VoLUME 41, NUMBER 26

PHYSICAL REVIEW LETTERS

25 DECEMBER 1978

5G. Winterling, F. S. Holmes, and T. J. Greytak,
Phys. Rev. Lett. 30, 427 (1973).

SW. F. Vinen, C. J. Palin, J. M. Lumley, D. L. Hurd,
and J. M. Vaughn, in Low Temperature Physics, LT-
14, edited by M. Krusius and M. Vuorio (North-Holland
Amsterdam, 1975), Vol. I, p. 191.

'J. A. Tarvin, F. Vidal, and T. J. Greytak, Phys.
Rev. B 15, 4193 (1977).

8C. De Dominicis and L. Peliti, Phys. Rev. Lett. 38,
505 (1977), and Phys. Rev. B 18, 353 (1978).

V. Dohm and R. A. Ferrell, University of Maryland
Technical Report No. 78-077 (unpublished), and, Phys.
Lett. 67A, 387 (1978).

10y, Dohm, to be published.

R, A. Ferrell and J. K. Bhattacharjee, University of
Maryland Technical Report No. 78-080 (unpublished),
and to be published.

R. A. Ferrell, Phys. Rev. Lett. 24, 1169 (1970).
3y, Dohm, University of Maryland Physics and As-
tronomy Department Technical Report No. 79-022 (un-

published), and to be published.

Yp, C. Hohenberg, E. D. Siggia, and B. 1. Halperin,
Phys. Rev. B 14, 2865 (1976).

BE. D. Siggia, Phys. Rev. B 13, 3218 (1976).

163. A. Tyson, Phys. Rev. Lett. 21, 1235 (1968).

"We neglected here the frequency dependence of the
order-parameter rate. The validity of this approxima~
tion will be discussed elsewhere.

Spontaneous Polarization of Ferroelectric Triglycine Sulfate between 2.2 and 20 K

Sebastian Vieira
Departamento de Fisica Fundamental, Universidad Auténoma de Madvid, Madvid, Spain

and

Carmen de las Heras and Julio A. Gonzalo
Departamento de Optica y Estrvuctura de la Matevia, Univevsidad Auténoma de Madvid, Madvid, Spain
(Received 11 September 1978)

The temperature dependence of the spontaneous polarization of ferroelectric triglycine
sulfate has been determined in the range 2.2—20 K by measuring the charge released by
a large crystalline sample with a Keithley electrometer. Above ~8 K this temperature

dependence is AP, =Ce™ 2T,

, corresponding to a two-level system with energy splitting,

A=hvg=9.08x10"1 erg, while between 2.2 and 4 K it is AP, =AT32, Both temperature de-
pendences are consistent with recent specific-heat measurements by Lawless.

Low-temperature specific-heat measurements'*?
on a number of hydrogen-bonded and displacive
ferroelectrics have consistently shown a contri-
bution proportional to T3/2, This contribution
will eventually become dominant over the Debye
T3 contribution as T'= 0. On the other hand, it
has been suggested,® on thermodynamic grounds,
that in zero field the specific heat and the sponta-
neous polarization (as T - 0) should both be pro-
portional to the same power of T'; in particular
C,(T) =B'T® would require AP (T') =A'T? (i.e.,
m,=9P /8P /8T «T?), and in analogy with the
ferromagnetic case, C,(T) =BT3/2 would require
AP(T) = AT*2, These considerations imply
that accurate measurements of possible slight
changes in the spontaneous polarization as T -0
would lend further support to the specific-heat
findings of Lawless''? if the same T dependence
is observed. To our knowledge, no measure-
ments of P; down to 2.2 K have been reported in
the literature. Thus, we think that the observa-
tions presented here are the first of their kind
in any ferroelectric material. They appear to be
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consistent with the specific-heat observations.

The samples were single-crystal plates, rang-
ing in size from 5 cm®*x0.5 cm to 1 cm®X0.2 cm,
made available to us by B. Jimenez from the Con-
sejo Superior de Investigaciones Cientisicas, Ma-
drid. Gold electrodes were attached to the main
surfaces (perpendicular to the ferroelectric b
axis) by evaporation in a vacuum.

The samples were placed within the can of a
liquid-He cryostat in which He gas at a pressure
of 1 Torr was kept, to insure good thermal equi-
librium. The larger sample, with which most
measurements below 4 K were performed, was
sandwiched between two stainless-steel plates
(which provided for the electrical contacts) and
freely suspended within the can to avoid inhomo-
geneous stresses.

This can was temperature controlled by means
of an electronic controller. The sample tempera-
ture was measured by a calibrated Cryocal ger-
manium resistor (using the standard four-termi-
nal potentiometric method) attached to the ground
electrode of the sample. Another thermometer
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was placed in the external surface of the inner
can, and was used to check that the temperature
was the same as that at the sample. The inner
can was surrounded by an outer can, which was
immersed in the liquid-He bath pumped to 2.2 K.
Exchange gas between the cans was used to ef-
fect heating and cooling of the sample and then
removed (1077 Torr) at the desired temperature.
The accuracy of the temperature readings was
5X107 K. The stability of the temperature at the
sample was better than 107 K.

The electrical connections to the sample were
well insulated and connected by short coaxial
cables to a Keithley 610 electrometer, in which
the charge released after each heating step was
measured and registered in a Hewlett-Packard
chart recorder, with an error (due to the graphi-
cal analysis) of ~10™'* C. Checks on the repro-
ducibility were made by comparing the charge
released for a given temperature increase with
that recovered by coming back to the initial
temperature, with no significant error. Before
cooling, the sample was heated to T >T .~ 322 K,
and then cooled down under a dc field of ~ 400
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FIG. 1. Log AQ (charge released upon heating from
2.2 K) as a function of the inverse absolute tempera-
ture for triglycine sulfate. (The experimental points

correspond to several heating and cooling runs.)

V/cm in order to induce a single-domain state.

Figure 1 shows a semilog plot of the charge re-
leased, AQ =S AP, versus the inverse absolute
temperature. For a two-level system involving
the reversal of a dipole moment in a (spontane-
ous) field we have

P=(N,=Ny)u,=(N = 2N,)u,
=[1 -2 exp(-2u,E /TNy, (1)

where N, > N2 is the number of dipoles (per unit
volume) of moment i ¢ pointing in one direction
and N, is the corresponding number of dipoles
pointing along the opposite direction (N, +N,=N).
Hence,

AP=P,-P=2Nu,e ™" p =Np,, )

at temperatures low enough to justify neglecting
contributions to the change in spontaneous polari-
zation other than those due to the u dipoles.
Then, using$ =5.17 cm?® and AQ =S AP =e’“/T,

we obtain

Npy=C/25 =14.0 esu/cm?;

A =ka=9,08x107" erg. ®)

From the energy A we can get an associted Ein-
stein frequency vg =A/k =45.7 ecm™ in very good
agreement with the Lawless value (vg =46.9 cm™),
It can be seen in Fig. 1 that the data fulfill Eq.
(2) very well above ~ 9 K, but show a systematic
deviation at lower temperatures, indicating that
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FIG. 2. AQ as a function of 732, The two arrows
mark the temperature interval within which the Lawless
specific-heat data (Refs. 1 and 2) also fulfill a T3/2 law.
Note that since AQ is the charge released from 2.2 K,
AQ=0 at this temperature. Extrapolating the straight
line to T =0 one can easily obtain the extra charge ex~
pected to be released between 0 and 2.2 K, which is
AQ(0—~2.2 K)=0.54x107'2 C,

1823



VoLuME 41, NUMBER 26

PHYSICAL REVIEW LETTERS

25 DECEMBER 1978

there is another contribution to AP becoming
dominant as T = 0., Figure 2 shows a plot of the
lower temperature data as a function of T°/2, We
can see that the data are consistent with

AP =AT3/2,
A =(0.997+ 0.004) X 10™ esu/cm? K32, @)

in an interval 2.2-4 K, which exactly overlaps
the region where Lawless'*? observed the T3/2
temperature dependence of the specific heat.
Following the same reasoning used by Raden-
baugh,® we can check whether the value of 4 is
compatible with the value'*? of the coefficient B
in the expression for the zero-field specific heat:

COI =BIT3/2’
B’ =(7.65+0.48) erg/g K¥2, (5)

The third law of thermodynamics would require
that, if P (the contribution to the polarization due
to the u ¢ dipoles) and C, (the specific-heat unit
volume) are given, respectively, by P/P,=1 - AT
- AT®/2 exp(~ p ,E/ET) and C,=pC,’ =BT*/2, then
the following inequality must hold:

A<iuB/k, (6)

To evaluate the right-hand side of Eq. (6) we need
a numerical value for i, Assuming that the
same dipoles (corresponding to internal degrees
of freedom and hence not to be confused with the
largest “ferroelectric” dipoles) are involved in
both contributions to C,, one can get N from the
Lawless® data:

N =N s(p/M)r =0.247 X10?? dipoles/cm®,  (7)

where N, is Avogadro’s number, p =1.69 g/cm?,
M =323 g/mol, and ¥ =0.786 is extracted from the
Schottky anomaly (or Einstein-mode contribution)
of the specific heat. This leads to

us=P,/N =5.65X10"*" esu cm. (8)
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Using this value in the right-hand side of Eq. (6),
one gets

A <1,40x10™ esu/cm? K2,

which is compatible with the experimental value
of Eq. (4).

We finally note that a recently proposed model,*
based on the amplitude modulation of the dipole
amplitude by long-wavelength Bloch waves, leads
to expressions for C, and AP of the form

NE T 3/2
Co=gyz 0 &Ls/2) (“g) =BT*/2 ©)
and
Nu T \3/2
AP =4ﬂ—23a (11/2)(5 ) =AT3/2, (10)
where

Iy,= fomx3/2(ex —1)"dx =0.0452 X 4m2,

o (11)
1i/s= fo xl/z(ex -1)"dx =0.0587x 4n2,

and b and a are dimensionless constants. From
(9) and (10) one can get

5b Al
Hs =_2_‘_1._.._31%k’ (12)

which reproduces the value given in Eq. (8) if we
take b/a =2.11.
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