2).

Experimental temperature changes of the optical path difference determined by
birefringence, D = [An, are frequentely identified in practice with the changes of
the birefringence An. But the thickness [ and birefringence An can have different
temperature dependences. The temperature dependences of D(T') and [(T) are usu-
ally investigated in different experiments. This restricts the accuracy of determining
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Table 1. Coefficients A, B and C' of the equation of dielectric state (6), coeffi-
cient V' [3], and the corresponding averaged effective critical index Seg for some
ferroelectrics calculated in the temperature range of (T, —7)=10 K
Here: TGS — (NHoCH2COOH)3-H2SO4 ; TGSe — (NHoCH2COOH)3-HoSeOy
DTGSy79, — 47% deuterated TGS crystal ; DGN — (NH,CHoCOOH)9-HNOs3 ;
DMAAS - (CH3)2NH2A1(804)26H20 N MAPBB - (CHgNH3)5BiQ BI‘H N MAPCB
- (CH3NH3)5B120111 N TAAP - |Te(OH)6|2|NH4H2PO4| |(NH4)2HPO4| ; CDP

- CSHQPO4.

Crystal | Ag [Vm/K] | B [Vm®/C? | C' [Vm?/C°] | V = B*/AyC' | Begr
TGS 3.7-107 7.5- 101 5-10% 3.03 0.38
TGSe 2.63 - 107 3.97 - 101° 310 0.20 0.30

DTGS,7% 3.4-108 3.1-101 1-10% 2.76 0.30
DGN 1.26 - 107 6.1-10% 9.5-10% 3-10° 0.50

DMAAS 3.69 - 107 3.5- 101 4.2 - 10" 0.79 0.33

MAPBB 5.57 - 107 1.64 - 102 2.6 - 101° 1.88 0.36

MAPCB 11.56 - 107 7.2 1012 2.4-10' 1.88 0.37
TAAP 2.97 - 107 6.9 - 101 1.5-10% 10.38 0.44
CDP 1.56 - 108 1.32-10° 1.5-10%3 0.07 0.28

the corresponding dependence of An(T') and [(T"), and makes it complicated to com-
pare these different parameters of crystal in the region of PT. We have suggested
the techniques of simultaneous determination of temperature dependences of the
variable part of the refractive index (n — 1) and the thickness [ of a sample.

Temperature dependences of the refractive indices and the linear thermal expan-
sion of TGS in the range of PT have already been studied [4-6], but the correspond-
ing critical indices have not been determined. The goals of the present investigation
were the precise measurements of the temperature dependences of optical path dif-
ference (OPD) determined by the refractive index for TGS crystal in the range of
2nd order PT at 322K, calculating the temperature dependences of refractive in-
dices and linear thermal expansion for the principal crystallophysic directions, as
well as the study of these dependences using the corresponding effective critical
indices 20.g.

2. Experimental

Temperature dependences of OPD, D = [(n — 1), determeined by the variable
part of refractive index (VPRI), (n — 1) = n, for two interfering beams, one of
which has passed through a sample studied, and the other one through the air, were
measured using the Jamen type home built interferometer (figure 1). In this case,
the OPD D and its temperature dependence D(T') can be written as follows

D=In-1)=In,

D(T) = I(T)n(T), (7)
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where [ is thickness of a sample. The laser light of the wavelength A=632.8 nm was
used in the experiment.

10

Figure 1. Scheme of the experiment: 1 — He-Ne laser; 2 — polarizer; 3 — glass plates
of Jamen type interferometer; 4 — sample; 5 — diaphragms; 6 — photodiodes; 7 —
thermocouple; 8 — thermostat (furnace); 9 — electrical supply block; 10 — recording
block

Proceeding from the relation (6), the temperature changes of relative OPD
AD/D along three crystallophysic directions can be written in the form of a system
of linear equations

ADij Ali Aﬁj .. . .
= +—7 Zaj:17273; Z%ja 8
D;; l; N ( ) ®)

where index 7 denotes the direction of light propagation, index 5 denotes the direc-
tion of light polarization. Based on the six temperature dependences AD,;/D;; mea-
sured we have determined the relative temperature changes of the thickness Al;/;
and VPRI An;/n; [7]. The results of the corresponding computer calculations have
shown that the relative errors of the temperature changes determination of thickness
0l;/1; and VPRI 0m;/n; caused by solving the system (8) did not exceed 5% of the
respective maximum magnitudes Al;/l; and An;/n; for the case of TGS crystal. The
initial /; and 7; values were measured independently at the initial temperature T7.
In our case (I = 5 mm and n ~ 1.5) the error of determining the interference order
was dm(T') < 1/4, which corresponds to the errors of §D/D ~ 61/l ~ én/n ~ 1075.

3. Results and discussion

Temperature dependences of the relative changes of OPD AD,;/D;; for TGS
crystal are shown in figure 2. Refractive indices n;(Ty) of TGS crystal were taken
from the paper [6]. The forms of temperature dependences of the thickness Al;/l;
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Figure 2. Experimental temperature dependences of the relative changes of the
optical path difference AD;;/D;; of TGS crystal (indices ij indicate the corre-
sponding curves)

and VPRI én;/n; calculated from the system of equations (8) are characterized
by the similar anomalies at PT temperature. Based on the known relation for the
temperature changes of the order parameter p = P, for 2nd order PT in the range
of T'< T,

9)

we have calculated the double effective critical indices 23 averaged in the range of
39-49 °C, replacing P? value by the spontaneous increases of AY;(T)/AY:(Timin)

_ 28
AY, ~ P52 ~ TP — <£) ,

Tc - Tmin

S

(Y=D, [ and n). Here T,=49 °C is the temperature of PT, T}y, is the lower edge of
the temperature range studied (71, =39 °C in our case), AY;(T') and AY;(Tiin) are
spontaneous increments corresponding to the T, and Ty,;, temperatures. The double
critical indices 23 of TGS in the range of 39-49 °C are shown in table 2.

Table 2. Effective critical indices 28, corresponding to the temperature depen-
dences of spontaneous increments of ADg/D, Alg/l and Ang/n for different crys-
tallophysic direction of TGS crystal

2688 | 2857 | 2850 | 2850 | 2657 | 2585
0.90 0.90 0.89 0.89 0.95 0.92

280 | 28 | 28" | 287 | 287 | 28Y
0.91 0.90 0.92 0.88 0.93 0.88

The results obtained testify to an inexact fulfilment of the functional dependences
for quadratic electrooptic effect

Ang ~ P? (10)
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and electrostriction
Alg ~ P2, (11)
If these effects were displayed in the form indicated, the double critical index 203
would be equal to unity, 28=1. Let us try to explain the experimental facts obtained.
Analytical relation of the observed temperature dependence of OPD ADg/D
induced by spontaneous polarization can be presented in the most common form

AD,/D(7) = a(T)PX(1) = a(7)T, (12)

where a(7) is the temperature dependent coefficient. It follows from the character

of experimental dependences of spontaneous increases of ADg/ D, Aly/l, and Ang/n,

that the corresponding coefficients a(7) are maximal in the region of PT (figure 3).
16

0.0 T=(TC-T)/TC 05 10

Figure 3. Temperature dependence of the derivative d(ADg32/D32)/d7 in the
ferroelectric phase of TGS crystal

To obtain the additional proofs of the validity of this viewpoint, we have per-
formed experimental study of the artificially induced electrooptic effect in TGS crys-
tal in the temperature range of 3065 °C. This investigation was carried out using
the same optical scheme. The external electric field of the magnitude £ ~ 3.5kV /cm
was applied to the sample of TGS crystal at different temperatures along the [010]-
direction of spontaneous polarization Py, and the corresponding induced increments
of the OPD AD,./D were measured. The maximum-like temperature dependence of
AD,./D value (figure 4) correlates well with the temperature dependence of a(7) in
the ferroelectric phase. This maximum-like character of the coefficient mentioned is
connected with the inequality 26 < 1.

Taking into account that the temperature dependences of spontaneous incre-
ments of AY,/Y parameters can be presented in two forms, Y(7) = 7%’ and
Y (7) = a(7)7, one can obtain the relation for the temperature dependence of a(7)
coefficient

a(t) =271, (13)
In the cases of 26 # 1 and 7 # 1, the decreasing temperature dependence of the
coefficient a(7) takes place in the ferroelectric phase at the removal from the PT
point 7 = 0 (figure 3).
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Figure 4. Temperature dependence of the relative optical path difference
AD,.32/Dss of TGS crystal induced by the constant electric field of 3.5kV/cm
along the [010]-direction

Taking into account all the results obtained, we can summarize that the temper-
ature dependences of the coefficients of quadratic electrooptic and electrostriction
effects for TGS crystals take place (see relations (10) and (11)). The analysis of
table 1 testifies to some segregation of the [010]-direction of spontaneous polariza-
tion. Really, among the temperature changes of spontaneous increments Al; and
An; (i, = 1,2,3), the dependence Aly(7) is characterised by the least index 2
while the dependence Angy(7) is characterised by the greatest index (see table 2).
On the other hand, a proximity of the values 265” ~ 23] is observed (see table 1),
whereas obvious inequalities of similar characteristics for the other two crystallo-
physic directions 269; > 26{7,3 take place (see table 2 and figure 4).

The latter features can be interpreted as a different rate of the ordering of two
subsystems. One subsystem relates to the electrons forming the refractive index n
while the other is connected with geometric I))arameters of the crystal unit cell for the
directions [100] and [001]. The equality 285" ~ 287 for the direction of spontaneous
polarization [010] can be interpreted as good correlation of the subsystems in TGS
crystal mentioned above. From such a viewpoint, the observable inequalities of the
indices 25% > 25?73 testify to various rates of the temperature changes of the
corresponding subsystems of the crystal in the temperature range (AT ~ 10 °C)
below PT point. It is seen in figure 5, in case of z-direction of the crystal studied.
A crossing of the curves on figure 6 corresponds to two different indices Bél) and
B3. Such a crossing will take place in all cases if the experimental temperature
dependence of the parameters studied (V = ADy/D, Als/l, Ans/n) is described by
different indices f3.

We suppose that such a peculiarity in the temperature dependence of different
parameters can be characteristic of the ordering of the other ferroelectric crystals.
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Figure 5. Dependences of the normalized spontaneous changes of thickness (I3)
and changes of the variable part of refractive index (n3) of TGS for [001]-direction
on the normalised temperature (Tc — 1") /(T — Tmin) in the range of 39-49 °C

dV/dt

‘.“ 0.5 N 1.0
=T -T/TT,)

Figure 6. Temperature derivatives of the dependences from figure 5
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4. Conclusion

1. The original laser interferometer techniques of Jamen type for measuring the
temperature change of the optical path difference of a transparent sample is
offered. The techniques makes it possible to define the temperature depen-
dences of thickness [(T") and the variable part of refractive index [n(7") — 1]
of the crystal based on the measurements of temperature dependences of the
optical path difference D(T) = I(T)[n(T) — 1] for different directions of light
propagation and polarization.

2. Deviation from the unity of the double effective critical index 2/ for the tem-
perature dependence of the optical path difference induced by a spontaneous
polarization in TGS sample is explained by a significant temperature depen-
dence of the maximum-like character of the coefficient of electrooptic, inverse
piezooptic, and electrostriction effects.

3. An anisotropy of the critical indices QBi(l) and Qﬁi("), and nonequality 261-(” =+

QBi(") testify to different rates of temperature changes of different crystal sub-
systems taking place at the ferroelectric ordering in the range of AT ~ 10 °C
below T..
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AHI30TpONiSt KPUTUYHUX IHOEKCIB
cerHeroeneKkrpuyHoro ¢a3oBoro nepexoay B
Kpuctanax TIC BusHa4yeHa 3
onTUKO-iHTepdepeHUinHNX aocnigXeHb

B6.B.Angpiescbkuin, O.A4.MuwmiimnH, M.O.PomaHiok

JIbBiBCbKUIA HaUiOHaNbHWI yHiBEpCUTET iM. |.DpaHka,
79005 JlbBiB, Byn. Knpuna i Medogjs, 8

OtpumaHo 13 ciyHa 1999 p., B 0OCTaTOYHOMY BUTISA| —
14 BepecHa 1999 p.

JocniopkeHo TemnepaTypHi 3aneXxHOCTi ONTUYHOT Pi3HMLI X04Y, 3MIHHOI
YaCTMHN NMOKa3HMKA 3aJIOMJIEHHS | TOBLUVHU KpUcTana TPpUrmiLnuHCYNb-
daTy 4na Tpbox kpuctTanodianyHMx Hanpsimie B 06nacTi Temnepatyp 39—
70 °C, wo mictntb Temnepatypy 7.=49 °C cerHeToenekTpu4Horo ¢aso-
BOro NMepexony, BUKOPUCTOBYKOYM ONTUYHUI iHTepdepomMeTp Tmny Xa-
MeHa. TemnepaTypHi 3aNe€XHOCTi CIOHTAHHUX 3MiH OOCAIOKYBaHUX Xa-
pakTepucTuk B obnacti 39-49 °C anpokCUMOBaHi CTENEHEBUMIN 3aex-
HocTAMM Y ~ 728 3 nogBoeHMMK 3acepesHeHMn ebeKTUBHIMU KPU-
TUYHMMUK iHgekcamn 23 = 0.87 — 0.95. BiamiHHicTb 28 Big ogmMHULi No-
SICHIOETLCS CYTTEBOIO TEMIMEPATYPHOI 3ANEXHICTIO NOGNN3Y TOYKK da-
30BOro nepexony KoedilieHTiB enekTpoonTUYHOro, o6epHeHoro n’e3o-
eJIEKTPUYHOI0 e eKTiB Ta eIEKTPOCTPUKLIT.

Knio4oBi cnoBa: cerHetoenekTpuku, ¢pasosi nepexoau, OnTuyHi
BJ1IaCTUBOCTI, KDUTUYHI iHAEKCH

PACS: 77.80.Bh, 77.84.Fa, 78.20.Ci
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