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Complex permittivity of the deuterated and undeuterated proton glass Rbt „(NH4)„H2Aso4
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Dielectric measurements have been performed in both the deuterated and undeuterated proton glass
rubidium ammonium dihydrogen arsenate Rbl „(NH4) H2As04 along the tetragonal a axis. Ammoni-
um concentrations x of 0, 0.01, 0.05, and 0.10 were studied for the undeuterated sample, while ammoni-
um concentrations of 0, 0.05, and 0.10 were studied for the deuterated counterpart. Glassy behavior is
present for x=0.05 and 0.10 but could not be observed for lower ammonium concentrations. For
x =0.05 and 0.10 we observed coexistence of paraelectric or proton-glass and ferroelectric order below
the "glass transition" temperature Tg due to the random spatial fluctuations of the ammonium cation.
Cole-Cole plots for the x =0.10 sample show that there is a distribution of relaxation times below Tg.
This relaxation occurs in the proton-glass portion of the crystal. The activation energies corresponding
to these relaxation processes are calculated.

INTRODUCTION

The study of proton glass has received considerable at-
tention during the past decade. Since its discovery by
Courtens' in Rb, „(NH4)„H2PO4 (RADP) many experi-
ments have been carried out on crystals with various
ammonium concentrations x in an attempt to construct
the phase diagram. Such a diagram shows the boundaries
between the paraelectric (PE) and ferroelectric (FE)
phases for small ammonium (x) concentrations and the
boundary between the PE and antiferroelectric (AFE)
phase for large-x values. Many ' experimental and
theoretical studies have also been done on the proton
glass Rb, „(NH~)„H2 AsO~ (RADA). Microwave
dielectric measurements on RADA by Trybula et al. '

sho~ed that the phase diagram is asymmetric, which is
partly due to the difference in the transition temperatures
of the pure constituents.

Spin-glass and pseudo-spin-glass behavior is generally
considered to require randomness and frustration. In
proton glass the randomness lies in the Rb+ and NH4+

cation placement. The frustration lies in two inconsistent
tendencies for ordering of the 0-H . 0 proton "pseu-
dospins. " In ferroelectric RbH~ As04 (RDA) if one looks

down along c, the protons in 0-H 0 bonds lying

along a (b) are near the tops (bottoms) of As04 groups, or

vice versa for reversed domains. In antiferroelectric

NH4 Hz AsO~ (ADA) two adjacent N-H 0 bonds

(viewed along c) of a given NH4+ ion are short and the

other two adjacent N-H - . - 0 bonds are long. A given
0-H - 0 bond shares oxygens with one short and one

long N-H 0 bond, with 0-H near the long bond and

the H - 0 near the short bond. This arrangement puts
one proton near the top and one near the bottom of each

As04 group, which is inconsistent with ferroelectric or-

dering. In a mixed crystal, these inconsistent ordering
schemes favored by the arsenate and ammonium ions

cause frustration and inhibit or prevent either ferroelec-
tric or antiferroelectric ordering.

The proton-glass state for the RADA system exists in
the concentration range 0.04&x &0.50. The first set of
dielectric measurements on RADA for x =0.35 was re-
ported by Kim, Kim, and Lee. ' Their data, which ex-
tend down to 20 K, did not show any onset of proton-
glass behavior for perrnittivity along the a axis. Subse-
quent measurements on RADA for the same x value by
Trybula et al. "do show the onset of proton-glass behav-
ior with glass transition temperatures ranging from 38 to
28 K for ac excitation frequencies of 30 kHz down to 1

Hz, respectively. Additional dielectric measurements on
RADA for 0. 10(x (0.20 (Refs. 6 and 7) also show the
existence of proton-glass behavior and the suggested
phase diagram. While these experiments concentrated on
x values near the ferroelectric to proton-glass phase
boundary, in this paper we present our dielectric investi-
gations in RADA and DRADA (deuterated) mixed crys-
tals with lower x values away from this boundary and
show the coexistence of proton-glass and ferroelectric or-
der.

EXPERIMENT

Mixed crystals of RADA for all the ammonium con-
centrations reported here were obtained by slow evapora-
tion of aqueous solutions of RbH2As04 and
(NH~)HzAsOz mixed in the proper molar ratios. The
deuterated crystals were grown under an atmosphere of
argon to maintain a high percentage of deuteration since
the ferroelectric transition temperature is sensitive to the
degree of deuteration of the crystal. The x values are ob-
tained to within 10% with the aid of phase diagrams for
RADA (Refs. 7 and 9) samples and to within 15%%uo with
the aid of the phase diagram for DRADA (Ref. 10) sam-
ples. The larger uncertainty in the deuterated samples is
due to the fact that the phase diagram is concentration
dependent since the ferroelectric transition temperatures
depend upon the percent of deuteration present in the
crystal. Small platelets perpendicular to the a tetragonal
axis were cut from single crystals. Conducting silver
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FIG. 1. Temperature dependence of the real part of the
dielectric constant e,' measured along the a axis for various am-
monium concentrations x in RADA. The solid line represents a
fit to Eq. (1); see Table I for fitting constants.

FIG. 2. Temperature dependence of the real part of the
dielectric constant e,' measured along the a axis for various am-

monium concentrations x in DRADA. The solid line represents
a fit to Eq. (1); see Table I for fitting constants.

paint was applied after polishing the surfaces to ensure
that faces were parallel. The sample was then placed in a
closed copper container. A type-E Chromel-Alumel
thermocouple in good thermal contact with the sample
was used to measure the temperature. The complex
dielectric constant e,' —i e,"was measured using a General
Radio Bridge and a Wayne-Kerr model 6425 Component
Analyzer.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the real
part of the dielectric constant e,' for various values of am-
monium concentration x. Figure 2 represents the same
but for the deuterated counterpart. Both these figures
represent data taken at 1 kHz. For certain x values there
are two transitions as evident from the graphs. The first
transition (T, ) on lowering the temperature corresponds
to the ferroelectric transition and the second "transition"
(T ) at still lower temperature is the proton-glass transi-
tion. This "transition" temperature is frequency depen-
dent and is defined as the temperature at which e,' begins
to drop more rapidly with decreasing temperature for
that frequency. Table I summarizes the transition tem-
peratures for various x values at 1 kHz. In the RADA
sample for x =0.01, the dielectric constant e,' falls to 9
below T, . This is also the value for e,' for the pure

(x =0) sample below T„thus ruling out the possibility of
observing a glass transition. The sharper drop in e,'

below T, for decreasing x is consistent with the almost
vertical drop one expects to observe in the pure RDA
crystal which undergoes a first-order transition' ' at T, .

Interesting effects are observed upon deuteration. The
transition temperatures are significantly increased as can
be seen in Table I by comparing the transition tempera-
tures of the deuterated and undeuterated samples with
similar x values. These results reflect the greater asym-
metry' in the 0-D. 0 bond, a quantum-mechanical
effect due to the larger mass of the deuteron as compared
to the proton. The value of e,' at T, is higher in the deu-
terated samples. We note that T, for DRADA x =0.05
is closer to that for x =0 unlike in the RADA case where
T, for x =0.05 is half-way between that of x =0 and
0.10. This could be attributed to the uncertainty in x and
the lesser deuteration content due to repeated redissolv-
ing of the solute in heavy water which was done to obtain
good crystals. From Figs. 3 and 4 in the case of the deu-
terated samples at low temperature e," goes to zero well
above 0 K, while for the undeuterated crystals it stays
above zero, in some cases approaching zero with finite
slope as temperature goes to zero.

The dielectric constant e,' from T, up towards higher
temperatures is found to obey the Curie-Weiss behavior.
The solid lines in Figs. 1 and 2 represent fits to the
Curie-Weiss formula:

TABLE I. Tabulated temperatures of various transitions mentioned in the text including the activation energies responsible for
dielectric relaxation. These results (except for the activation energy) are obtained by analyzing the data taken at 1 kHz.

Undeute rated
X T, (K) Tg (K) e,'„C(K)

Deuterated
To (K) E, (meV) T, (K) Tg (K) e,'„C(K) To (K) E, (meV)

0
0.01
0.05
0.1

110
107
101
90

15
21

10 11 100+100 —105+2
10 10500+100 —81+1
10 8 100+200 —71+3
10 12 900+100 —54+1

168

163
146

56
57

7 19 800+300 —125+5

22 500+400 —204+7
24 700+400 —79+4

99
104
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FIG. 3. Temperature dependence of the (a) real part e,' and
{b) imaginary part e," of the dielectric permittivity in the
proton-glass regime for x =O.OS RADA. Temperature depen-
dence of the (c) real part E', and {d) imaginary part e," of the
dielectric permittivity in the proton-glass regime for x=0.05
DRADA. The solid lines are guides to the eye.

FIG. 4. Temperature dependence of the (a) real part e,' and
(b} imaginary part e" the of the dielectric permittivity in the
proton-glass regime for x =0.10 RADA. Temperature depen-
dence of the {c) real part e', and (d) imaginary part e", of the
dielectric permittivity in the proton-glass regime for x =0.10
DRADA. The solid lines are guides to the eye.
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where e,' is the "infinite frequency" dielectric response,
C is the Curie-Weiss constant, and To is the Curie-Weiss
temperature. Table I shows these fitting parameters for
various concentrations x, where the e,'„value is the aver-

age of those obtained from Figs. 1, 2, and 5. A similar fit

was made in an RADP sample along the a axis close to
the antiferroelectric boundary of the phase diagram.
Nagamiya' has also made Curie-Weiss fits along the a
and c axes in ADP with negative Curie-Weiss tempera-
tures. Essential features of the proton-glass behavior are
shown in Figs. 3 and 4. Such behavior at low tempera-
tures is typical for proton glasses in that it shows a
dispersion and characteristic maxima of e,"(T) a few de-
grees below the glass transition temperature Tg The
dispersion is greater in the x =0.10 samples as compared
to the x =0.05 samples. We point out that the variation

in e," in the x =0.05 sample Fig. 3(b) is much lower in the
undeuterated crystal as compared to the deuterated one
Fig. 3(d). It must be noted that we do observe a frequen-

cy dependence of e," on the low-temperature side of the
graph unlike the results of Trybula et al. for x =0.12
RADA where the curves all coalesce.

In an attempt to analyze the dielectric relaxation
mechanisms below T we have constructed Cole-Cole
plots for the x =0.10 sample from the data shown in Fig.
4. Both plots show that the relaxation processes cannot
be characterized by a single relaxation time. This spread
in relaxation times results from the fractal nature of the
effective potential in which HAs04 and H3As04 groups
in effect diffuse by means of intrabond proton
transfer. ' ' This diffusion is responsible for the dielec-
tric relaxation. As these groups cross potential barriers,
the associated set of proton intrabond transfers can be
called a cluster of pseudospins flips, in analogy with
spin-glass behavior. Similar spreads in relaxation times
have been seen in spin glasses where flipping of clusters
of spins in the primary relaxation mechanism. As the
temperature decreases below T there is a gradual in-
crease in the distribution of relaxation times as is evident
from the Cole-Cole plots in Fig. 5. A similar result was
observed by Kutnjak et al. in DRADA with x=0.25
for the c-axis permittivity where they have used a
Frohlich-type distribution to analyze their dielectric re-
sults. For this ammonium concentration there is no fer-
roelectric transition. The distribution of relaxation times
is greater in the undeuterated sample as can be seen from
Fig. 5. To get the same shape for DRADA as for RADA
we have to go about twice the temperature, just as to get
to T, in the pure crystal we have to go about twice as
high a temperature. For a system with a single relaxation
time the Cole-Cole plot would be a semicircle with its
center on the e,' axis. The lowest-temperature plots in
Fig. 5 probably deviate at the right-hand end from the
circular shape shown because it is unlikely that the max-
irnum e,' would suddenly increase at the lowest tempera-
ture.

Assuming that the temperatures corresponding to the
peaks in e,"(T) in Figs. 3(d), 4(b) and 4(d) obey the ex-
ponential Arrhenius law

0
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I I
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FIG. 5. (a) Cole-Cole plots for x=0.10 RADA in the
proton-glass region; (b) Cole-Cole plots for x =0.10 DRADA in
the proton-glass region. The symbols represent the same fre-
quencies as in Fig. 4. The solid lines represent fits to the equa-
tion of a circle.

f=fa exp(E, IkT),

where f is the frequency, fa is the attempt frequency,
and E, is the activation energy, our results for the activa-
tion energy are summarized in Table I for x =0.10
RADA and 0.05 and 0.10 DRADA. The activation en-
ergy is greater in the case of the deuterated sample by al-
most a factor of 2. Here, 2E, is approximately the ener-
gy required to create an HAs04- H3As04 pair from two
H~ As04 groups.

Figure 6 shows the phase diagram for the undeuterated
RADA family of proton glasses including data points
from Ref. 7. In this diagram we point out that the coex-
istence (dotted) line extends to lower x values than sug-
gested by Trybula et al. Data points for the 1-Hz T
line in Fig. 6 have been obtained by extrapolating to 1 Hz
in Figs. 3(a) and 4(a) for x =0.05 and 0.10, respectively.
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CONCLUSIONS

We have investigated the dielectric response of RADA
in the concentration range up to x =0.10. Both the deu-
terated and undeuterated samples show proton-glass be-
havior for x =0.10 and 0.05. In the x =0.01 undeuterat-
ed sample the ammonium concentration is too small to
cause significant frustration between competing ferroelec-
tric and antiferroelectric interactions. The dielectric
response is seen to approach that of the pure sample as
expected. So far there is no evidence for coexistence in
the x =0.01 sample.

FIG. 6. The partial phase diagram of RADA as a function of
fractional ammonium concentration x and temperature T. PE,
FE, PG, FP, and FG denote paraelectric and ferroelectric
phases, proton-glass regime, mixed ferroelectric-paraelectric
and ferroelectric-proton-glass phases, respectively. The dotted
line represents an extension from this work. The solid squares
represent data from this work; other symbols represent data
from Trybula et al. (Ref. 7).

This work extends our previous measurements to
lower ammonium concentrations x and to deuterated
crystals of RADA proton glass. The coexistence of
proton-glass and ferroelectric phases found previously is
shown to extend to lower x values than we expected.
Three features noticed in the previous work are estab-
lished more firmly: the height of the proton-glass contri-
bution to t.,' decreases with decreasing x, the steepness of
the fall of e,' below T, increases with decreasing x, and
the maximum of e,' becomes more rounded with increas-
ing x. We also established more securely the decrease in

Tg with decreasing x, which we attribute to decreasing
correlation length of proton-glass clusters intimately in-
terlocked with ferroelectric clusters. Our Cole-Cole plots
obtained in the audio-frequency range show the same Aat-

tening trend with decreasing temperature as those ob-
tained by Kutnjak et al. in DRADA and by Bruckner
et al. for RADP in the radio- to microwave-frequency
range. While there is evidence of proton-glass behavior
in the deuterated ' and undeuterated' RADP crys-
tals, it must be pointed out that coexistence of the fer-
roelectric phase with the paraelectric or proton-glass
phase on the low x side of the phase diagram has still not
been reported for these crystals. However, a dielectric
behavior labeled "reentrant" by Takeshige et al. in
x =0.75 RADP is considered by us to indicate intimate
coexistence of proton-glass and antiferroelectric regions.
Further investigation in this coexistence region for the
Rb and K phosphates and arsenates is needed to compare
this phenomenon in KDP-type systems.
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