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SET OF EXPERIMENTAL CRITICAL EXPONENTS FOR FERROELECTRIC TRIGLYCINE SULFATE

J. A. Gonzalo
Puerto Rico Nuclear Center, * Mayaguez, Puerto Rico

(Received 17 June 1968)

A series of curves of P vs E at various temperatures close to the transition temper-
ature of triglycine sulfate have been used for determining the behavior of P, (BP//'

M)T = T, and (c)P/'c)T)E = 0 with respect to field and temperature in the critical region.
Log-log plots of the polarization and its derivatives versus E and T allow the direct ex-
perimental determination of six critical exponents. All of these experimental values
are consistent with predictions of the mean-field theory.

Observations of hysteresis loops (P vs E) from
ferroelectrics are a very good means of obtain-
ing information about the critical behavior of
these substances. A series of hysteresis loops
at various temperatures near the transition tem-
perature can provide information not only on the
behavior of spontaneous polarization with tem-
perature but also on polarization with field and,
if the resolution is good enough, on the succes-
sive derivatives of polarization with respect to
field and temperature. A set of critical expo-
enets obtained in this way, which permits a full
characterization of the behavior of the second-
order transition ferroelectric triglycine sulfate
(TGS), is reported in this Letter.

The sample preparation ("gold leaf" electrodes)
and experimental procedure were described in
detail elsewhere. ' Pictures of the hysteresis
loops were collected from the 'scope screen
by means of a photographic camera. The pic-
tures were enlarged to a size about six times the
original one, and the hysteresis loops at different
temperatures were reproduced on a single graph
sheet taking care to correct for drifts of the ori-
gin of the loop from picture to picture. The read-
ings of polarization (P) as a function of field (E)
and temperature (T) were taken from both sides
of the highly symmetric hysteresis loop and then
averaged. The amplitude of the field applied to
the sample was kept fixed for all measurements
at about 190 V/cm. It may be noted that the
curve of P vs E is somewhat dependent on field
amplitude, showing slightly enhanced values of
P for all values along the E axis as the field
amplitude is increased.

Figures 1(a) and 1(b) show log-log plots of P
vs E, at a temperature very close to Tc (t = Tc
-T=0.042'C) and of P vs T at E=O. Figures
2(a) and 2(b) show the behavior of aP/nE at t
=0.042'C and nP/ETat E =0, as a function of E
and T. For Fig. 2(a) the increment used to com-
pute r P/~ was ~ =7.05 V/cm, and for ~/
~T, AT was 0.13'C. A reduced field scale is
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FIG. 1. Log-log plots of (a) polarization versus field
at t = T~-T = 0.042'C and (b) spontaneous polarization
versus temperature at E = 0.

shown in which the actual electric field value is
divided by the ferroelectric local field at satura-
tion polarization, ilNI/. = 3.9 x10' V/cm. For Fig.
2(b), the increment used to obtain aP/~ was
SE =1.41 V/cm, and for Ap/aT, nT was again
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0.13'C. The reduced temperature scale t/Tc,
with Tc =322'K, is also shown. It should be re-
marked that for graphs of P and derivatives of
P as a function of field, one can represent as
many points as one wishes, since they are taken
from a continuous curve. On the other hand,
similar graphs as a function of temperature have

i

a limited number of points since the number of
photographs at different temperatures was limit-
ed.

The critical exponents for the whole set of de-
rivatives of the ferroelectric free energy (F)
may be labeled in the following way:

F(E T) -E ' F(E T) -t
T=O ' ' E=0

(aF/aE) -E '; (BF/BE) -t '; (aF/BT) -E '; (BF/BT) —t ';
T=O E=O T=0 0

(a F/BE ) -Ey' (a F/aE ) -t ' (a F/aEaT) -E '; (a F/aEaT)-t ";2 2 2 2 y 2 yg 2 F10.
T=O E=O T=O

(a F/a T ) -Ey" (a F/aT ) -ty" ~ ~ ~
2 2 2 2 2

T=O E=O"

(2)

Recalling that P=(aF/BE), the data shown in Figs. 1(a), 1(b), 2(a), and 2(b) enable us to compute
the critical exponents y„y4, y„y„y„y,o. This can be done directly by measuring the slope on the
log-log plots. The results are

1
Y3 g

' 39= —= 0.32 + 0.02 -—''
y4 p 0 50+ 0 03 29 y7 = -0.66 +0.05 - -g,' ya =y' = -0.95 + 0.10- -1;

yg
= 3* 5 39 yio = 0.46 + 0.10--

The estimated relative error in readings of po-
larization from the enhanced plot of P vs E curves
was 0.5 to 2Q. However, some of the plots of
the derivatives of P contained accumulative er-
rors. Deviations from the straight line near the
origin in the log-log plots may be attributed to
two sources. One is that, in the region close to
E =0, the curvature of the P vs E curves is large
and the ratio of increments is considerably lower
than the true derivative. As the departure from
E = 0 increases, the curvature decreases and the
ratio of increments becomes truly representative
of the derivative. This consideration applies
especially in the case of Fig. 2(b), where (BP/
BT)E pand (BP/BE)—E 0 vs T are represented
The other source is the fact that the data giving
P and its derivatives versus E have been taken
close to T~, but at a finite t = Tc-T =0.42'C, and
so they include some residual polarization which
should not be there if the temperature had been
T (t =0). This is the case of Fig. 1(a), where
the actual values of P close to E =0 are higher
than what should be expected for t =0. In the
case of Fig. 2(a), one has the two sources of de-
viations competing with each other. However, in
all cases there is a sufficient portion of the data
showing unambiguously a straight-line behavior,
with the possible exception of (BP/BE)E —p vs T
in Fig. 2(b). Fortunately in this case we already

have direct evidence, ' from dielectric-constant
measurements, that the corresponding critical
exponent is y, =-1.00~ 0.05, which confirms the
result drawn from Fig. 2(b) using only the last
few points. A possible objection against the va-
lidity of dielectric-constant measurements to
show the true "monodomain" crystal behavior
may be answered by noting that in ferroelectrics'
the thickness of the transition layer at the domain
wall is very small (of the order of one lattice
constant), indicating that a "polydomain" single
crystal may well be looked upon as consisting of
two sets of "monodomain" crystals.

All the results reported here are in excellent
agreement with the mean-field theory (which
predicts y2„1/y2„= f, n =1, 2, 3, ~ ~ ~ ). To com-
plete the picture, data on the dependence of criti-
cal behavior of the specific heat on field and tem-
perature would be of interest. While we lack de-
tailed information on the specific-heat behavior,
available data from Strukov, 3 using a single crys-
tal, and from Tello, 4 using powder, also seem
to indicate agreement with the mean-field theory.
Figure 3 shows a log-log plot of the ferroelec-
tric specific heat versus temperature from their
results. It is seen in this plot that as t = T-Tc
-0, the ferroelectric specific heat CE =(a'F/
B T2)E —p

—constant which would imply y 2 = n'=0.
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FIG. 3. Log-log plot of ferroelectric specific heat
versus temperature.
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FIG. 2. Log-log plots of (a) derivatives of polariza-
tion (with respect to temperature and field) versus
field and (b) derivatives of polarization (with respect
to temperature and field) versus temperature.

It is interesting to note that the anomalies in the
linear and volume expansion coefficients that
accompany the transition seem to have no effect
in modifying the mean-field pattern of the criti-
cal behavior. This supports the idea that they
are a consequence and not a cause of the dielec-
tric behavior.

Several remarks may be made in connection
with the present work: (a) The good agreement
between experimental data and mean-field theory
strongly suggests a reconsideration of the cur-

rently somewhat disregarded dipolar theory of
ferroelectrics as a basis for developing a suc-
cessful theory. (b) The knowledge of a full set
of critical exponents, as those reported here,
may enable one to establish additional "scaling
laws, " and in the end, to define the fundamental
parameter, or parameters, from which all crit-
ical exponents can be deduced. (c) The method
of analysis described here may be applicable to
the case of ferromagnetic systems starting with
a series of M vs H curves at different tempera-
tures close to the Curie point. Modifications of
this method may be applied to antiferromagnets
(or antiferroelectrics) by using II& vs T (or e
vs T) at different H (or E), CH vs T (or CE vs
T) at different H (or E), etc.

The author is indebted to Dr. S. Triebwasser
for the excellent samples, to Dr. P. Heller for
suggesting that more information could be ob-
tained from the hysteresis loop measurements,
and to Mr. M. Tello for sending me his data
prior to publication.
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