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SPONTANEOUS POLARIZATION IN THE
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GLASS Rb,_ (NH,).H,AsO,
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(Received August 28, 1992, in final form December 17, 1992)

Spontaneous polarization of mixed single crystals of Rubidium Ammonium Dihydrogen Arscnate (RADA)
and its deuterated counterpart (DRADA) are presented together with the pure ferroelectric Rubidium
Dihydrogen Arsenate (RDA) and its deutcrated counterpart (DRDA). There is a sharp rise in the
spontancous polarization at the ferroelectric transition temperature 7, for the pure crystals as this
transition is first order. The change in the spontaneous polarization in the mixed (v = 0.08) crystals
below T is gradual however, indicating the presence of acid hydrogens and ammonium cations that

<

are still mobile and in the paraclectric phase. These mixed crystals show coexistence of paraclec-
tric/proton glass and ferroelectric order below the glass “transition™ temperature T,. The maximum
values of the spontaneous polarization in the deuterated samples are greater than in the undeuterated
sumples. Also. the maximum values of the spontaneous polarization in mixed crystals below T, at the
lowest temperatures reported is found to be slightly fower than the corresponding values in the pure
crystals.
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Proton glass behavior was discovered by Courtens' in 1982 in a mixture of RbH,PO,
(RDP) and NH,H,PO, (ADP). Here RDP is a pure ferroelectric and ADP is a
pure antiferroelectric. In a mixture of the form (RDP), _ (ADP).. (RADP), for a
certain range of x values, proton glass behavior appears below the “freezing”
temperature T, due to frustration between ferroelectric and antiferroelectric or-
dering. In this range the system makes a smooth transition to the glass regime from
the paraelectric regime as temperature is reduced below the glass *“‘transition™
temperature. If a spontaneous polarization were present in these mixed crystals it
could be measured by conventional means like a Sawyer-Tower? circuit, and its
value would depend on the amount of ferroelectric material present. For pure
proton glasses the equilibrium spontaneous polarization is zero. In such crystals a
quasi-equilibrium polarization can be generated by field-cooling** the sample down
into the nonergodic region.

The crystal structure of these mixed systems is of the KH,PO, (KDP) type. A
variety of mixed systems of the KDP type can be prepared by substituting Rb for
K and As for P. In addition, these systems can be deuterated by growing the crystals
from deuterated materials. In this work we have substituted As for P, thereby
obtaining mixed Rb, _ . (NH,),H,AsO,; (RADA) crystals. While the spontaneous
polarization in pure ferroelectrics of the KDP type has been studied,’® few
experiments'®~1? have been performed on spontaneous polarization in mixed crys-
tals. Dielectric measurements'® in mixed RADA crystals for 0.04 < x < 0.10 show
coexistence of paraelectric/proton glass and ferroelectric order below the ferro-
electric transition temperature. In this paper we extend previous results™* on spon-
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taneous polarization of RADA and its deuterated counterpart and compare them
to RDA and DRDA. Spontaneous polarization has also been calculated from the
dielectric measurements along the a axis of mixed crystals by a procedure to be
explained, and compared to that obtained from saturated hysteresis loops.

Mixed crystals were obtained by slow evaporation of aqueous solutions of
RbH,AsO, (RDA) and (NH,)H,AsO, (ADA) mixed in the proper molar ratios.
The deuterated crystals were grown under an atmosphere of argon to maintain a
high percentage of deuteration. The ferroelectric transition temperature 7, depends
on the percent of deuteration in the crystal. The x values in the mixed crystals are
determined from our measured 7/’s with the aid of phase diagrams published for
deuterated!® and undeuterated'® RADA. Small platelets perpendicular to the ¢
tetragonal axis were cut from single crystals. Silver electrodes were evaporated in
vacuum after polishing the surfaces to ensure that the faces were parallel. Polar-
ization measurements were obtained from saturated dielectric hysteresis loops using
the Sawyer-Tower circuit with a 60 Hz voltage source.

Figure 1 shows the spontaneous polarization of the undeuterated RADA sample.
The ferroelectric transition for x = Ois first order”!” and the transition temperature
T, is found to be 110 K. This is evidenced by the sharp rise in spontancous polar-
ization at T,. The spontaneous polarization reaches a value of (3.6 = 0.5) nCcm~?
at temperatures far below T.. The large error bars in the spontaneous polarization
results from the uncertainty in computing the surface area of the sample due to its
small size. Within the limits of our experimental error this value agrees with that
reported by Kamysheva et al.? who have obtained a maximum value of (4.2 =+
0.2) uC cm~? from specific heat measurements.

From the expression of the free energy () as a function of polarization (P):

a
G(P.T)=G(,(T)+;P-+%P4+(1P“+... (1)
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FIGURE 1 Spontaneous polarization obtained from saturated hysteresis loops in RDA (x = 0; @)
and RADA (x = 0.08; A) as a function of temperature. The open diamond symbol represents spon-
taneous polarization obtained from Equation (3) and Figure 3 for RADA x = 0.08.
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where a = ag(T — Ty) = 47(T — T,)/C, C is the Curie-Weiss constant and T}, is
the Curie-Weiss temperature, we have calculated the thermodynamic coefficients
B and «y for the pure crystals. In Figure 2 we show the dielectric constant as a
function of temperature measured along the ¢ axis at 1 kHz and very low applied
electric field (10 V/cm) for the pure crystals. The solid line is a fit to the Curie-
Weiss law:

e — e, = CT — T, 2)

C

This fit gives a value of C = 2200 = 20 K and 7, = 104 K for RDA; we have
assumed a value of 10 for the “infinite frequency” dielectric response ¢,_... Using
this value for C we calculate B = —16.7 x 107" c.g.s. and y = 15.4 x 10~
c.g.s. from the expression (AP,)? = —3B/4y and (AP,)> = —4a/p where AP, =
3.0 uC cm ™2 is the jump in the spontaneous polarization at T,. It must be pointed
out that Equation (1) truncated at the P° term cannot be expected to fit such a big
PJAP, = P(0 K)] very well. Table I shows the corresponding values obtained from
saturated hysteresis loops® and from specific heat measurements.” The difference
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FIGURE 2 Real part of the dielectric permittivity e, at 1 kHz as a function of temperature along the

¢ axis, (©) for RDA and (A) for DRDA. Solid line represents a fit to the Curie-Weiss law of Equation
(2).

TABLE 1

Tabulated values of B and vy defined in Equation (1) for RDA and DRDA together with
fitting parameters defined in the text

Ref. Sample C(K) T(K) AP, 8 Y
uCem? cgs: cgs
8 RDA - 108.5 3.7 -20x10M 12x10°"°
9 RDA 3100 108.5 3.6 -6.9x10" | 4.4x10"
This work | RDA 2200 104 3.0 -16.7x10"° | 15.4x10"'"
-18
This work | DRDA 3500 156 45 -94x101® | 3.8x10
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in our values arises from the low T, and C values obtained from fitting Equation
(2) to Figure 2.

The spontaneous polarization for x = 0.08 RADA is also shown in Figure 1,
and can be compared to that for the pure ferroelectric. The spontaneous polari-
zation rises gradually in this case due to the presence of the ammonium cation
centers, many of which are still in the paraelectric phase for some temperature
range below T,. However, at temperatures below 55 K the applied electric field
needed to obtain saturated hysteresis loops exceeds the dielectric breakdown field
of the sample, hence saturation polarization could not be computed below this
temperature. The value of the spontaneous polarization measured at the lowest
temperature reported is (3.0 = 0.5) nC cm >, We note that this value of the
saturation polarization is less than that for the pure sample.

To explain this gradual polarization increase and lower maximum value, we
assumed that the spontancous polarization in the mixed crystal is equal to the
spontaneous polarization in the pure ferroelectric well below T, multiplied by the
fraction of the mixed crystal that goes ferroelectric below T.. To determine this
fraction, we performed dielectric measurements along the a axis for the same mixed
crystals. The glass transition as evidenced by dielectric dispersion is not seen in
this sample at the temperatures covered in this experiment but is seen at lower
temperatures.’® The spontaneous polarization predicted in this manner is given by:

el(T) )

ei(T) + eXD) ®)

P(T) = P, <
where P, is the spontaneous polarization obtained from the dielectric data, P, is
the maximum spontaneous polarization of the pure crystal well below T, and ¢,
and ¢; are defined in Figure 3. Here. the “missing™ dielectric response €7 is pro-
portional to the ferroelectric portion and &; represents the contribution to the
permittivity from the paraelectric portion of the x = 0.08 sample. The permittivity
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FIGURE 3 Real part of the dielectric permittivity &, for the undeuterated mixed crystals at 1 kHz as
a function of temperature along the a axis. €, is assumed to be 10.
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g; + €, which represents the contribution from the same sample in the absence of
the ferroelectric phase transition is estimated from dielectric data for RADA x =
0.40 which has been included to help extrapolate qualitatively the Curie-Weiss
behavior in the x = 0.08 crystal to temperatures below T.. The fraction ferroelectric
below T, can be written as £;/(e; + e3). Equation (3) is valid for temperatures
above the nonergodic temperature and below 7. In Figure 1 we show the variation
in P, as a function of temperature below T, and compare it to that obtained for
the same sample from saturated hysteresis loops. The decrease in P,, to zero is
sensitive to the way in which the two ¢,(T) curves meet in Figure 3. The agreement
is seen to be good within the limits of experimental error. Here we have used P,,
= 3.6 pC cm ™2 from Figure 1.

In the case of mixed RADP samples, the spontaneous polarization again increases
gradually but is found to approach the value of the pure ferroelectric RDP!! at
low temperatures. This indicates coexistence of paraelectric and ferroelectric phases
over a limited temperature range, below which the RADP crystals are completely
ferroelectric.

Figure 4 shows the spontaneous polarization in the case of the deuterated sam-
ples. Here, deuteration effects raise the transition temperatures and the values of
the spontaneous polarization as compared to the undeuterated counterpart. Similar
effects of deuteration are seen in the phosphates.>® The transition in the pure
sample is sharp when compared to the mixed sample. The value of the spontaneous
polarization below T, for the pure sample is (4.7 + 0.2) nC cm~2. The variation
in the spontaneous polarization in the x = 0.08 sample is gradual as in the case
of the undeuterated sample and approaches a value of (4.2 = 0.2) nC cm ~2 at the
lowest temperatures measured. From Figure 2, the Curie-Weiss fit for DRDA
yields C = 3500 = 50 K and T, = 156 K. T, for DRDA is found to be 168 K.
This increase of about 1000 K for the Curie-Weiss constant in the deuterated sample
is consistent with that observed in KDP® and RDP” upon deuteration. Using this
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FIGURE 4 Spontaneous polarization obtained from saturated hysteresis loops in DRDA (x = (; @)
and DRADA (x = 0.08; a) as a function of temperature. The open diamond symbol represents
spontaneous polarization obtained from Equation (3) and Figure 5 for DRADA x = 0.08.
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value for C we obtain for DRDA. B = —-9.4 x 10-"Wc.gs.andy = 3.8 x 107
c.g.s. where we have used AP, = 4.5 nC cm~* as the jump in the spontaneous
polarization at T,. These values are tabulated in Table I. We have calculated P,
for the deuterated case from Figure 5 and Equation (3) by a method analogous to
that used 1o calculate the spontaneous polarization from the dielectric data in the
undeuterated crystals. From Figure 4 we have used P,, = 4.7 pC cm 2. In Figure
5 the glass transition for the x = 0.08 crystal at 1 kHz is seen around 43 K where
the dielectric constant begins dropping faster with decreasing temperature. Here
too, dielectric data for x = 0.28 have been inciuded to help extrapolate the Curie-
Weiss behavior of the x = 0.08 crystal below T.. The result is plotted in Figure 4
and can be compared to that obtained for the same sample from saturated hysteresis
loops.

In Figure 4 we notice a drop in the spontaneous polarization for the pure sample
below 153 K. This effect was seen in two separate samples. Below 120 K the
hysteresis loops could not be saturated because the necessary electric field would
exceed the dielectric breakdown field of the crystal. However. saturated loops
appeared above 120 K with increasing polarization as temperature was increased.
This effect could indicate pinning of ferroelectric domains due to crystal defects
or impurities at lower temperatures, thus giving a reduced value of spontaneous
polarization. Further investigation of this effect is planned.

The experimental results show that deuteration increases the maximum value of
the spontaneous polarization in the pure crystals. Also. the maximum value of the
spontaneous polarization in the mixed crystals is lower than that of the pure crystal.
This indicates that at the lowest temperatures recorded there are still paraelectric
clusters intimately interlocked with the ferroelectric clusters. This type of coexis-
tence is also seen'* down to 5 K from dielectric permittivity in these RADA mixed
crystals. The gradual increase in spontaneous polarization below 7T, in the mixed
crystals follows the gradual decrease in the dielectric constant of the corresponding

crystals below T,.
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FIGURE 5 Real part of the dielectric permittivity ¢/ for the deuterated mixed crystals at 1 kHz as a
function of temperature along the a axis. ¢, is assumed to be 10.
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