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Dielectric dispersion due to weak domain wall pinning in RbH2PO4

Volkmar Mueller, Yaroslav Shchur, and Horst Beige
Fachbereich Physik, Martin-Luther-Universita¨t Halle, F.-Bach-Platz 6, D-06108 Halle, Germany

Stefan Mattauch, Ju¨rgen Glinnemann, and Gernot Heger
Inst. f. Kristallographie der RWTH, D-52056 Aachen, Germany

~Received 25 October 2001; published 19 March 2002!

Dielectric spectroscopy experiments are carried out in the ferroelectric phase of rubidium dihydrogen phos-
phate (RbH2PO4), within the frequency range 0.1 Hz, f ,1 MHz. A strong dielectric time decay~ageing!
dominates after thermal equilibration. However, spectra taken after long dwelling times reveal a significant
dispersion below the fundamental piezoelectric resonance frequencyf res . The permittivity of the well-aged
sample is found to decrease linearly with the logarithm of the frequency. Not detectable above the paraelectric-
ferroelectric phase transition temperatureTc , the dispersion is observed both in the rangeTc.T.Tf

'117 K of the anomalously high domain wall contribution and in the low-temperature rangeT,Tf corre-
sponding to the frozen-in domain-wall response. The result indicates that the concept of weak pinning in the
context of the theory of elastic interfaces in disordered media may be applicable to describe the interaction
between the ferroelectric/ferroelastic domain walls in RbH2PO4 and randomly distributed impurities.

DOI: 10.1103/PhysRevB.65.134102 PACS number~s!: 77.22.Gm, 77.80.Dj, 77.84.Fa
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I. INTRODUCTION

Rubidium dihydrogen phosphate (RbH2PO4) is a well-
known representative of KH2PO4-type hydrogen-bonded fer
roelectrics, whose dielectric properties attracted consider
interest due to the extremely large static permittivity valu
observed in the polar phase. A common feature
KH2PO4-type single crystals is the peculiar dielectr
anomaly accompanying the paraelectric-ferroelec
~tetragonal-orthorombic! phase transition.1 Upon cooling be-
low the phase-transition temperatureTc5146 K, the permit-
tivity parallel to the ferroelectricc axis remains anomalousl
high but decreases steeply below the temperatureTf
'117 K, limiting the so called ‘‘plateau range’’Tc.T
.Tf .2 This anomaly was interpreted3 in terms of dielectric
contributions of dielectric domain walls, an activity whic
freezes out belowTf .4,5

There have been repeated reports about Debye-like
persion in the ferroelectric phase of KH2PO4 below the fre-
quency f res of the fundamental piezoelectric resonance.6–10

It is now well established that this low-frequency relaxatio
representing a composite dispersion which includes at l
three relaxational modes, is related to domain-wall motion6,7

Thus the dispersion may be considered to be a ‘‘fingerpr
of the physical mechanism underlying the dielectric doma
wall contribution. In view of the similar anomaly«8(T) ob-
served in KH2PO4 and RbH2PO4, it should be expected tha
the high domain-wall contribution is based on the sa
mechanism leading to a quite similar low-frequency disp
sion in both crystals. However, dielectric data covering
low-frequency range of RbH2PO4 are not numerous. Thoug
temperature scans«(T) show in the ferroelectric phase fre
quency dependence of the permittivity,6 there is no informa-
tion available about the type of the low-frequency dispers
and its relationship to the motion of ferroelectric doma
walls in RbH2PO4.

In this paper we present the results of a dielectric study
the low-frequency dielectric spectrum (0.1 Hz, f
0163-1829/2002/65~13!/134102~6!/$20.00 65 1341
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,1 MHz) within the ferroelectric phase of RbH2PO4. Here
the low-frequency dielectric properties depend strongly
the time elapsed after thermal equilibration. To obtain inf
mation about the dispersion related to the metastable dom
structure of RbH2PO4, we carried out dielectric measure
ments after long dwelling times during which the major p
of the time-dependent processes faded away. The results
tained on a well-aged sample provide clear evidence o
relaxational non-Debye dispersion in the ferroelectric ph
of RbH2PO4, which is characterized by a permittivity lin
early decreasing with the logarithm of frequency. This d
persion type was recently detected in KH2PO4,10 where it is,
however, almost hidden by the Debye-like constitue
within the spectrum. Our observations indicate that the
namics of ferroelectric domain walls both in RbH2PO4 and
in KH2PO4, are creeplike, and comply with theoretical pr
dictions for elastic interfaces in disordered media.11

II. EXPERIMENT

The RbH2PO4 crystal was grown by slow evaporatio
from an aqueous solution atT5315 K. X-ray topography
and high-resolution x-ray diffraction were used to charact
ize the crystal quality. From x-ray topography~Lang method!
we conclude that the dislocation-free areas of the crystal
large ~the typical size is 1 cm in diameter!, and observe
characteristic fringes of the Bohrmann-effect~dynamic dif-
fraction!. The high-resolution x-ray-diffraction studies we
carried out using CuKa1 radiation from a fourfold Ge~222!
monochromator (dl/l'531025). With a channel-cut
Ge~222! analyzer, we obtained a full width half maximum o
6.89 of the 4 0 0reflection~rocking curve:v scan! at room
temperature. This value is in close agreement with the re
lution limit of the instrument as we estimated it studying
perfect Si wafer. Thus we have established the high crys
lographic quality of the RbH2PO4 crystal and can exclude
that clustering of point defects is relevant, which would le
to a significantly higher dislocation density.
©2002 The American Physical Society02-1
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From the crystal,c plates (4.033.532.2 mm3) were cut,
and aluminum electrodes were evaporated onto the la
faces. The sample was mounted into a liquid-nitrogen c
ostate. Electrical contact was established by thin wires
that the sample could vibrate freely during the dielect
measurements. The complex permittivity«* 5«82 i«9 along
the ferroelectricc axis was measured in the low-frequen
range 0.1 Hz, f ,100 kHz, with a computer-controlled di
electric spectrometer. The current through the sample,
jected to harmonic electric excitation, was amplified with
current amplifier whose output voltage was analyzed usin
digital lock-in amplifier. Each time the measuring frequen
or the gain and filter settings of the current amplifier we
changed, a calibration measurement was carried out in o
to compensate for its frequency and gain-dependent in
impedance and the parasitic feedback capacity, respecti
Using a computer-controlled switch, the current amplifier
put was connected instead of the sample with up to two
of eight low-loss reference capacitors (2 pF<Cre f

( i )

<10 nF), so that the sample capacity was reproduced
well as possible. The transmission function of the amplifi
was modeled by software in order to minimize the resid
error. Switching the sample to the input terminal of
HP4192A impedance analyzer, the high-frequency p
(100 kHz, f ,1 MHz) of the spectra was investigated in
typical four-wire configuration. The measurements were c
ried out with an amplitudeEac55 V/m of the electric ac
field. For the crystal examined, and within the experimen
accuracy, the permittivity measured at this field level do
not depend onEac within the whole temperature range in
vestigated. The sample was cooled below the phase tra
tion temperatureTc , with a constant cooling rateDT/T
53.3 K/h. The cooling run was interrupted several times
carry out spectroscopic investigations. After thermal equ
bration, the dielectric spectra were recorded continuousl
constant temperature. The temperature was stabilized du
the dwelling time, with an accuracyDT<0.01 K.

III. RESULTS

Approaching the phase-transition temperature upon c
ing from above,Tc was determined from the dielectric da
as the temperature for which deviations from the Cur
Weiss behavior of the low-frequency permittivity set in.12,13

If the cooling run was interrupted in the paraelectric pha
no significant time dependence«8(t) was detected at con
stant temperature. However, a strong time decay«8(t) was
observed in the ferroelectric phase at frequencies below
piezoelectric resonance frequencyf res'50 kHz. On the
other hand, the rather slight temperature instability dur
the dwelling time caused large permittivity fluctuations d
to the dielectric deaging of the sample, so that a high leve
temperature stability turned out to be a condition for sp
troscopic experiments.

We will show now that, due to the pronounced aging
fect, unusually long dwelling times are required to obta
information about the dielectric dispersion in RbH2PO4. First
we present spectra«8( f ) @Fig. 1~a!# taken at the temperatur
T5144.7 K, i.e., within the plateau range of RbH2PO4.
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Data obtained for different dwelling timestd are shown to
demonstrate the significance of the time decrease«8(t).
Since the measurements were carried out for decreasing
quency, the spectra measured immediately after ther
equilibration show even an apparent increase«8( f ) due to
the dielectric decay during the timetm'130 min, necessary
to record the spectrum.

Even for the longest dwelling timestd559 h examined,
the dielectric decay is still evident~Fig. 2!. However, spectra
«8( f ), obtained for long dwelling timestd.20 h, arede-
creasingfunctions of frequency. The permittivity decreas
monotonically with time, and spectra were taken for decre
ing frequency, so that we can exclude the aging effect as
cause of the frequency dependence, and thus obtain evid
of a small but distinct low-frequency dispersion in the ferr
electric phase of RbH2PO4. To conclude as to the characte
of the dielectric dispersion, we first eliminate the influence
aging. In the limit td@tm , the dielectric decay during the
measuring timetm is approximately linear. In addition, th
strength of the time decay«8(t) is frequency independen
within our frequency window, as it can be seen from Fig.

FIG. 1. Dielectric spectra obtained atT5144.7 K for the real
~a! and imaginary~b! parts of the complex permittivity. Results fo
various dwelling timestd are provided.
2-2
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DIELECTRIC DISPERSION DUE TO WEAK DOMAIN . . . PHYSICAL REVIEW B65 134102
Hence it is easy to eliminate the aging effect on the
electric spectra, taking into account the time decayd«8 dur-
ing tm . Using the relationship

«8~ f ,t0!5«8~ f ,t !1d«8~ t2t0!/tm , ~1!

data«8( f ,t0) were obtained which refer to the starting tim
t0 of the particular spectrum. Clearly, the aging effect do
not distort the spectra for long dwelling times. We thus co
clude that the dispersion in the ferroelectric phase
RbH2PO4 is characterized by a linearly decreasing permitt
ity on a logarithmic frequency scale, qualitatively similar
what is shown in Fig. 2 for the uncorrected data. In wh
follows we refer to this type of dispersion as logarithm
dispersion.

The frequency-dependent imaginary part«9( f ) is shown
in Fig. 1~b!. The high-frequency branch of the dielectric lo
spectrum is dominated by contributions from the resona
dispersion, whose resonance frequency increases with t
This increase is related to elastic domain-wall contributio
to the compliance 1/c66

E which, quite similar to the dielectric
domain-wall response, decrease with time. At the lo
frequency end of the spectrum, an increase of«9 with de-
creasing frequency is observed, which flattens out for lon
dwelling time. We cannot exclude that the low-frequen
dispersion«9( f ) is related to the conductivity. However, th
time dependence«9(t) points to a Debye-like dispersion re
gion centered outside the observation window, whose rela
strengths and/or relaxation frequency decrease with ti
Within the central part of the loss spectrum, the contribut
of the relaxational and resonance-type dispersions local
outside the observation window can be neglected. Never
less here we observe a nonzero, nearly frequen
independent, dielectric loss which decreases with time.

We now analyze the temperature evolution of the diel
tric spectra which is shown in Fig. 3 for the data correc
according to Eq.~1!. No significant low-frequency dispersio
is discernible in the paraelectric phase close aboveTc . Both
logarithmic dispersion and dielectric aging set in upon co
ing immediately below the phase transition temperatureTc .

FIG. 2. Logarithmic frequency dependency«8( f ) observed at
T5144.7 K after long dwelling timestd.50 h.
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At T5145.7 K, the strengthd«8 of the time relaxation is
smaller and the strengthss of the logarithmic dispersion is
larger as compared to the data measured atT5144.7 K,
analyzed above. Therefore, in a narrow temperature ra
close belowTc , the logarithmic dispersion type is discern
ible even from the uncorrected data, taken immediately a
temperature stabilization. On the other hand, the disper
strengths is decreased upon further cooling toT5130.7 K
and the average time constant of the time relaxation«8(t)
becomes considerably larger. Although we are still within t
plateau range, we did not obtain a saturation of the logar
mic dispersion strengths even for the longest dwelling ti
examined:td582 h.

The freezing temperatureTf'117 K of our sample was
estimated from the temperature dependent data«8(T). This
differs from the valueTf'100 K derived from the result o
a previous study,6 which may be related to the different de
fect content14 or thickness15 of the specimens examined
Within the low-temperature rangeT,Tf , the time-
dependent relaxation is considerably smaller than the dis
sion of the permittivity. The dielectric spectrum taken atT
5102.7 K,Tf ~Fig. 4! applies to this range. It characterize
the dispersion in the temperature range of the ‘‘frozen-
domain-wall response. As can be seen from the lo
frequency part of the spectrum, the logarithmic dispers
type is basically retained at low temperatures. Additiona
an indication for another polarization mechanism is obtain
within the frozen-in state, leading to a relaxational-type d
persion with a wide distribution of relaxation times center
around the average timêt&'531025 s. Since the Debye-
like domain wall relaxation in KH2PO4 slows down ifTf is
approached upon cooling,6,14 it may be assumed that simila
Debye-like constituents within the spectrum of RbH2PO4 are
hidden at elevated temperatures by the resonance-type
persion.

FIG. 3. Dielectric dispersion close aboveTc and at different
temperatures within the plateau range of the ferroelectric ph
circles, T5148.7 K, td52 h, and«8(0.1 Hz)51294; triangles,
T5145.7 K, td544 h, «8(0.1 Hz)510745; crosses, T
5144.7 K, td559 h, and «8(0.1 Hz)54833; squares, T
5130.7 K, td582 h, and«8(0.1 Hz)52254. The data are nor
malized to the value«8(0.1 Hz), and corrected for aging~see the
text!.
2-3
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IV. DISCUSSION

The plateaulike temperature dependence of the ano
lously high low-frequency permittivity«8 in the polar phase
of RbH2PO4 represents a characteristic feature
KH2PO4-type polydomain crystals.1 In the plateau range o
KH2PO4, it is now confirmed6,7 that the observed low
frequency dielectric dispersion8 results from domain-wall ac
tivity. The polarization mechanism related to the low
frequency dispersion in RbH2PO4 is also clearly restricted to
the polar phase, for we observe no dispersion aboveTc .
However, the domain-wall response in KH2PO4 was reported
to be Debye-like,8 whereas in the ferroelectric phase
RbH2PO4 we observe a logarithmic dispersion type. Thus
question arises of why the dielectric response of dom
walls in the ferroelectric phase of both crystals manife
itself in quite similar temperature dependences but rather
ferent dispersions of the low-frequency permittivity.

In a previous study,10 we investigated the low-frequenc
dielectric spectrum within the plateau range of a purifi
KH2PO4 crystal. We detected a strongly non-Debye rela
ational mechanismDND which is almost hidden by Debye
like constituents within the spectrum. The dielectric con
bution «ND8 due to DND is quite similar to the logarithmic
dispersion we observe for a well-aged RbH2PO4 sample. In
KH2PO4, we interpretedDND to reflect the creeplike dynam
ics of domain walls predicted by the theory of elastic int
faces in disordered media.16,11 The theory treats local distor
tions of the elastic interfaces in an attempt to take advan
of concentration fluctuations of randomly distributed imm
bile impurities. Due to the competition between elastic
disorder and thermal fluctuations, the smallest lengthLc is
predicted at which the interface can be weakly pinned,
pinned on impurity fluctuations. On length scalesL,Lc , the
interface is either free or strongly pinned on isolated imp
rities. The free interface can respond to the external elec
field on a length scaleLc thus providing an interface contri
bution xDW;Lc

2 to the susceptibility.
The weakly pinned interface represents a system wit

FIG. 4. Dielectric dispersion atT5102.7 K taken below the
freezing temperatureTf .
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large number of metastable states corresponding to l
minima of its potential energy. Fluctuations on length sca
L between different interface configurations require th
mally activated jumps over energy barriersEb(L), which
scale asL2z. For the interface dimensiond52, the pinning
theory predicts roughness exponentsz52/3 andz'2/5 for
random-field-type and random-bond-type impurities, resp
tively. In a dielectric experiment, the external electric fie
mediates fluctuations between different domain-wall co
figurations. Since the relevant energy barrierEc5Eb(Lc) for
weak pinning at short times increases after the timetc
5t0 exp(Ec /kT), the length scaleLc on which the interface is
free to respond to the external field increases as@ ln(t)#2z for
t.tc . The increase ofLc leads to a logarithmic dispersion o
the interface susceptibility at low frequencies, which obe
the relationship11

xDW~v!;
Le

2

Te
S 11

T

Te
D 2/fF11

T

T1Te
ln~1/vt0!G1/z

, ~2!

where f is the crossover exponent~random fieldf54/3,
random bondf54/5), andTe corresponds to the the smal
est potential barrier at which the interface can be wea
pinned at zero temperature, where it is free on the len
scaleLe;Te .

From the spectra obtained after long dwelling times,
conclude that the logarithmic dispersion in the ferroelec
phase of RbH2PO4 reflects the response of weakly pinne
domain walls, just as the non-Debye dispersion in KH2PO4.
Accordingly, the domain-wall dynamics in both crystals
similar, i.e., creeplike. From this point of view, both crysta
should be classified into a group of ferroelectrics in which
dielectric non-Debye dispersion arises due to a pinning of
domain walls,17,18 or of an incommensurate modulation19 in
the ferroelectric and incommensurate phases, respecti
This stresses the significance both of the elastic domain
stiffness and the impurity content for the dielectric propert
of RbH2PO4.

Our results show that the domain-wall responses in b
KH2PO4 and in RbH2PO4 depend on the time elapsed aft
thermal equilibration. However, the aging in RbH2PO4 is
much more pronounced, so that rather long dwelling tim
are required to obtain information about the spectrum. He
we are restricted to the aged sample for which, within
central part of the loss spectrum@Fig. 1~b!#, «9 is nearly
frequency independent. Here the relationship20

«952~p/2!@]«8/] ln~v!#, ~3!

valid for systems with a broad distribution of relaxatio
times, is nicely fulfilled. Therefore, the loss in this frequen
range has to be attributed to the relaxational mechan
causing the logarithmic dispersion«8( f ). Within the whole
temperature range examined, we observe a time decay«9(t).
However, our dwelling time was large enough to observ
saturation at temperatures close belowTc . Accordingly, data
obtained forTc2T50.3 and 1.3 K~Fig. 3! reflect the satu-
rated values(t→`). Assuming that Eq.~3! is also fulfilled
for shorter times, the decay«9(t), observed immediately af
ter thermal equilibration, would reflect the time decay of t
2-4



sio
n

o
ar
fe
e
ve
n

a
-

io

su
i

a-
r
s
e
-
at
in
o
re

l
rd

-

ec
t

f

in
s

es
re
ity

re

-
r
lu
ta

al

s

l of
ur
nt-
rast

s-
id-

iffer-

,

e-
all
mi-
us
all
of

nd
he

he
ther
h-
rith-
ic

a
er-

he

in

ys-

nd,
de-

ther
he
, il-
a-

ut-

DIELECTRIC DISPERSION DUE TO WEAK DOMAIN . . . PHYSICAL REVIEW B65 134102
logarithmic dispersion strengths(t)5]«8(t)/] ln(v). In this
case we can conclude from our data that the disper
strengths of the unaged domain structure is more than o
order of magnitude larger.

As the elasticity of the domain wall generally depends
temperature,21 it should be expected that the interface re
ranges itself after any temperature change with the de
environment. The system relaxes at constant temperatur
ward a more stable configuration which requires jumps o
energy barriers separating metastable wall configuratio
The dielectric aging we observe in RbH2PO4 may thus re-
flect the time decrease of the nonequilibrium length sc
Lc

neq(t), on which the domain wall is weakly pinned on im
purity fluctuations.

We do not obtain direct evidence of Debye dispers
within the plateau range of RbH2PO4 which dominates the
spectrum within the plateau range of KH2PO4. However, the
low-frequency part of the loss spectrum@Fig. 1~b!# and the
polydispersive Debye-like relaxational dispersion which
perimposes the logarithmic dispersion type in the frozen
state~Fig. 4! indicate Debye-like constituents within the pl
teau range of RbH2PO4 outside the frequency window of ou
spectrometer. In KH2PO4, the Debye dispersion become
polydispersive, and smears out upon cooling below the fre
ing temperatureTf .22 The logarithmic dispersion type, how
ever, remains qualitatively unchanged in the frozen-in st
This observation complies with the concept of weak doma
wall pinning, for which we assume no qualitative changes
the dispersion type at low temperatures. However, it is p
dicted that the stiffnessG of the ferroelectric domain wal
generally decreases with temperature. For a second-o
phase transition, theory provides a critical behaviorG;(Tc
2T)3/2 of the defect-free crystal.21 Therefore, the tempera
ture dependence of the parameterTe;G should be taken into
account if the pinning theory is to be applied to a ferroel
tric system. The decreasing logarithmic dispersion streng
we observe in RbH2PO4 upon cooling~Figs. 3 and 4! may
hence be understood in terms of Eq.~2! as a consequence o
the decreasing ratioT/Te .

Although it turned out that the domain wall responses
RbH2PO4 and KH2PO4 are qualitatively the same, it seem
to be worthwhile to discuss the quantitative differenc
From a crystallographic point of view, both crystals a
nearly perfect, showing a rather low dislocation dens
However, the KH2PO4 crystal, examined previously10 was
additionally subjected to several recrystallization steps to
duce the impurity concentration.23 The permittivity maxi-
mum atTc is well known to decrease considerably with im
purity concentration.24 The high degree of purification of ou
KH2PO4 crystal hence manifests itself in a rather large va
(«max'83104) which exceeds most of the literature da
available for KH2PO4. In addition, the typical value for the
‘‘threshold’’ ac field,Eac

! '10 V/m above which the ac-field
dependence of the permittivity of our KH2PO4 crystal be-
comes detectable, is almost two orders of magnitude sm
than valuesEac

! '500 V/m reported previously.14 On the
other hand, the maximum permittivity value«max'104 of
our RbH2PO4 crystal is quite comparable to previou
13410
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results.12 In the plateau range of RbH2PO4, we observe a
significantly larger thresholdEac

! '150 V/m, except in a
narrow temperature interval close belowTc where the non-
linearity is considerably larger in both crystals (RbH2PO4:
Eac

! '4 V/m; KDP: Eac
! '2 V/m). Taking into account the

differences between both crystals with respect to the leve
nonlinearity and the height of the dielectric anomaly, o
RbH2PO4 crystal should be classified, according to the poi
defect concentration, as a nominally pure system in cont
to the purified KH2PO4 crystal studied previously.10

The different level of impurity concentration is also vi
ible in the logarithmic dispersion strength, which is cons
erably weaker in our RbH2PO4 crystal. Considering the ratio
R(Tc2T)5s(RDP)/s(KDP) within the plateau range of the
aged crystals, we estimate, depending on temperature d
enceTc2T, values 0.02,R,0.1. The purification effect can
be qualitatively understood in terms of the pinning theory11

from which the relationshipxDW;1/nD between the inter-
face susceptibility and impurity concentration can be d
rived. This result may be generalized to the domain-w
response of other ferroelectric crystals, insofar as in no
nally pure crystals, on which the emphasis of the previo
experimental work was apparently placed, rather sm
s-coefficients should be expected. In addition, the strength
the time-dependent dielectric relaxation in our RbH2PO4
crystal is, as compared to the absolute permittivity value a
to the dispersion strength, significantly larger than in t
KH2PO4 of the previous study.10 Though further experiments
are underway to clarify the influence of purification on t
aging phenomena, it may be assumed that generally ra
long dwelling times, high-temperature stability, and hig
resolution measurements are required to detect the loga
mic domain-wall dispersion in nominally pure ferroelectr
crystals.

To conclude, our dielectric experiments carried out on
well-aged sample revealed a non-Debye logarithmic disp
sion in the ferroelectric phase of RbH2PO4. This indicates
that the concept of weak pinning in the framework of t
theory of elastic interfaces in disordered media,16,11 applies
to the interaction of the ferroelectric domain walls
RbH2PO4 with immobile impurities. It turned out that the
dielectric domain-wall responses in RbH2PO4 and KH2PO4
~Ref. 10! are essentially the same, and comparable to s
tems such as lead zirconate titanate ceramics18 and
Sr12xCaxTiO3 single crystals,17 where the logarithmic type
of the low-frequency dispersion is obvious. On the one ha
our results emphasize the significance of the temperature
pendent stiffness of the domain walls in RbH2PO4 for the
temperature dependence of dielectric properties. On the o
hand, the crucial influence of the impurity content on t
dielectric response of the domain wall becomes obvious
lustrating the experimental difficulties in proving the log
rithmic dispersion type in nominally pure systems.
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