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Dynamic Critical Behavior of Ferroelectric Triglycine Sulfate from Dielectric Loss Measurements
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Measurements of the dielectric loss in triglycine sulfate are shown to yield informa-
tion on the critical temperature dependence of the relaxation time, 7(¢), where ¢=(T
—T.)/T.. The data indicate a power law 7~ !(t) ~t*, where x=0.656+ 0.025~% for 7x107?
< AT < 1.5°C at T >T,. 7(t) does not diverge at 7., in accordance with theoretical con-
siderations, For T < T, the data suggest a similar behavior. The role of logarithmic
corrections is analyzed, and estimates of the correlation length amplitude £,~ 7.86 A and
the dipole-dipole constant g=~3.44x 10~ 7 A~2 are obtained.

PACS numbers: 77.80.Bh, 64.60.Ht, 77.40.+i

The critical behavior of uniaxial dipolar ferro-
electrics and ferromagnets has received recent
considerable attention' "% in part because it makes
possible comparisons with results from the re-
normalization-group theory of phase transitions,
which predict mean-field behavior with logarith-
mic corrections® for dimensionality d=d*=3
(corresponding to the long-range dipolar interac-
tion). Triglycine sulfate (TGS) can be considered
a prototype uniaxial ferroelectric with a second-
order transition at 7,=249 °C. The dielectric dis-
persion of TGS has been the object of several
papers.””® Luther and Muser’s® data on this crys-
tal show, in contrast to those of Hill and Ichiki,’
a monodispersive behavior, with a single Debye
relaxation time. Unruh and Wahl’s® data confirm
this monodispersive behavior and report a tem-
perature dependence of the relaxation time 7,
~e,* ~(T-T,)/T,\* with x~1,08, The data shown
by the last authors (Fig. 2, Ref. 9) are not in-
consistent with lower values for x as €, approach-
es €,(T.).

Samples of thicknesses ranging from 0.5 to 7
mm and areas from 0.17 to 1.40 cm?® were cut
from a large single crystal of TGS grown from
water solution, Gold leaf electrodes were at-
tached directly to the main surfaces, perpendicu-
lar to the ferroelectric b axis., The sample hold-
er, within a thick-walled aluminum container,
was immersed in a temperature controlled bath,
and the temperature was measured by means of
a Chromel-Alumel thermocouple with a Fluke
digital microvoltmeter. For measurements in
the vicinity of T,, the slow spontaneous cooling
technique'® was used. Successive temperature
and time readings, the latter using a digital chron-
ometer, defined with good accuracy the cooling
rate, which was nearly linear in an interval of
a few degrees above and below 7, thus providing
an improved relative definition of the tempera-
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ture readings (approximately +0.001 °C), Simul-
taneous measurements of the capacitance, C, and
the loss factor, D=R/IX|, were obtained at each
temperature with a universal Video-bridge (Elec-
tro-Scientific Industries model 2100) which gave
digital readouts for both C and D with five or
more significant figures. The relative accuracy
for C and D in our range of measurements, ac-
cording to the manufacturers, was better than
0.1%, and this is borne out by the small scatter
of our data points. The 1-kHz field amplitude
was fixed at about 2 V/cm, regardless of the
thickness of the sample. The two main factors
affecting the quality of the data are thought to be
(a) thermal gradient from the lower to the upper
surface of the samples and (b) charged-impuri-
ties gradient through the sample, producing a
small effective field bias. A rough estimate of
the thermal gradient for our experimental con-
ditions gave ~0.01 K/mm. Inherently more dif-
ficult is to get an estimate of the presumable
charged-impurities gradient in our samples,
since its magnitude should change in going through
T,. Its associated internal bias should be no high-
er than ~1 V/cm at 7=~ T, in view of the values

€ nax ~ 10° observed.

The capacitance and the loss factor of three
samples of different thickness (0.54, 2.19, and
6.94 mm, respectively) were measured between
56 °C and 40 °C at closely spaced temperature
intervals, up to 0.005 °C, in the immediate vicin-
ity of 7,. Rounding effects were noticeable within
0.1 °C of the peak temperature. Plots of € vs
t=(T-T,)/T, were fitted to € "*~¢ (straight mean-
field theory) and € *~ ¢|1n ¢/ "'/ (three-dimen-
sional dipolar Ising model). 7, was first opti-
mized separately for both cases, using data
points for which 0.1< 7= T, < 1.5°C. As might
be anticipated, the goodness of the fit was sim-
ilar, because of the uncertainties introduced by
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the relatively large rounding observed.

Figure 1 shows data of inverse loss factor D!
versus AT = T—T,_ above 7, for the thickest sam-
ple (d=~6.94 mm). It must be noted that the peak
value of the loss factor, D, ,,, was almost in-
dependent of sample thickness. On the other
hand, D values far away from T, were much lower
for the thickest sample, reflecting probably bet-
ter the bulk characteristic conductivity of TGS.
The log-log plot of Fig. 1, for which 7, was first
determined separately, under the assumption
only of a power law with an as yet unspecified
critical exponent, indicates that D™! remains
finite as AT goes to zero, and can be fitted very
well by D™~ ¢*, with x =0.656+ 0,025 for 0.07
<AT<1,5°C, i.e., within a considerable span in
AT, involving a more than twentyfold increase.
The digital readout for D implies convenience
and accuracy not easily attainable with conven-
tional bridges. As stated before the relative ac-
curacy was always better than 0.1% and, within
one degree of T,, better than 0.05%.

The g-dependent susceptibility of a dipolar fer-
roelectric along the polar axis can be written! as

Xo=X/(1+q?E%+ g% —hq?E?), 1)

where <1, g is a dipole-dipole coupling constant,
X ~t !l £1*/3 is the zero-field susceptibility for
spatially homogeneous polarization, and ¢ is the
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FIG. 1. Log-log plot of inverse dielectric loss factor,
D~!, vs AT=T-T, for TGS sample of thickness d
= 0.694 cm.
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correlation length, When we take into account
that

£, = iot'l/zlln AL , &= g1/2£02t-1|1n ﬂl/S’
the overall correlation length can be written as
£=(&, gLZ)l/a =g-1/2(g£02)2/3t-2/3”n £12/°
~g '1/2(g£02)2/3t -2/3, (2)
On the other hand, the frequency dependence
of the dielectric constant of TGS near T, appears
to be well described by a single, temperature-

dependent, Debye relaxation time 7,.%'° Hence
we have, for wr, <1,

1_1Xl_€' (@) _ €at(eg=ea)/(1+0°r,?)

D R €(w) wT, (€= €.)/(1+w?T, ?)

o leo/leg—€)+1
wT )

(3)

r

Furthermore, taking into account that
Re[e ™ (w)]=(4mx )™
=(4mx o) [1+(1-h)q?E?/(L+g£?)],
(4)

where X,= x/(1+g¢£?), and that, according to De-
bye’s theory,

Re[e ™ (w)]=(p— €)™ (1 + w?T7,2), (5)
one can combine Egs. (1) and (3)-(5) to get, at a
given frequency,

D '=const.7, ' =(1 __h)-l/zq-lgl/Z(l + 1/g£2)1/2

= Dy H(1+1/2 8212, (8)

where it has been assumed that €,> €, and 47y,
> 1, so that €,~ 4mryx,. Then, sufficiently away
from 7T,, whengé? <1,

p-t! =D g-1/2£ -1
~ D, -1(g£02)-2/3t2/3 (7

which is consistent with a critical exponent x = %
for the inverse relaxation time, while for g£2

>1,
D =D, (8)

which corresponds to a finite D (7, )= Dy, ™"
=~ 4,87 in our data.

The dimensionless product g&,2 can be obtained
directly from the data in Fig. 1 with use of Eq.
(6). The result is

g£2~2,127x107° (dimensionless). (9)

On the other hand, as shown by Aharony and
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Halperin,' specific-heat data provide a universal
relation involving g and £,, which is given by

g2t 2~k D\ 1n t1*/3/C ~kzD/A, (10)

where k5 is Boltzmann’s constant, D=3/327,
and C is the singular part of the specific heat,
which may be approximated in the close vicinity
of T,, for T>T,, by

C~Allnt|3, (11)

Existing data on C for TGS by Ema, Hamano,
and Ikeda'! can be fitted to Eq. (11) for 0.15< AT
<10°C., A good fit is obtained with A~ 0,207
(arbitrary units) ~1.671X 10° erg/cm® °C, with'2
Cux = 0.68 (arbitrary units)=0.325 J/g and p
=1.69 g/cm3, We note that the background speci-
fic heat from this fit comes out considerably low-
er than that estimated by Ema, Hamano, and
Ikeda in their paper. Substituting numerical val-
ues for A and the other constants in Eq. (10) we
get

g12,1~2,242x1072 cm®, (12)
Now, combining Egs. (9) and (12), we get

£,~17.86X10"% cm, g ~3.44X10° cm™2,  (13)
The numerical value obtained for the correlation
length amplitude at about 0 K is hence of the or-
der of the nearest-neighbor dipole-dipole dis-

tance in TGS.'® The corresponding parameters
for the uniaxial ferromagnet LiTbF, were ob-
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FIG. 2. Plot of [(D"!/Day 2= 1134 vs temperature
for TGS sample of thickness d = 0.219 cm (D ;!
=6.0lat T =T,).

tained by Ahlers, Kornblit, and Guggenheim,*

The dynamic scaling hypothesis!®*¢ implies
that the characteristic relaxation time associated
with fluctuations near a phase transition can be
expressed as

T, =E°f (R E), (14)

where the subscript 2 denotes the pertinent wave
vector, z is a critical exponent, and f(k£) is
independent of ¢, Taking into account that, ac-
cording to our data, Tk(t)~t'2/3, and that £(¢)
~¢72/3_ these data appear to imply a dynamic ex-
ponent z =1,

Figure 2 shows data of D! as a function of T
for T below as well as above T, from the sample
with intermediate thickness (d=2.19 mm) given
in a different, linear representation, Substituting
Eq. (2) into Eq. (6) and rearranging terms, one
obtains

LD /Dy 12 =11%4= (g£,2) 7 ~ AT. (15)

The data seem to fulfill this relation very well
near T,, both above and below the transition, and
are consistent with the same critical exponent

x =~ % in both temperature regions. Similar re-
sults were obtained with the thin sample (d=0.54
mm),

It may be concluded that dynamic critical be-
havior, previously sought but not found, consis-
tent with that predicted by RG theory for a three-
dimensional dipolar Ising system, has been ob-
served for the first time in a uniaxial ferroelec-
tric.
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