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Dielectric dispersion due to weak domain wall pinning in RbH,PO,
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Dielectric spectroscopy experiments are carried out in the ferroelectric phase of rubidium dihydrogen phos-
phate (RbHPQ,), within the frequency range 0.1 HZ <1 MHz. A strong dielectric time decafageing
dominates after thermal equilibration. However, spectra taken after long dwelling times reveal a significant
dispersion below the fundamental piezoelectric resonance frequiencyThe 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 temperatufg, the dispersion is observed both in the range>T>T;
~117 K of the anomalously high domain wall contribution and in the low-temperature fBAagg 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 RBE, and randomly distributed impurities.
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. INTRODUCTION <1 MHz) within the ferroelectric phase of RpRQ,. Here
o . . the low-frequency dielectric properties depend strongly on
Rubidium dihydrogen phosphate (REPD,) is a well-  the time elapsed after thermal equilibration. To obtain infor-

known representative of K}PO,-type hydrogen-bonded fer- mation about the dispersion related to the metastable domain
roelectrics, whose dielectric properties attracted considerablstructure of RbHPQ,, we carried out dielectric measure-
interest due to the extremely large static permittivity valuesments after long dwelling times during which the major part
observed in the polar phase. A common feature ofof the time-dependent processes faded away. The results ob-
KH,PQ,-type single crystals is the peculiar dielectric tained on a well-aged sample provide clear evidence of a
anomaly accompanying the paraelectric-ferroelectriaelaxational non-Debye dispersion in the ferroelectric phase
(tetragonal-orthorombjgphase transitioh.Upon cooling be-  of RbH,PQ,, which is characterized by a permittivity lin-
low the phase-transition temperatdig=146 K, the permit- early decreasing with the logarithm of frequency. This dis-
tivity parallel to the ferroelectric axis remains anomalously persion type was recently detected in §8#0,,'° where it is,

high but decreases steeply below the temperatlife however, almost hidden by the Debye-like constituents
~117 K, limiting the so called “plateau rangeT.>T within the spectrum. Our observations indicate that the dy-
>T;.2 This anomaly was interpretdéh terms of dielectric namics of ferroelectric domain walls both in REPD, and
contributions of dielectric domain walls, an activity which in KH,PQ,, are creeplike, and comply with theoretical pre-

freezes out below; .*° dictions for elastic interfaces in disordered meflia.
There have been repeated reports about Debye-like dis-
persion in the ferroelectric phase of KPO, below the fre- Il EXPERIMENT

quencyf,es of the fundamental piezoelectric resonafck.
It is now well established that this low-frequency relaxation, The RbHPO, crystal was grown by slow evaporation
representing a composite dispersion which includes at leastom an aqueous solution dt=315 K. X-ray topography
three relaxational modes, is related to domain-wall matibn. and high-resolution x-ray diffraction were used to character-
Thus the dispersion may be considered to be a “fingerprintize the crystal quality. From x-ray topograpftiyang methodl
of the physical mechanism underlying the dielectric domainwe conclude that the dislocation-free areas of the crystal are
wall contribution. In view of the similar anomaly’ (T) ob-  large (the typical size is 1 cm in diamejerand observe
served in KHPQ, and RbHPQ,, it should be expected that characteristic fringes of the Bohrmann-effédiynamic dif-
the high domain-wall contribution is based on the samdraction). The high-resolution x-ray-diffraction studies were
mechanism leading to a quite similar low-frequency disper<carried out using Gy,; radiation from a fourfold G&22
sion in both crystals. However, dielectric data covering themonochromator §\/A~5x107°). With a channel-cut
low-frequency range of RbjPO, are not numerous. Though Geg222) analyzer, we obtained a full width half maximum of
temperature scans(T) show in the ferroelectric phase fre- 6.8" of the 4 0 Oreflection(rocking curve:w scan at room
quency dependence of the permittivitthere is no informa- temperature. This value is in close agreement with the reso-
tion available about the type of the low-frequency dispersioriution limit of the instrument as we estimated it studying a
and its relationship to the motion of ferroelectric domainperfect Si wafer. Thus we have established the high crystal-
walls in RbH,PG,. lographic quality of the RbkPO, crystal and can exclude

In this paper we present the results of a dielectric study ofhat clustering of point defects is relevant, which would lead
the low-frequency dielectric spectrum (0.1Hf  to a significantly higher dislocation density.
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From the crystalg plates (4.0 3.5X 2.2 mn?) were cut,
and aluminum electrodes were evaporated onto the large
faces. The sample was mounted into a liquid-nitrogen cry-
ostate. Electrical contact was established by thin wires, so
that the sample could vibrate freely during the dielectric

10000

7500
measurements. The complex permittivity=¢' —i&” along
the ferroelectricc axis was measured in the low-frequency w
range 0.1 Hz f<100 kHz, with a computer-controlled di- 50005

electric spectrometer. The current through the sample, sub-

jected to harmonic electric excitation, was amplified with a

current amplifier whose output voltage was analyzed using a 2500
digital lock-in amplifier. Each time the measuring frequency

or the gain and filter settings of the current amplifier were

changed, a calibration measurement was carried out in order 0-
to compensate for its frequency and gain-dependent input 10"
impedance and the parasitic feedback capacity, respectively.

Using a computer-controlled switch, the current amplifier in-

put was connected instead of the sample with up to two out 1007
of eight low-loss reference capacitors (2 EY

<10 nF), so that the sample capacity was reproduced as
well as possible. The transmission function of the amplifier 757
was modeled by software in order to minimize the residual

error. Switching the sample to the input terminal of a
HP4192A impedance analyzer, the high-frequency part : 5o
(100 kHz=f<1 MHz) of the spectra was investigated in a w
typical four-wire configuration. The measurements were car-
ried out with an amplitudée,.=5 V/m of the electric ac
field. For the crystal examined, and within the experimental
accuracy, the permittivity measured at this field level does
not depend ork,. within the whole temperature range in-
vestigated. The sample was cooled below the phase transi- 0 e
tion temperatureT., with a constant cooling rat&T/T 10" 10° 10" 10 10° 10
=3.3 K/h. The cooling run was interrupted several times to f (Hz)

carry out spectroscopic investigations. After thermal equili-

bration, the dielectric spectra were recorded continuously at FIG. 1. Dielectric spectra obtained &t=144.7 K for the real
constant temperature. The temperature was stabilized durirfg and imaginary(b) parts of the complex permittivity. Results for
the dwelling time, with an accuracyT<0.01 K. various dwelling timeg are provided.

25+

Data obtained for different dwelling timdg are shown to
demonstrate the significance of the time decreasg).
Approaching the phase-transition temperature upon coolSince the measurements were carried out for decreasing fre-
ing from above, T, was determined from the dielectric data quency, the spectra measured immediately after thermal
as the temperature for which deviations from the Curie-equilibration show even an apparent increaséf) due to
Weiss behavior of the low-frequency permittivity set'ft>  the dielectric decay during the tinig~130 min, necessary
If the cooling run was interrupted in the paraelectric phaseto record the spectrum.
no significant time dependenee (t) was detected at con- Even for the longest dwelling timeg=59 h examined,
stant temperature. However, a strong time dec&t) was  the dielectric decay is still evidefiFig. 2). However, spectra
observed in the ferroelectric phase at frequencies below the’(f), obtained for long dwelling times;>20 h, arede-
piezoelectric resonance frequendy,s~50 kHz. On the creasingfunctions of frequency. The permittivity decreases
other hand, the rather slight temperature instability duringnonotonically with time, and spectra were taken for decreas-
the dwelling time caused large permittivity fluctuations dueing frequency, so that we can exclude the aging effect as the
to the dielectric deaging of the sample, so that a high level otause of the frequency dependence, and thus obtain evidence
temperature stability turned out to be a condition for specof a small but distinct low-frequency dispersion in the ferro-
troscopic experiments. electric phase of Rb§PO,. To conclude as to the character
We will show now that, due to the pronounced aging ef-of the dielectric dispersion, we first eliminate the influence of
fect, unusually long dwelling times are required to obtainaging. In the limitty;>t,,, the dielectric decay during the
information about the dielectric dispersion in RID,. First  measuring timet,,, is approximately linear. In addition, the
we present spectra (f) [Fig. 1(a)] taken at the temperature strength of the time decay’(t) is frequency independent
T=144.7 K, i.e., within the plateau range of R{®D,.  within our frequency window, as it can be seen from Fig. 2.

Ill. RESULTS
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FIG. 2. Logarithmic frequency dependeney(f) observed at FIG. 3. Dielectric dispersion close abovg and at different
T=144.7 K after long dwelling timeg;>50 h. temperatures within the plateau range of the ferroelectric phase:

circles, T=148.7 K, t4=2 h, ande'(0.1 Hz)=1294; triangles,
Hence it is easy to eliminate the aging effect on the di-T=145.7 K, t4=44 h, &’(0.1 Hz)=10745; crosses, T

electric spectra, taking into account the time deéay dur- =144.7 K, t4=59 h, and &'(0.1 Hz)=4833; squares, T
ing t,,,. Using the relationship =130.7 K, tq=82 h, ande’(0.1 Hz)=2254. The data are nor-
malized to the value’(0.1 Hz), and corrected for agingee the
e (f,tg)=¢'(f,t)+de'(t—ty)/ty, (1) text).

datae’(f,tp) were obtained which refer to thg starting time ot T=145.7 K, the strengtide’ of the time relaxation is

to of the particular spectrum. Clearly, the aging effect doessmaller and the strengttssof the logarithmic dispersion is
not distort the spectra for long dwelling times. We thus con-jarger as compared to the data measured atl44.7 K,
clude that the dispersion in the ferroelectric phase ofanalyzed above. Therefore, in a narrow temperature range
RbH,PQ, is characterized by a linearly decreasing permittiv-close belowT,, the logarithmic dispersion type is discern-
ity on a logarithmic frequency scale, qualitatively similar to ible even from the uncorrected data, taken immediately after
what is shown in Fig. 2 for the uncorrected data. In whattemperature stabilization. On the other hand, the dispersion
follows we refer to this type of dispersion as logarithmic strengths is decreased upon further cooling Te=130.7 K
dispersion. and the average time constant of the time relaxatioft)

The frequency-dependent imaginary pat{f) is shown becomes considerably larger. Although we are still within the
in Fig. 1(b). The high-frequency branch of the dielectric loss plateau range, we did not obtain a saturation of the logarith-
spectrum is dominated by contributions from the resonanc@ic dispersion strengths even for the longest dwelling time
dispersion, whose resonance frequency increases with timgxaminedty==82 h.

This increase is related to elastic domain-wall contributions t'.l'hetfr((jaefzmg ttr?mtpeenrwaggrrgtf%r éhlp}énogeztird?(?)pl?ﬁ\wyss
; ; it g : .~ estimated from the u . Thi
200::;s?vgﬂllﬁzggoa%evyh&h&gzgg s\;vr‘irj[lrllarti';(r)]et.heA?e;Iheec trll(():w_differs from the valueT;~100 K derived from the result of

frequency end of the spectrum, an increase:biwith de- a previous stud§,which may be related to the different de-

creasing frequency is observed, which flattens out for lon frect content’ or thickness” of the specimens examined.
greq y ' 9%Within  the low-temperature rangelf<T;, the time-

d.We”'”Q tm,)e. We cannot exclude that_ t_he IOW'frequencydependent relaxation is considerably smaller than the disper-
dispersione”(f) is related to the conductivity. However, the g, of the permittivity. The dielectric spectrum takenTat
time dependence’(t) points to a Debye-like dispersion re- _ 10, 7 k<7, (Fig. 4 applies to this range. It characterizes
gion centered outside the observation window, whose relaxqgf,e dispersion in the temperature range of the “frozen-in”
strengths and/or relaxation frequency decrease with timeyomain-wall response. As can be seen from the low-
Within the central part of the loss spectrum, the contributionfrequency part of the spectrum, the logarithmic dispersion
of the relaxational and resonance-type dispersions localizegpe is basically retained at low temperatures. Additionally,
outside the observation window can be neglected. Neverthem indication for another polarization mechanism is obtained
less here we observe a nonzero, nearly frequencywithin the frozen-in state, leading to a relaxational-type dis-
independent, dielectric loss which decreases with time.  persion with a wide distribution of relaxation times centered
We now analyze the temperature evolution of the dielecaround the average time)~5x10"° s. Since the Debye-
tric spectra which is shown in Fig. 3 for the data correctedike domain wall relaxation in KsPQ, slows down ifT; is
according to Eq(1). No significant low-frequency dispersion approached upon coolirffg* it may be assumed that similar
is discernible in the paraelectric phase close ablveBoth  Debye-like constituents within the spectrum of RIFMD, are
logarithmic dispersion and dielectric aging set in upon cool-hidden at elevated temperatures by the resonance-type dis-
ing immediately below the phase transition temperaiiye  persion.

134102-3



VOLKMAR MUELLER et al. PHYSICAL REVIEW B 65 134102

[T large number of metastable states corresponding to local
1604 =, . minima of its potential energy. Fluctuations on length scales
T=1027K L between different interface configurations require ther-
mally activated jumps over energy barrigg(L), which
150 i scale ad_?¢. For the interface dimensioth=2, the pinning
theory predicts roughness exponetits2/3 and{~2/5 for
w ] I random-field-type and random-bond-type impurities, respec-
\ tively. In a dielectric experiment, the external electric field
mediates fluctuations between different domain-wall con-
™ 1 figurations. Since the relevant energy barggrEy(L.) for
130 \ i weak pinning at short times increases after the titpe
=ty expE./KkT), the length scalé . on which the interface is
] ] free to respond to the external field increase§lag)]% for
t>t.. The increase of ; leads to a logarithmic dispersion of
. the interface susceptibility at low frequencies, which obeys
the relationshipt

1401

f (Hz)
/¢

T\2¢
= In(Lwr)| , (2)

2
FIG. 4. Dielectric dispersion at=102.7 K taken below the Xow(@)~ (1+ —
freezing temperatur&; . Te T,

where ¢ is the crossover exponeifitandom field ¢p=4/3,
random bondp=4/5), andT, corresponds to the the small-

The plateaulike temperature dependence of the anoma&st potential barrier at which the interface can be weakly
lously high low-frequency permittivitg’ in the polar phase pinned at zero temperature, where it is free on the length
of RbH,PO, represents a characteristic feature ofscaleL ~T..

KH,PO,-type polydomain crystafsin the plateau range of From the spectra obtained after long dwelling times, we
KH,PQ,, it is now confirmef’ that the observed low- conclude that the logarithmic dispersion in the ferroelectric
frequency dielectric dispersibresults from domain-wall ac- Phase of RbHPO, reflects the response of weakly pinned
tivity. The polarization mechanism related to the low- domain walls, just as the non-Debye dispersion in,RB.
frequency dispersion in RRQ, is also clearly restricted to Accordingly, the domain-wall dynamics in both crystals is
the polar phase, for we observe no dispersion abbye similar, i.e., creeplike. From this point of view, both crystals
However, the domain-wall response in KPD, was reported  should be classified into a group of ferroelectrics in which a
to be Debye-liké whereas in the ferroelectric phase of dielectric non-Debye dispersion arises due to a pinning of the
RbH,PO, we observe a logarithmic dispersion type. Thus thedomain walls,’*® or of an incommensurate modulatidnn
question arises of why the dielectric response of domairthe ferroelectric and incommensurate phases, respectively.
walls in the ferroelectric phase of both crystals manifestsThis stresses the significance both of the elastic domain wall
itself in quite similar temperature dependences but rather difstiffness and the impurity content for the dielectric properties
ferent dispersions of the low-frequency permittivity. of RbH,PQ,.

In a previous stud}y’ we investigated the low-frequency Our results show that the domain-wall responses in both
dielectric spectrum within the plateau range of a purifiedkH2PQ,; and in RbHPO, depend on the time elapsed after
KH,PQ, crystal. We detected a strongly non-Debye relax-thermal equilibration. However, the aging in RO, is
ational mechanisnDp which is almost hidden by Debye- Mmuch more pronounced, so that rather long dwelling times
like constituents within the spectrum. The dielectric contri-are required to obtain information about the spectrum. Hence
bution &, due toDyp is quite similar to the logarithmic We are restricted to the aged sample for whm_h, within the
dispersion we observe for a well-aged R, sample. In ~ central part of the loss spectruffrig. 1(b)], &” is nearly
KH,PO,, we interpreted y, to reflect the creeplike dynam- frequency independent. Here the relation&hip
ics of domain walls predicted by the theory of elastic inter- y ,
faces in disordered r%edjrﬁ'.“Theytheory tregts local distor- e"==(ml2)lde’ldIn(w)], 3)
tions of the elastic interfaces in an attempt to take advantagealid for systems with a broad distribution of relaxation
of concentration fluctuations of randomly distributed immo-times, is nicely fulfilled. Therefore, the loss in this frequency
bile impurities. Due to the competition between elasticity,range has to be attributed to the relaxational mechanism
disorder and thermal fluctuations, the smallest lerigtis  causing the logarithmic dispersiari (f). Within the whole
predicted at which the interface can be weakly pinned, i.etemperature range examined, we observe a time det{ay.
pinned on impurity fluctuations. On length scalesL ., the  However, our dwelling time was large enough to observe a
interface is either free or strongly pinned on isolated impu-saturation at temperatures close belBw Accordingly, data
rities. The free interface can respond to the external electrigbtained forT,— T=0.3 and 1.3 K(Fig. 3 reflect the satu-
field on a length scale thus providing an interface contri- rated values(t— ). Assuming that Eq(3) is also fulfilled
bution XDW~L§ to the susceptibility. for shorter times, the decay'(t), observed immediately af-

The weakly pinned interface represents a system with &er thermal equilibration, would reflect the time decay of the

1

J’_—
T+T,

IV. DISCUSSION
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logarithmic dispersion streng#(t)=de’(t)/dIn(w). In this  results'? In the plateau range of RBRO,, we observe a
case we can conclude from our data that the dispersiosignificantly larger thresholE; .~150 V/m, except in a
strengths of the unaged domain structure is more than onenarrow temperature interval close bel@y where the non-
order of magnitude larger. linearity is considerably larger in both crystals (R, :

As the elasticity of the domain wall generally depends onE;.~4 V/m; KDP: E;.~2 V/m). Taking into account the
temperaturé! it should be expected that the interface rear-differences between both crystals with respect to the level of
ranges itself after any temperature change with the defedtonlinearity and the height of the dielectric anomaly, our
environment. The system relaxes at constant temperature t&bH,PO, crystal should be classified, according to the point-
ward a more stable configuration which requires jumps ovegléefect concentration, as a nominally pure system in contrast
energy barriers separating metastable wall configurationd® the purified KBPO, crystal studied previousf.

The dielectric aging we observe in REPO, may thus re- The different level of impurity concentration is also vis-
flect the time decrease of the nonequilibrium length scaldole in the logarithmic dispersion strength, which is consid-

L"e4t), on which the domain wall is weakly pinned on im- erably weaker in our RbfPQO, crystal. Considering the ratio
chJrity fluctuations R(T.—T)=s(RPP)/sKPP) within the plateau range of the

We do not obtain direct evidence of Debye dispersionaged crystals, we estimate, depending on temperature differ-

within the plateau range of RBIRO, which dominates the enceTc_—TZ values 0.02 R<Q'1' The punﬁcaﬂ_on_effecté%an
spectrum within the plateau range of KPO,. However, the be qualitatively understood in terms of the pinning theory,

low-frequency part of the loss spectryfiig. 1(b)] and the from which the relationshipow~1/np between the inter-

polydispersive Debye-like relaxational dispersion which Su_f_ace susc_:epublhty and impurity cqncentratlon can t_)e de-
perimposes the logarithmic dispersion type in the frozen ir{'ved‘ This result may be g_enerallzed to the dom_aun-wal_l
state(Fig. 4) indicate Debye-like constituents within the pla- response of other ferroele_ctnc crystals, m_sofar as in nomi-
teau range of RbyPO, outside the frequency window of our nally pure crystals, on which the emphasis of the previous
spectrometer. In KKPQ,, the Debye dispersion becomes expenmgntal work was apparently plgped, rather small
polydispersive, and smears out upon cooling below the free s-coefficients should be expected. In addition, the strength of

ing temperaturd .22 The logarithmic dispersion type, how- Zthe time-dependent dielectric relaxation in our BB,

ever, remains qualitatively unchanged in the frozen-in stategytsgil ';’i’saser(;?onr]]pztrreedntc:;hiiatr)]isf?(l:;tnilpelgr?'tg;/'%gr?hijf ?hned
This observation complies with the concept of weak domain- P gth, =19 y ‘arg

wall pinning, for which we assume no qualitative changes 01KH2P04 of the previous study. Though further experiments

the dispersion type at low temperatures. However, it is pref;tre underway to clarify the influence of purification on the

dicted that the stifinesE of the ferroelectric domain wall 299 phenomena, it may be assumed that generally rather

generally decreases with temperature. For a second-ordleorng dwelling times, high-temperature stability, and high-

e vy o st (1, 20ulor TEEASTrs et 0 Sl D o
—T)%2 of the defect-free cryst&l Therefore, the tempera- P yp

ture dependence of the paraméler-1" should be taken into crystals.

account if the pinning theorv is to be anolied to a ferroelec- To conclude, our dielectric experiments carried out on a
P 9 y pp well-aged sample revealed a non-Debye logarithmic disper-

tric system. '_I'he decreasing Iogar?thmi(_: dispersion strengthgion in the ferroelectric phase of RbPIO,. This indicates
we observe in RbEPO, upon cooling(Figs. 3 and # may that the concept of weak pinning in the framework of the

hence be understood in terms of &) as a consequence of theory of elastic interfaces in disordered mel§i& applies

th:ﬂigff'ﬂ%ﬁgg; .t that the domain wall responses into the interaction of the ferroelectric domain walls in
9 P RbH,PO, with immobile impurities. It turned out that the

RbH,PO, and KH,PO, are qualitatively the same, it seems dielectric domain-wall responses in RO, and KH,PO,

Erotr)rf ;’V?:rrthsv,;/:ﬂlg rtg ﬁifcugﬁ“trg 3%3\?“}3‘?{?C?'Eg:asm:;z(l?ef. 10 are essentially the same, and comparable to sys-
ystaflograpnic b ’ 4 tems such as lead zirconate titanate cerathicand

nearly perfect, showing a rather low dislocation density. ; ; 7 R
) ioush Sr,_,CaTiO; single crystals, where the logarithmic type
However, the KHPO, crystal, examined previousfy was of the low-frequency dispersion is obvious. On the one hand,

addmonally subj_ected to sever_al recWSta”'Z‘?‘“.Of‘ steps to "€5ur results emphasize the significance of the temperature de-
duce the impurity concentratidi. The permittivity maxi-

mum atT, is well known to decrease considerably with im- pendent stiffness of the domain walls in RS0, for the

purity concentratioR® The high degree of purification of our temperature dependence of dielectric properties. On the other

. ; ) hand, the crucial influen f the impurit ntent on th
KH,PQ, crystal hence manifests itself in a rather large value and, the crucia uence of e Impurity content o ©

(£r.0~8% 10" which exceeds most of the literature datadielect_ric response pf the dor_n:_ain v_vaII _becom_es obvious, il-
avr;ﬁxable for KHPGQ,. In addition, the typical value for the Igstrgtmg the gxpenme_ntal d|ff|cult|es in proving the loga-
“threshold” ac field,E},~10 V/m above which the ac-field fithmic dispersion type in nominally pure systems.
dependence of the permittivity of our KHRO, crystal be-
comes detectable, is almost two orders of magnitude smaller
than valuesE;.~500 V/m reported previoushk? On the
other hand, the maximum permittivity valug,,,~10" of The authors gratefully acknowledge support from Deut-
our RbHPO, crystal is quite comparable to previous sche Forschungsgemeinschaft Project No. MU-1188/5-2.
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