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A careful experimental investigation of the ferroelectric-paraelectric transition in uniaxial ferroelectric tel-
luric acid ammonium phosphate induced by pressure and by temperature in the vicinity of the phase transition
has been carried out. Dielectric-constant and hysteresis-loop data allow the determination of the combined
equation of state as a function of both temperature and pressure, relating accurately polarization, field, pressure,
and temperature in the neighborhood of the transition.

Solid-state pressure-induced phase transitions are similar
to temperature-induced phase transitions in many respects.
The analogy between the role played by hydrostatic pressure
in the former case, with the role played by thermal energy, in
the latter, can be exploited to obtain a compact equation
of state describing simultaneously the pressure and the
temperature dependence of the relevant pair of conjugated
variables~polarization and electric field in a ferroelectric!.
To make a proper quantitative investigation of the equation
of state in the vicinity of the transition, accurate data,
in terms of the hydrostatic pressure as well as in terms of
temperature, are needed. Uniaxial ferroelectric telluric
acid ammonium phosphate1–8 ~TAAP! chemical formula
uTe~OH!6u•u2NH4H2PO4u•u~NH4!2PO4u, is a good candidate
for investigation, because it has~for ambient pressure, 1 bar!
a second-order phase transition2 to the paraelectric state at
Tc~0!'320 K, conveniently above room temperature, and
also because it possesses a negative pressure coefficient,4,5

dTc(p)/dp'23.58 °C/kbar, which allows investigation of
pressure-induced transitions at constant temperatures be-
tween room temperature and 320 K. This crystal is mono-
clinic at room temperature~Pn,Z52!. At the ferroelectric
transition the change in space group isP2/n↔Pn. The main
feature of the atomic arrangement is the presence of two
distinct anionic groups: TeO6 and PO4. Two types of planes
perpendicular to the@101# direction can be distinguished. In
the first type one can find PO4 groups and NH4On polyhedra,
while in the second one, one has TeO6 groups in addition to

PO4 groups and NH4On polyhedra.
6 Four types of hydrogen

bonds N-H-O linking PO4 tetrahedra are present. All of them
are asymmetric and the protons areorderedin the ferroelec-
tric phase.7 This ordering was confirmed also by the increase
of Tc upon deuteration and Raman studies,8 which showed
that the groups of TeO6, PO4, and NH4 do not undergo
changes that could trigger the phase transition.

In this work we present and analyze high-resolution data
~Dp'1.5 bar steps, in an interval of about 3 kbar;DT
'0.01 °C steps, in intervals of about 5 °C! on the dielectric
constant and hysteresis loops for TAAP single crystals, un-
dertaken with the aim of determining a combined pressure
and temperature equation of state.

The samples were small platelets, 33231.2 mm3 in size,
cut from a larger single crystal grown from water solution,
coated with silver paste electrodes deposited on the main
surfaces. The sample holder, in which pressure and tempera-
ture could be accurately controlled, as mentioned before, was
an adapted LC10 Unipress cell. Measurements of dielectric
constant and loss factor were performed with a HP Precission
LCR Meter 4384A~Emeas51 V/cm, f51 kHz!. Automatic
data, together with temperature and pressure readings were
collected by means of a top desk computer. A Diamant-
Drenck-Pepinsky bridge and a NICOLET 310 digital oscil-
loscope were used to do the digitalized hysteresis loops mea-
surements ~Emeas51.8 kV/cm, f550 Hz!. A computer
program was used to correct for internal bias in the hysteresis
loops.
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Figure 1 shows dielectric-constant data as a function of
pressure through the transition at room temperature. The data
can be fitted well with a Curie-Weiss-type law with pressure.

Figure 2 gives similar dielectric-constant data as a func-
tion of temperature through the transition at several pres-
sures, which also follow well a Curie-Weiss law. It may be
noted that«max becomes smaller for lower transition tem-
peratures.

Figures 3~a! and 3~b! display normalized square sponta-
neous polarization as a function of temperature~a! at ambi-
ent pressure~1 bar!, and pressure~b! at constant temperature
T5306.65 K. It may be noted that, because of the lack of

perfect compensation in the hysteresis loops,Tc andpc are
slightly overestimated.

Two sets of hysteresis-loop data, one at constant pressure
~ambient pressure, i.e., 1 bar!, and another at constant tem-
perature~T5306.65 K, i.e., near and below the ambient pres-
sure Curie temperature! are represented in Fig. 4 in scaled
form. They fit well a combined equation of state, discussed
below, which is easily deduced from basic considerations. It
must be noted that we are not aware of previous descriptions
of observed pressure and temperature behavior near a ferro-
electric transition by means of a single equation of state.

In an order-disorder ferroelectric phase the existence of
microscopic dipole moments reversible under the action of
an external electric field can be associated with the presence
of a double potential minimum along the polar axis of the

FIG. 1. Inverse dielectric constant«21 as a function of hydro-
static pressure atT5293 K for TAAP. Straight line indicates the
Curie-Weiss behavior atp.pc55.13 kbar~note that vertical scale
starts at«215431024!.

FIG. 2. Isobars of the temperature dependence of the inverse
dielectric constant«21 for TAAP.

FIG. 3. Normalized spontaneous polarization square~Ps/Pso!
2

vs pressure atT5306.65 K~a!, and vs temperature at ambient pres-
sure ~1 bar! ~b!. Pso52.12 mC/cm2 is the saturation spontaneous
polarization.
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unit cell for specific constituent ions. In the paraelectric, i.e.,
fully disordered, phase the jump probability per unit cell and
unit time of those specific ions between the two symmetric
minima is usually given by p~f!5ne2f/kBT, where
n'kBQD/h is the attempt frequency, andf the potential bar-
rier height between the two minima. If the barrier height is
increased by a small amountdf, the jump probability should
decrease in such a way that

dp0~f!52~1 / f* !p0df, ~1!

and then

p0~f!5p0~0!e2f / f* . ~2!

Heref* can be given in terms of the critical barrier height at
which the ferroelectric-paraelectric transition, induced either
by rising temperature or rising hydrostatic pressure, takes
place. In a transition induced by temperature only~i.e., under
ambient pressure! we have9

feff~Tc ,0!5bNm25kBTc , ~3!

whereTc is the transition temperature andEsom5bNm2 is the
electrostatic energy of the spontaneous field acting on the
unit dipolem. In a transition induced by pressure only~at 0
K! also

feff~0,pc!5bNm25Dvcpc , ~4!

where pc is the critical hydrostatic pressure andDvc the
associated change in unit cell volumevc needed to bring
about the pressure-induced transition.

Consequently, in the general case ofT,Tc , p,pc we
may take

f*5feff~T,p!5bNm2S TTc 1
p

pc
D . ~5!

This expression is used in the following to get in a straight-
forward manner a combined pressure/temperature equation
of state for the ferroelectric transition.

In equilibrium under zero external field at the paraelectric
phase, where the double potential minimum is symmetric,
the number of dipoles per unit-volume pointing in the1
direction ~N2! and in the2 direction ~N1! are related by
N2p215N1p12, and since p125p215p0, one has
N15N25N/2. In general, however, i.e., under an effective
field

Eeff5E1bPd1gPd
31dPd

51••• ~6!

one has

p215p0~0!e2~E1bPd1••• !m / f* ,

p125p0~0!e~E1bPd1••• !m / f* , ~7!

which, in equilibrium~N2p215N1p12! leads to

Pd

Nm
5

~N22N1!m

~N21N1!m
5tanhS ~E1bPd1••• !m

f* D ~8!

and, using Eq.~5!, to the combined equation of state

TABLE I. H5heating;C5cooling;D5decreasing of pressure.
Tc5Tc(p50!5317.25 K andpc5pc(T50!576.87 kbar were used
for all data.Tc(pÞ0! is the actual transition temperature for a spe-
cific pressurepÞ0; pc(TÞ0! is likewise the actual transition pres-
sure for a specific temperatureTÞ0.

Tc(p)
~K!

p
~kbar! Tc(p)/Tc ~p/pc! $@Tc(p)/Tc]1(p/pc!%

H 299.56 5.688 0.944 0.074 1.018
C 299.56 5.688 0.944 0.074 1.018
H 302.00 5.071 0.951 0.066 1.017
C 301.90 5.071 0.951 0.066 1.017
H 304.36 4.452 0.959 0.058 1.017
C 304.22 4.327 0.958 0.056 1.015
H 304.61 4.452 0.960 0.058 1.018
C 304.30 4.452 0.959 0.058 1.017
H 305.58 4.074 0.963 0.053 1.016
C 305.42 4.137 0.962 0.054 1.016
H 307.28 3.601 0.968 0.047 1.015
C 307.14 3.601 0.968 0.047 1.015
H 308.12 3.394 0.971 0.044 1.015
C 307.94 3.452 0.970 0.045 1.015
H 310.98 2.556 0.980 0.033 1.013
C 310.83 2.578 0.979 0.033 1.013
H 315.35 1.310 0.994 0.017 1.011
C 315.30 1.315 0.993 0.017 1.010

T ~K!
pc(T)
~kbar! ~T/Tc! pc(T)/pc $~T/Tc)1[p(T)/pc#%

D 293.15 5.13 0.924 0.067 0.991

FIG. 4. Simultaneous scaling equation of state for the pressure-
induced and the temperature-induced ferroelectric transition in
TAAP. The continuous line is the theoretical scaling equation of
stateê>6 p̂d1

1
3 p̂ d

3, with a2 sign forT,Tc and forp,pc , and a
1 sign forT.Tc and forp.pc . Tc(p51 bar!5317.25 K,pc(T50
K!576.87 kbar;Pso52.12mC/cm2 the saturation spontaneous po-
larization, andEso59.903105 V/cm, the saturation spontaneous
field, give the best fit to the theoretical equation of state.
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Pd

Nm
5tanhH S TTc 1

p

pc
D 21SE1bPd1•••

bNm D J , ~9!

or

E

bNm
5S TTc 1

p

pc
D tanh21S Pd

Nm D
2bPdF11S g

b DPd
21S d

b DPd
41••• G , ~10!

which can be written in dimensionless form as

e5S TTc 1
p

pc
D tanh21pd2pd~11gpd

21hpd
41••• !,

~11!

where p5pressure andpd5reduced dipolar polarization
must not be confused.Tc5Tc(p50! is the transition tem-
perature atp50, andpc5pc(T50! is the transition pressure
at T50 K.

For a continuous second-order transition,10 close to the
ordinary critical point~pd!1!, Eq. ~11! can be put in scaled
form as

ê>6 p̂d1
1

3
p̂d
3, ~12!

where

ê[eYU12S TTc 1
p

pc
D U3 /2

,

p̂d[pdYU12S TTc 1
p

pc
D U1 /2

. ~13!

As shown in Fig. 4, Eqs.~12!–~13! describe simultaneously
the pressure-induced and the temperature-induced ferroelec-
tric transition of TAAP simply and fairly accurately. Frompc
andTc we estimated the unit cell volume change associated
with the phase transition asDvc5kBTc/pc50.565 Å3 ~the
actual unit cell volume isvc5922.73 Å3!.

Table I illustrates the good fit of data forTc(p) andpc(T)
from Figs. 1 and 2 to Eq.~9!, in which ~T/Tc1p/pc! play-
sthe same role asT/Tc in a transition at zero pressure and as
p/pc in a transition at zero temperature.
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