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Dielectric properties of triglycine selenate ferroelectric near the phase-transition temperature
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The results of nonlinear-susceptibility experimental investigations are given. It has been confirmed that the
dielectric data obtained in the ferroelectric phase can be interpreted on the basis of Landau-tricritical-point
theory with equation of stateE=A7P+CP®° where T,=(295.73t0.01) K, A=(1.172+0.003)

X10° V23 1 m, C=(1.46+0.03)x 10'° V6 7®m°. On the other hand, the paraelectric phase measurements
results indicate neither critical nor tricritical Landau behavior. The experimental evidence of such a duality is
presented[S0163-18208)02301-1

[. INTRODUCTION ratio Q= 1.5 defined in Ref. 15 lies between the critic@l
=2 and tricriticalQ=4/3 values. The conclusion arises from
The triglycine selenat€TGSe crystals belong to the tri- the above that the interpretation of the experimental results
glycine sulphat€TGS) family of uniaxial ferroelectrics. Al- obtained in the paraelectric phase seem to be more complex
though the continuity of the phase transition in TGS has beethan that in the ferroelectric one where evidence of a simple
confirmed in many experimentg.g., in Ref. ], the results Landau tricritical behavior mentioned above can be easily
of analogous measurements in TGSe have been interpretéolind in the literature. The main purpose of our paper is to
ambiguously. It is rather a surprising fact for such a populapoint out such an inconsistency.
ferroelectric crystal. In Ref. 2 the transition in TGSe com-
pound has been treated as that of second diaetinuous. Il. EXPERIMENT
On the other hand, in Ref. 3 Gesi suggests that the behavior
of TGSe is “almost critical between the second and the first Below we present the results of susceptibility experimen-
order ones.” In Ref. 4 the experimental resiil=0.33, has  tal investigations. The measurement method was the same
been presented, wheteis a paramete(not a gap exponent for both phases. Therefore a comparison of results obtained
herg in the free energy density or in the anomalous part ofin both regions was possible. The constant electric field
the heat capacity and = 1/3 for the tricritical point. There was applied in parallel to the ferroelectric axis and to the
are also many other experimental results which suggest the@easuring field of a TESLA BM595 LCR meter. The ampli-
existence of a tricritical point in TGSE® A smallb param-  tude of the measuring field wag,=47 V/m and its fre-
eter(in present paper denoted By documenting a transition quencyf=1 kHz. The measurement circuit was the same as
near a ftricritical point has been also obtained for thein Ref. 16. Two gold electrodes were evaporated on a rect-
paraelectric phase in Ref. 7. In Ref. 8 evidence of a firsangular crystal plate with an area®f2.047x 10~ ° m? and
order transition very close to the tricritical point has beenthicknessd=1.07x10"2 m. The results of measurements
given. On the other hand, the experimental results presenteé.g., thermal hysteregianay depend on sample quality.
in Refs. 9 and 10 indicate a continuous transition in TGSeFrom samples investigated by us we have chosen the crystal
The influence of deuteration, high-pressure application, an@ith the smallest—invisible in the scale as in the inset of
also v radiation on the phase transition in TGSe has beeifrig. 1—susceptibility thermal hysteresis lo@dthough with
investigated in Refs. 9 and 11-13. not the highest susceptibility value at phase transition tem-
On the basis of the papers cited above we can concludeeraturg in order to verify its tricritical nature.
that the majority of tricritical behavior evidence has been In Fig. 1 the temperature dependences of the reciprocal
obtained in TGSe below the phase-transition temperatureero field susceptibilityy,* for the investigated TGSe
e.g., the tricritical type of temperature dependence of th&ample are shown. It should be stressed that results of ex-
spontaneous polarizatioR*~(T,—T)/T. in Ref. 8. We perimental dielectric investigations in the ferroelectric phase
have measured the electric susceptibility of TGSe in bottdepend also on the method of measurement. For example,
phases. The results for the paraelectric phase have been pubere are two well-known ways of susceptibility investiga-
lished in our earlier papers, e.g., in Ref. 14. It is interestingions near the phase-transition temperature: one during the
that the power exponents ratid/y obtained by us in the cooling or heating of the sample with a sufficiently low rate
paraelectric region takes neither criticAl y=3/2 nor tri-  of temperature changes and another one when the tempera-
critical A/ y=5/4 Landau valueghere and belowA denotes ture is being altered step by step. The advantage of the sec-
a gap exponent On the basis of our experiments in the ond method is the fact that zero-field susceptibility can be
paraelectric region the intervals for the most frequently meaebtained after a slow lowering of the electric fididfrom
sured exponents values can be estimated as<IA3§ E>0 toE=0 at a constant temperatui@rcles in Fig. 1. In
=<1.45 for TGSe. Not only do power exponents and the formsuch a case the susceptibility values should correspond to
of the susceptibility scaling function differ from those for stationary(stablg polarized states. Otherwise the susceptibil-
Landau critical and tricritical ones. Also our experimentality is measured for a not fully macroscopic polarized crystal
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FIG. 1. Reciprocal zero-field susceptibilig * vs temperature FIG. 2. Comparison of the theoreticedolid lines and experi-
T dependences for TGSe. Circles represent experimental values Biental (circles electric susceptibility isothermg.e., electric sus-
the susceptibility for stationary states. The dashed line represenf$Ptibility vs electric field dependenge the ferroelectric phase
the tricritical model(2) fit for the ferroelectric phase, the dotted line for ight temperatures in the interval 291.9<H<295.1 K corre-
the linear fit for the paraelectric phase. Inset: solid lines represertPonding to eight circles in Fig. 1.
cooling and heating with constant temperature changing rate 0.004
K/min: 1, cooling; 2, heating; 3, heating also E~0 but after  \yhereg,, is a permittivity of vacuumA,C are constant® is
seasoning ire=960 kV/m atT=298 K for 24 h. the polarization, and=(T—T,)/T, is the reduced tempera-

due to the domain structure. While cooling or heating theture. The equation-of-state parameters obtained numerically

sample inE=0 (solid lines in the inset of Fig.)lwe usually In such a way in the Or%erid_rfg'“""d lines in Fig. 2 are
measure the susceptibility values corresponding to nonequﬁ‘:(15'1762%9'083)>< 100Vv2Jtm, C=(1.46+ 0'93)
librium states. Then the results depend on the temperaturé 100 ve e m’, andT,=(295.73-0.01) K. Only the iso-
changing rate and a comparison with theoretical models j§€rms for 291.9 KK'T<295.1 K shown in Fig. 2 have been
rather very difficult. It should be stressed that in the case ofS€d during the fitting procedurfsee Fig. 2 For low tem-
data in the inset of Fig. 1 very low temperature change ratederatures errors in experiments were too large. On the other
i.e., 1 K/250 min has been used. Nevertheless, there occti@nd, the data obtained closer to the temperature of the sus-
differences which are shown in the inset of Fig. 1. In par-ceptibility maximum have been excluded because of their
ticular, in the ferroelectric phase, linear dependence has beelgviations from the tricritical Landau scaling functigty,
observed by us only for experimental data obtained after aersusExé’V for A/y=5/4 in Fig. 3a). The relationsy/xo

slow lowering of the electric field at a constant temperatureversusEX(’A)’Y have been obtained using experimental points
This fact should been taken into account in further investifrom the dependencegversusE measured in various tem-
gations. peratures, wherd/y= 5/(6—1), A is a gap exponenty and

5 determine the relationg,~ 7~ ? for 7#0 andE~P? for

7=0. For isotherms in the interval 291.9<KT <295.1 K the
scaling holds good for the Landau tricritical ratld y=>5/4

in Fig. 3(b), although a better one appears fofy=1.30 in

Fig. 3(c). In our opinion, such a difference betweédy

Ill. RESULTS AND DISCUSSION
A. Landau tricritical behavior in the ferroelectric phase

Although much evidence of Landau tricritical behavior
has been given in the literatutenainly for the ferroelectric . . .
phase ancﬂg= 0), no equation of statgfor TGSe in the ferro- — 122 andA/y=1.30is too small to be conclusive evidence
electric phase—as far as known to us—has been publishecg deviations from Landau trlcrAlslcaI behavior. In F'Q@
up to now. Below we use nonlinear susceptibility measureth® dependenceg/xo versusEx,"” for the Landau critical
ments results shown in Fig. 2 in order to check the possibilvalue A/y=3/2 have been also presented for comparison.
ity of the existence of such an equation. The solid lines in It should be stressed that the numerically obtaifigtem-

Fig. 2 represent a good quality numerical fit of a two- perature of the tricritical point is slightly highéoy about 0.1
variable function K) than the Curie-Weiss temperatuFg,, extrapolated from

the paraelectric phase. It can be due to defects and inhomo-
1) geneities in the sample. The small electric field hysteresis in

the paraelectric phase of TGS and TGSe ferroelectrics mea-
h%ured in our experiments may be evidence of such imperfec-
tions and local fields in real crystalef. Ref. 17 for y-
damaged TGBS On the other hand, one can state that the
experimental factT,—Tcyw~0.1 K may be evidence of a

4egATx+1
_ —1_ 1/4
E E(T!X) (1 SOATX) C14(580X)5 ’

obtained under assumption that the equation of state is of t
Landau tricritical form:

E=A7P+CP>, )
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FIG. 3. The scaling relationg/ xo vs Exé“/ in the ferroelectric
phase for a tricritical Landau valu&/y=5/4 obtained for 11(a)
and 8(b) isotherms(cf. Fig. 1); the best fit forA/y=1.3 (c) and
deviation from scaling for the Landau critical valddy=3/2 (d).
In the cases ofc) and(d) eight isotherms have been used.

first-order transition(cf. Ref. §. However, on the basis of a
numerical analysis of the more general equation of tHte
Ref. 18,

E=A7rP+BP3+CPS, (3)

we have concluded that at most a smalbmparable with
experimental errgrpositive B parameter might be permis-
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FIG. 4. The susceptibility isotherm far=294.6 K(circles and
theoretical curves obtained from the modd) for A=1.172
x101°V2J1m and C=1.46x10"°V®J>m® and for various

positive (solid 1-5 curvesand negative(dotted 6—10 curvgsB
parameters.

has been drawn as a result of a calculation for the Landau
tricritical equation of state with numerically fittetl andC
given above. In Fig. @) the temperature dependence of co-
ercive field is also presented. These values concern investi-
gations for which an electric field was slowly lowered step
by step, contrary to standard polarization hysteresis loop
measurements at frequency of 50 Hz.

sible in the case of our experimental data. Contrary to Ref. 8,

if not tricritical, we propose rather a continuous phase tran-

sition with B much smaller than for TG%cf. Ref. 18. In
Fig. 4 the isotherm foiT=294.6 K as well as theoretical
curves obtained from the mod€3) for A, C fitted and pre-
sented above for various positive and negaBvparameters

are shown. From this figure we conclude that an experimen

tal error for the B value can be estimated as 6.6
X10° V4 I3 mP<B<6.6x10° VA J 3 m®. In Fig. 5 the val-
ues of three termé,=1A7P2, f,=31BP?, andfs=21CP¢
in the free energy density expansion f&=0 and T
=294.6 K<T, are shown in a log-log scale, wheRg is a
spontaneous polarization calculated from E3). It is evi-
dent that for aB value of order of 1®V*J3m° the term
with P2 is less than 1% of those with? and PS.
In Fig. 6(a) the scaling form of the equation of state,

(4)

is also verified, wheree=E/(—7)%, p=P/(—1)?, P
=P(E)=Ps+eofGx(E')dE’, and 7=(T—T)/T,. The

e=Ap+Cp®

temperature dependence of the spontaneous polarizatic

[Fig. 6(b)],

©)

AT 1/4
P=|-Z] .

has been here calculated on the basis of Landau tricriticak 294.6 K,

B. Non-Landau behavior in the paraelectric phase
As has been shown abo€ig. 2) the dielectric properties
of TGSe in the ferroelectric region for 291.9<Kr

10° 71

10* 1

10°

[fzal (Jm™®)

10" 1012

B (v*J°m®)

FIG. 5. The termsf ,= 3ArP2, f,=BP?, andfs=3CPS of
the free energy density expansion vs Beparameter theoretical
dependences$on the basis of Eq(3)] in a log-log scale forT
E=0, A=1172x10°Vv23'm, C=1.46

point model(2). The values ofP(E) have been obtained by x10'°Vv®J5m?® for various positive(solid lineg and negative
numerical integration of isotherms in Fig. 2. The solid line (dotted lines B parameter values.
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FIG. 7. The experimental relations i 1/y, vs P? (a), 1/x
FIG. 6. Equation of statg vs e (circles correspond to experi- —1/y, vs P* (b) in the paraelectric phase for 297<Kr <300 K
mental datain the scaling form(a), spontaneous polarizatid®s vs  and the experimental relationsyt e A7 vs P2 (c), 1/y— AT Vs
T (b), and coercive fielE, vs T (c) dependences. Itb) and(c) P# (d) in the ferroelectric phase for eight temperatures in the inter-
circles correspond to temperatures of the isotherms in Fig. 2. Soligal 291.9 k< T<295.1 K (cf. Fig. 1). Only segments connecting
lines represent the theoretical calculations on the basis of2Eépr the experimental points are shown.
A=1.172x10°V2J I m andC=1.46x 10" V® J 5 m®.

<295.1 K and 6<E<935 kV/m can be described with the shown in Fig. Tc). .lt IS easy to notlge that due to nonzero
spontaneous polarization, values Bfin the ordered phase

help of a simple Landau tricritical model. Such a result con--=. : . .
firms the data in the literature cited earlier in our presen{F'gS' Ac) and 7d)] are higher than those in the paraelectric

paper. On the other hand, in the paraelectric phase neitherrggion[Figs' 1a) and 1b)], although the intervals foE (0

critical nor tricritical Landau model can be accepted. BeIow<E<§gnkth/;n)rrirgl?"}rthrﬁ t?;me; (tilgstW]?thphf:’Ziss.itilnnFl?).ingt;
we compare experimental results obtained in both phases 3%6 co € results fro 0S otthe on point.

the same experimental method. According to the equation tfirst sight tr;e”value: oP seem to fqrm onfertrgijg];t I|(rj1e.
state(3) the relation for susceptibility can be obtained: owever, as 1ollows irom a comparison ot g an

7(d), the data from the paraelectric phase cannot be treated as
6) an extension of the tricritical linear dependence obtained be-

1/xy—egAr=3g,BP%2+5¢,CP%.
X™ %o 0 0 low T;.

Then for the critical pointB>0) the linear experimental
dependence ¥ eoAr versusP? should be observed for

smallP. On the other hand, in the case of the tricritical point ~ © 7 _
(B=0) the linearity of 1y — soAr versusP* function is ex- sl T Tonase
pected(for P—0, due to higher-order termsin Figs. 1a) 2
and 7b) the experimental relations i+ 1/x, versusP? and 7404
P4, respectively, obtained in the paraelectric phéRg=0,
eoAT=1/y,) for six temperatures in the interval 297<Kr ,36 I . *; *j
<300 K (cf. Fig. 1) are shown. It is visible that neither criti- <, |
cal nor tricritical Landau behavior is observed in the disor- §<
dered region. Such a non-Landau behavior above the transi-=4 | 5 Ferroslectric
tion temperature has been investigated by us in Refs. 14 anc2 phase
19-21. The model following from works of Domb and o ' 2 /
Huntef? and Patashinskii and PokrovsKiivith the equation .1 i .
of state, '
1 |
) 0 2 4
E=ar"P+ bT3y—2AP3+C7'57_4AP5, (7 0 ; ; e+
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

with constantsa, b, ¢ and not too smallr, has been as- 10°P* (JV*m)

sumed. On the other hand, the linearity of +/e A7 versus

P* in Fig. 7(d) in the ferroelectric region for eight tempera-  FiG. 8. The experimental relation g+ s,Ar vs P* combined
tures in interval 291.9 KT<295.1 K (cf. Fig. 1) is evi-  from diagrams from Figs.(B) and 7d) for both phasesonly seg-
dence of Landau-tricritical-point behavior. For comparison,ments connecting the experimental points are showt the in-
the relation 1y — e (A7 versusP? in the ferroelectric phase is sets two corresponding dependences are presented separately.



57 DIELECTRIC PROPERTIES OF TRIGLYCIN. .. 781

C. Data obtained at the transition point

3 4 5 6 7
The investigations in the immediate neighborhdoldser 10 1? 10} 1? 19

than, e.g., 0.5 Kof the transition point may lead to incorrect 102
conclusions because in experiments the susceptibility neve
tends to infinity and spontaneous polarization does not dis-
appear exactly at the transition temperaftfr8uch a behav-
ior is caused, among others, by surface layers effédts,
homogeneities of the sample as well as local electric fields
present sometimes even in the paraelectric phase. Apart fron
the finite susceptibility maximum, additional effects are ob-
served, e.g., rather nonphysical intersections of various iso-
thermsP(E) obtained by integration of(E) dependences
from temperatures very close to the transition pdéaft Ref. 1044
26). On the other hand, the question arises as to what behav
ior can be expected for TGSe below thgtemperature and ;
closer than 0.5 K to it, i.e., for sufficiently smal. It
should be stressed here that dielectric measurements wet
carried out very close to the transition point and, what is 107°+
more, the ftricritical isotherm was investigated. Unfortu- E (Vim)
nately, the results of such experiments are not accurate
enough and should be interpreted with criticism for the sake FIG. 9. Reciprocal susceptibility ~* vs electric fieldE ob-
of the arguments mentioned above. Up to now, in our experitained experimentallycircles and calculated for the tricritical Lan-
ments the exponemhas been only calculated from the scal-dau  model for A=1.172x10"°Vv2J'm and C=1.46
ing relation 5/(6—1)=A/v, for A/y determined as a scal- x10"°V®J5m® (solid ling) for T=T,=295.73 in a log-log scale.
ing parameter fitted below or above the transition
temperature. As can be concluded from the discussion al:_)oveXO:F,T_y' for 7<0 and xo=Ir"7 for 7>0.
different § values follow from investigations carried out in @)
both phases. Hence, it was also a very interesting question
for us as to what was the experimental value of the criticalFor the Landau-critical-point mod¢C=0 in Eq. (3)] we
exponents obtained directly from susceptibility measure- nave'=1/A, y=1 andl'’ = 1/(2A), y'=1. In the case of
ments at the transition point. Although, In our opinion, anyhe | andau tricritical behavidiB=0 in Eq. (3)] we obtain
fitting procedures cannot be carried out with sa’glsfactory aCr=1/A, y=1 andT’=1/(4A), v'=1. It is an interesting
gltjer?scyolg?;i-[:e_cinir(t)HserKfrct)rr]r? t\:waelut(ar;n(;];titgﬁ fecnillr;grart)(?(;:m_ fact that the amplitude ratid'/T"' measured for TGSe is
isotherms as in Fig.)2may be verified(compareg with ex- higher than 4, i.e., than Landau-tricritical-point value and,
' what is more, the relatiol’/T"’ = (4/3)X4 can be accepted

periment very close taT, or even on the criticaftricritical) écircles in Fig. 3. The 4/3 factor has been earlier obtained

isotherm. For this reason we show the results of our electri : e
susceptibility measurements &&= T,. Since on the critical experimentally by us for T(_;$Ref. 1§ wherel'/T _.(4/3) .
X2 has been measured in the case of the critical point

(tricritical) isotherm the relatiof?°~E occurs, we have also . i, .
x A7"~E, whereA/y=8/(6—1). In Fig. 9 the dependence (I'/I"" =2 for the Landau critical point
of 1/y versusk for T=T,=295.73 K on a log-log scale has

been presented. For small we can see a nonlinearity IV. CONCLUSIONS
caused, among others, by the fact that Bor»0 and r—0

the experimental dependence differs from the theoretical ong,

for which infinite susceptibility is expected fer=0 [cf. Fig. tals in the paraelectric region. In the ferroelectric phase no

3(a)]. Since 14~E®" 1", the slope of the linear part of the jeviations from the Landau tricritical model have been de-
dependence in Fig. 9 should be equal &-(1)/6. For com-  yacteq. It is an interesting result because until now the same
parison, we have drawn the Landau tricritical dependencenayior as well as a similar width of the critical regions has
Ux (=520C™"E™) versusE (solid line) for C=146  poen ysually assumed for both phases. The application of
X 10 Ve 2 m®. It is shown that, within the limits of ex- 5 models for TGSe crystals, the non-Landau critical and

perimental errors, tricritical behavior also occurs T+ T, | 4ndau tricritical one, cannot be excluded. It means that two
for the sameC as that determined for the ferroelectric region yifferent equations of staté?) and (2) may exist for both

(cf. 1/6=0.23+0.03 in Ref. 8. Such a result suggests that gjqes of the transition temperature.
not only for temperatures as in Fig. 2 but also closer to the
transition temperature in the ordered phase the tricritical
Landau model may be valid.

10+

o experiment
— tricritical

Summing up the results of our work we can state that
n-Landau behavior can be easily observed for TGSe crys-
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