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Singularity of the free energy of the ferroelectrics triglycine sulfate and triglycine selenate
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The susceptibility scaling function for the ferroelectrics triglycine sulfate (TGS) and triglycine
selenate (TGSe) was studied in the paraelectric phase. It was shown that neither mean-field theory
nor the approximate model derived from the Larkin-Khmelnitsky theory accurately described the
paraelectric-ferroelectric phase transition. Arguments are presented to support the thesis that the
critical properties of TGS and TGSe cannot be described based on an analytical form of the free en-

ergy.

INTRODUCTION

Crystals of triglycine sulfate (TGS) and triglycine
selenate (TGSe) are among the ferroelectrics hitherto
most frequently tested. The majority of the experimental
results obtained up to now for TGS (e.g. , Refs. 1 and 2)
have been interpreted, as for many other ferroelectrics,
based on the mean-field theory. This appeared to be
justified, among other things, by the fact that values of
critical exponents obtained for these compounds were
usually close to those resulting from the Landau theory.
However, it was found that accurate experimental mea-
surements made for ferroelectric crystals can give results
deviating from mean-field theory. In the past two de-
cades, papers have been published, particularly relating
to TGS (see, e.g., Refs. 3 —5), in which experimental re-
sults have been more or less conclusively linked to the
theoretical results reported by Larkin and Khmelnitsky
and Aharony.

Independently of this, studies, were also conducted on
the inhuence of lattice defects and impurities on the criti-
cal behavior of TGS and TGSe (e.g., Refs. 8 —12). The
contribution of defects, always present in real samples,
even those which were not intentionally doped, have a
marked inhuence on the experimental results obtained,
particularly in the immediate vicinity of the Curie point.
On approaching the phase-transition point, eft'ects associ-
ated with the occurrence of the surface layers on the sam-
ples also become even more apparent. ' Because of these
causes, appreciable deviations from mean-field theory are
sometimes recorded in experiments, especially as regards
the form of the observed temperature functions for vari-
ous thermodynamic magnitudes close to T, (e.g. , suscep-
tibility) and values of critical exponents.

In this paper we present our recordings of distinct de-
viation from mean-field theory and which, in our opinion,
are not related to the presence of defects or surface layers
and cannot be interpreted on the basis of the described
approximate model derived from the Larkin-
Khmelnitsky theory.

EXPERIMENTAL

Tests were conducted on samples on triglycine sulfate
and triglycine selenate. The surfaces of the crystals were

covered with circular (partial covering of the surface) and
rectangular (total covering of the surface) gold electrodes,
with a mean surface of about 0.5 cm . For measurements
on TGSe and TGS, for which results are shown on Figs.
1 —3, samples with electrodes completely covering the
crystal surfaces were used. The thickness of the tested
samples lay in the interval from 1.1 to 2.2 mm. Immedi-
ately prior to measurements, the crystals were heated for
some tens of hours at a temperature of about
85 'C = T, + 35 'C (TGS crystals) and about 30'C
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FIG. 1. Function yyo

' vs Ego ~ for TGSe for various values
of the critical exponents ratio 5/y. The experimental points
have been obtained from measurements of the relations y vs E
(on an average about 20 values of E for each temperature) at 16
temperatures in the interval corresponding to 10 & ( T
—T, )/T, & 10 and at the pressure p =57X10 Nm

42 8557 1990 The American Physical Society



8558 FUGIEL, WESTWANSKI, ZIOFO, PAWLIK, AND PARDAPA 42

= T, +8'C (TGSe crystals).
Measurements were made of the relation between

paraelectric susceptibility and the constant external field

E at a determined pressure and temperature of the oil
surrounding the sample. The frequency of the measuring
field E of the capacitance meter was 1 kHz, while the
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FIG. 3. Function g(yo/y) vs Ego for TGS. Values of go
and y(E) have been determined for the atmospheric pressure,
18 temperatures in the interval correspond to 10 ' & ( T
—T, )/T, &10, and on an average about 10 values of E for
each temperature.

amplitude did not exceed 1 kV/m. Both the field E with
an amplitude of a few hundred kilovolts per meter and
the field E were applied parallel to the ferroelectric axis
of the crystals. Values of susceptibility y and electric
field strength E were found basing on measurements of,
respectively, capacitance C and voltage U between the
electrodes on the sample, making use of the formulas
y=e —1=C/C —1 (for the compounds tested here, near
the Curie point C/Cg »1, and hence g=e, where e is
the electrical permittivity), and E = U/d, where Cg is the
geometric capacity (i.e., without the sample) of the mea-
surement capacitor and d is the distance between the
electrodes. Based on measurements of y as a function of
E for the tested compounds, the scaling functions were
determined experimentally.
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FIG. 2. Function g(yo/g) vs Ego for TGSe. Values of gp
and g(E) have been determined for (a) p =57X10 Nm ', 16
temperatures in the interval corresponding to 10 ' & ( T
—T, )/T, &10, and on an average about 20 values of E for
each temperature, and (b) 17 pressures in the interval corre-
sponding to 0.2&(p, —p)/p, &0.7, T=298 K, and on an aver-

age about 20 values of E for each pressure. Insets: diagrammat-
ic scheme of the line of critical points. Arrows indicate the
paths by which the critical point with coordinates (p =—57X 10
N m, T=298 K) was reached.

An accurate experimental method of checking devia-
tions from mean-field theory (MFT) is to examine the sus-
ceptibility scaling function. According to MFT, when we
take into account only second- and fourth-power polar-
ization terms in the free-energy expansion, the relation
g~~ versus E~ is the scaling function for y =1 and
5=1.5. In this case the experimental values of y~~ plot-
ted as a function of E~ for various temperatures and
electric fields E and also for y =1 and 6=1.5 should lie
on the one curve. From the point of view of the experi-
menter, it is more convenient, however, to study the
universal scaling function y/go versus Ego ~ obtained
due to substituting ~ for go

' in the algebraic terms gr
and E~ in accordance with relation yo-~ ~. The ad-
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vantage of making this substitution is that the results ob-
tained do not carry any significant error introduced in
determination of the critical temperature. Naturally, this
substitution is only feasible when we have to deal with a
power function of yo versus ~. If this condition is
satisfied (as, for instance, in the case of MFT), it may be
expected that the experimental function g/go versus

Ego for appropriate y and 5 will also determine a scal-
ing function, on condition that the system considered
behaves so as to satisfy the static scaling hypothesis.

In the case of the TGS and TGSe ferroelectrics, we
have to deal with a line of critical points T, (p), where p is
the hydrostatic pressure. Hence a given point on the line
T, (p) may be approached along various paths lying in the
p-T plane. For TGSe we made two kinds of measure-
ments in the paraelectric phase. On one side we tested
the relation g/go versus Ego ~ in the situation where y
and yo were measured at various temperatures but with
constant pressure p =57X10 Nm [see inset of Fig.
2(a)]. For this pressure T, -=298 K. On the other side we
made similar measurements at a constant temperature
T—=298 K for various hydrostatic pressures [see inset of
Fig. 2(b}]. In both cases, for a given constant tempera-
ture or pressure, the susceptibility g was determined for
about 20 values of the field E. In this way the scaling
function was tested in the situation where the same point
with coordinates (57 X 10 N m, 298 K) was ap-
proached from two mutually perpendicular paths on the
p Tplane. -For the pressure applied (10' N m
&p & 60 X 10 N m ) the relation T, versus p in TGSe is

linear (see Ref. 14), i.e., T, =T,(p„)+ICp, where E&0.
For measurements made at various pressures, the earlier
mentioned substitution of go

' ~ for v in the argument of
the scaling function corresponds to the substitution of
go

' y for m=(p, —p)/p, (cf. Ref. 15). In this way, for
both temperature and pressure relations, we obtain a
common magnitude go ', which is a measure of the dis-
tance from the critical point.

For TGS similar measurements were made at various

temperatures in the paraelectric phase but at atmospheric
pressure. In the case of the tested samples, both TGS at
atmospheric pressure p =po and TGSe at popo, the
range of measurement temperatures corresponded to the
reduced temperature 10 & r = [T —T, (p ) ) /T, (p)
&10 . For TGSe, when testing the pressure relation,
the range of reduced pressures had a value 0.2 &m &0.7
for T=298 K.

In Fig. 1 are shown examples of relations g/go versus

Ego y for TGSe for various b, /y in the case of temPera-
ture measurements at constant pressure. As may be seen,
the best concentration of points about a single curve is
found for 6/y -=1.45. Similarly, it was possible from the
data obtained from pressure measurements at constant
temperature to ascertain that also in this case the relation
y/go versus Ego ~ has the nature of the scaling function
for 5/y=—1.45. On the basis of a similar analysis of the
scaling functions obtained experimentally from a few
temperature measurements at atmospheric pressure of
two TGS samples with electrodes partially and complete-
ly covering the surfaces of the crystals, an estimated in-

—
—,
' yor[1/q (r) —1],

where ao, Po, yo are constants and

q (r) = [1—3b ln(r/ro)] (2)

where b, ro are parameters. For b=0 the free energy (1)
takes the classical Landau energy form. Taking into ac-
count that for small 3b ln(r/ro),

q (r) =-(rlro) (3)

we may write the scaling function y /yo =f ( Ego ly
) in

the form

(4)

Hence we obtain for the model (1) in the approximation
(3) a value b, /y =1.5/(1+b), since from the form of the
energy (1} for q =(rlro) it is clear that b, =1.5 and
y= 1+b The values .of b/y we obtained are in agree-
ment with the value b=0.036 quoted for TGS in Ref. 3,
as after substitution we get b, /y=1. 5/(1+b)
= 1.5/(1+0.036)—= 1.45.

The values we obtained for 5/y differ only slightly
from those predicted by mean-field theory. Therefore, we
would like to present more convincing arguments for the
existence of deviations from this theory and also from the
model based on expansion (1). From the form of the free
energy (1), taking into account the approximation (3), the
following relation may be found:

g(~ /~) (27@ a —3blyr3bib/y —1I)1/2E~E/y

where

(5)

terval 1.45 5/y ~ 1.475 was found.
These obtained results give evidence that values of the

quotients 5/y for both samples diverge slightly from the
value resulting from mean-field theory, i.e., 5/y=1. 5.
These deviations are only slight, and for this reason their
interpretation requires a certain caution. In the literature
it is stressed that both lattice defects and impurities may
lead to deviations from mean-field theory. We performed
additional measurements of the relation y/yo versus

Ego ~ for TGS crystals grown from aqueous solutions
containing 0.1% and 1% CrzSO4, and thus for samples in

a certain sense intentionally defected, i.e., doped with
chromium ions. With an accuracy equal to the rneasure-
ment error, values of 5/y the same as for pure TGS crys-
tals were found. ' Additional temperature measurements
were also made at atmospheric pressure for a few TGSe
crystals of different quality and for both kinds of elec-
trodes. The most probable value b, /y-=1. 45 obtained
from these measurements is less than the classical value
of 1.5.

As already mentioned, there is also another possibility
of interpreting the b/y values found. For this purpose
we may make use of the approximate model derived
from Larkin-Khmelnitsky theory. This model is based
on the expansion of the free energy FLK with an accuracy
to the fourth polarization power. For T ) T, we have

FLK paorq(r) + 4~oq (7 }
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and for the model based on expressions (1) and (2),

g (yo/y)-Ego [1 3b —In(r/ro)] (7)

while for the model based on expression (1) with approxi-
mation (3},we have

g (Xo/X}-EXo" (8)

where 5/y may be estimated similarly as in the case of
Fig. 1.

It is obvious that neither the relations (6) and (7) nor
(8) correspond to the presented curve forms, particularly
those in Figs. 2(a) and 2(b) for TGSe and also in Fig. 3, al-
though for TGS the nonlinearity is less pronounced.

g (x)= (x +2)(x —1)'

Therefore, g (yo/y) as a function of Ego r should have a
linear form. However, in Figs. 2(a} and 2(b) may be seen
a clearly nonlinear form of g(yo/y) versus Ego~r for
TGSe for temperature and pressure measurements, re-
spectively [see inserts in Figs. 2(a) and 2(b)]. A clear,
though considerably smaller, nonlinearity may be ob-
served for TGS in Fig. 3.

The expression g (yo/y) depends only on the quotient
g/yo. Hence we may consider it as a scaling function of
the argument Ego . Thus in Figs. 2 and 3 may be seen
the scaling nature of the presented functions obtained for
appropriate b, /y values. The nonlinearity of the present-
ed relations cannot be explained based on the energy (1)
either for b =0, i.e., as in mean-field theory, or for bAO,
as for the approximate model derived from Larkin-
Khmelnitsky theory. From mean-field theory we have
[cf. Eq. (5) for b=O]

g (Xo/X}-EXo"

pounds is a nonanalytical function. This conclusion is
derived from the following reasoning. The free energy
for any microscope model (Ising, etc.) calculated in ap-
proximation of the molecular field or obtained in the
form of a series expansion (without extrapolation using
the Pade approximant) has the form of an infinite series:

oo

F= ,'ao&—P + ,'PoP—+g Cz„P ",
1l =3

where the coefficients ao Po C2 are certain constants. If
the constants ao, Po, Cz„are positive, we have a stable
critical point. It may be demonstrated that terms with
P " (n ~ 3) give singularity in the susceptibility of several
orders less than terms with P and P . Therefore, in the
vicinity of the critical point of significance are only two
components of the free energy, with P and P (Landau
theory for the second-order phase transitions). They give
a susceptibility scaling function (5) for b=O, while
higher-order terms of the free energy are a source of
corrections to the scaling function, which could possibly
be visible in the experiment beyond the critical region as
deviations from scaling. In Fig. 1 —3 these deviations
cannot be ascertained despite the only slight broadening
of the experimental points associated probably with mea-
surement errors. In order to get nonlinearity in the argu-
ment of Ego ~r on the right-hand side of Eq. (5) in agree-
ment with our experimental results, the higher-order
terms of the free energy, P,P, . . . , must give a contri-
bution to the scaling (and not corrections to scaling of
lesser singularities) of the same order as given by the
terms P and P". It may be shown that the scaling con-
tribution of the terms P,P, . . . is only possible when
the coefficients C6, Cs, . . . in (9) are not constants (as in
the Landau theory), but are dependent on r in a specific
singular manner.

CONCLUSIONS ACKNOWLEDGMENTS

In this paper we wished to show deviations from
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most often used to describe the critical properties of the
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The experimental results presented in this paper show
clearly that the free energy F(~,P) of the tested com-
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