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Nonresonant dielectric hole-burning spectroscopy on a titanium-modified
lead magnesium niobate ceramic

O. Kircher, G. Diezemann, and R. Bo¨hmer
Institut für Physikalische Chemie, Johannes Gutenberg-Universita¨t, 55099 Mainz, Germany

~Received 5 December 2000; published 2 July 2001!

Nonresonant dielectric hole-burning experiments were performed on the titanium-modified relaxor ferro-
electric lead magnesium niobate around the diffuse maximum in the dielectric permittivity. After applying large
alternating electric pump fields we monitored the polarization response to small field steps for times between
0.3 ms and 100 s. Depending on the frequency of the pump oscillation a speedup of the polarization response
was observed with a maximum located around times corresponding to the inverse pump frequency. The
refilling of the dielectric holes was investigated for several temperatures, pump frequencies, and pump field
amplitudes. It proceeded always slower than the time scale set by the pump frequencies. Additionally, we
observe a significant increase of the refilling times for increasing pump field amplitudes. This finding can be
interpreted to indicate that increasingly large pump fields enable the domain walls to cross larger and larger
pinning barriers. The subsequent recovery process, which leads back to the equilibrium domain size distribu-
tion, proceeds in the absence of an external electrical field. This rationalizes that recovery is slowed down
significantly by application of large pump field amplitudes since then the pinning barriers that have to be
traversed back are larger.

DOI: 10.1103/PhysRevB.64.054103 PACS number~s!: 77.22.Ej, 77.80.Dj, 77.84.Dy
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I. INTRODUCTION

The complex perovskite lead magnesium niobate~PMN!
is the prototypic substance belonging to the class of rela
ferroelectrics~relaxors!. Forty years after its discovery in
1958 by Smolenskii and Agronovskaja1 the dielectric relax-
ation mechanism of PMN as well as other relaxors contin
to be a point of discussion. On the one hand, relaxors
suitable for many technical applications. Because of th
dielectric and piezoelectric properties they are commo
used as multilayer ceramic capacitors2 and electromechanica
actuators.3 On the other hand, despite numerous experim
tal investigations the microscopic origin of the unusu
physical properties of relaxors is still not clear. As compa
to pure ferroelectric materials relaxors show an extrem
broad permittivity versus temperature peak. This is of
designated as ‘‘diffuse’’ phase transition. For relaxors
temperature of the maximum dielectric permittivity and lo
exhibit a pronounced frequency dependence. Furthermo
strong frequency dispersion of the permittivity below t
peak and the absence of a Curie-Weiss behavior above
usually observed.4,5

Several investigations of the structural ordering of PM
yielded evidence for short-range, nonstoichiometric 1:1
dering of the Mg21 and Nb51 cations on theB sites of the
perovskite lattice6,7 leading to strong space charges. As
consequence the crystal is split up into nanometer size
gions with well defined local spontaneous polarization. T
development of a long-range ferroelectric order is inhibi
by the disorder.

In the past different models have been proposed to exp
the dynamic properties of PMN-like relaxors. In the sup
paraelectric model introduced by Cross4 the relaxor is con-
sidered as an ensemble of noninteracting polar regions
of them behaving like a conventional ferroelectric mater
0163-1829/2001/64~5!/054103~10!/$20.00 64 0541
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Another model8–10 treats relaxors more like a glassy syste
with the well-known features of spin or dipole glasses.11,12In
this model the polar regions show strong interactions lead
to a frozen state at low temperatures characterized by
dom local orientations of the polarization. Sever
authors13,14argued in favor of random fields originating from
quenched disorder which prevents a phase transition in
ferroelectrically ordered state. Glazounovet al.15 described
the dipolar dynamics in relaxor materials as a domain-w
motion ~‘‘breathing’’! in a multidomain state. Very recently
Blinc et al.16 established a random-bond random-field mo
for relaxors which combines features of a dipole glass w
those of a random-field dominated scenario.

Up to now the question remains open whether these
laxors show~i! a ferroelectriclike state consisting of micro
sized nanodomains constrained by the quenched disord
~ii ! a glasslike freezing similar to the behavior in dipo
glasses, however, with randomly interacting polar nano
gions. In scenario~i! the dipolar dynamics is governed by th
depinning of domain walls. Domain walls in random syste
are either formed through slowly decaying metastable c
figurations or competing interactions. For instance, in m
netic systems there is a competition between the stray fi
energy and the domain-wall energy.17 As the structure
evolves to a more stable state~or even to equilibrium! in
response to an external perturbation the domain walls m
in such a way that energetically more favorable doma
grow at the expense of less favorable ones. The mobility
domains in random systems is often strongly reduced by
ning of the domain walls due to impurities or disord
effects.18

However, within both scenarios local random fields orig
nating from charge imbalance play a major role. To dec
which one of these approaches is the more realistic one lin
dielectric measurement techniques are apparently not
©2001 The American Physical Society03-1
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able. In some glassy systems not the linear dielectric per
tivity but all higher nonlinear components«nl8 exhibit a criti-
cal behavior around the glass transition.12,19 Therefore the
analysis of nonlinear components of the dielectric susce
bility was exploited in recent years.20–22

In our studies we combined both linear and nonlinear
pects of dielectric spectroscopy. The dielectric polarizat
P(t) of PMN was measured as the linear response to sm
electric field steps. Additionally, we applied large alternati
electric pump fields. Subsequently, the time evolution of
modified polarization responseP* (t) was measured. By sub
tractingP(t) from P* (t) one obtains a difference signalDP
which reflects the effect caused by the pump process. W
this method of dielectric nonresonant spectral hole-burn
~NHB!23 we are able to distinguish between subensemb
responding at different time scales and to monitor their te
poral evolution.24

Recently NHB was also successfully used to investig
spin glasses25 and doped quantum paraelectrics26 which
show similar features to relaxor ferroelectrics.

II. MODELS FOR DIELECTRIC HOLE BURNING

In the following we describe two models for dielectr
hole-burning. A simple approach to describe dipolar rel
ational processes are electric dipoles in an asymme
double-well potential~ADWP!. This model is suited to de
scribe several features of nonresonant dielectric hole-bur
experiments.

For a given asymmetryD and barrier heightV of an
ADWP—where the asymmetry is defined as the differen
between the minima of the two wells—the relaxation timet
is given by

t5
1

w121w21
5t0

exp~V/kBT!

cosh~D/2kBT!
. ~1!

Herewi j is the transition rate from welli to well j andt0
21 is

called the attempt frequency. The polarization of the dou
well results from the difference of the occupation numb
Ni andNj of wells i and j. To ensure that without applying
an external electric field no polarization is observed one
add the contributions from two double wells with oppos
asymmetries. Then one can calculate the modified polar
tion responseDP after applying a pump field of the form
Ppump(t)5Ppumpsin(Vt).27,28 Restricting the calculation to
contributions up to second order in the pump and first or
in the probe field amplitudePprobe one obtains for the phas
cycle described in Sec. III

DP~ t,tw!5C«9~Vt!«9~2Vt!$12exp~22pN/Vt!%

3
t

t
exp$2~ t1tw!/t%, ~2a!

C5
3

2
EprobeEpump

2 Nm4

40~kBT!3 sinh2~D/2kBT!

3$12sinh2~D/2kBT!%. ~2b!
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Here N denotes the number of cycles of the sinusoid
pump field. This expression shows that the modification
proportional to the square of the pump field amplitude a
«9(Vt), that means to the absorbed energy. The wait
time between pump and probe procedure is denoted astw .
For each relaxation timet one finds thatDP(t) is peaked at
t5t. By introducing a sufficiently broad distribution of re
laxation timesg(t) the polarization modification become
sensitive to the burning frequencyV.27 From Eq.~2! it can
also be seen that in the ADWP model the hole-burning sig
DP vanishes for asymmetriesD→0.

By generalizing the ADWP model to more than two equ
librium states one gets a more realistic scenario for rela
materials. For PMN it is supposed that electric dipoles c
orient along the eight̂111& directions of the cubic unit cell.29

Instead of the asymmetry in the ADWP model one can
troduce local random electric fields acting on the dipoles
the potential wells. These fields may exist due to the disor
in the relaxor material. One can show that within a multiw
potential affected by random fields the modified polarizat
response looks similar to Eq.~2! except for different
prefactors.30

Previously for the analysis of the NHB results of supe
cooled liquids31 and spin glasses25 a so-called ‘‘box model’’
was used. Recently a detailed justification of this approac
terms of a mesoscopic mean-field model was
forward.32,33 We briefly outline a very similar approach fo
the analysis of our data.

The pump process is assumed to selectively speed up
tinct elements out of the relaxation time distribution with
maximum effect aroundt'V21. Therefore the pump proce
dure can be described by multiplying the equilibrium rela
ation timest i by a functionf pump(V,t i) to obtain the differ-
ence between equilibrium and modified responses:

DF~ t !5F~ t !2F* ~ t !5(
i

gi$exp~2t/t i !2exp~2t/t i* !%.

~3a!

Here the modified~accelerated! relaxation times are given by

t i* 5 f
pump~V,t i !•t i . ~3b!

Starting from the modified response function one can ca
late the recovery function of the spectral holes for increas
waiting time tw . Within the ‘‘box model’’ spectrally distin-
guishable features~the ‘‘boxes’’! are characterized by differ
ent nonthermodynamic ‘‘fictive’’ temperaturesTf ,i . The
Tool-Narayanaswamy34 equation provides a connection o
the change in the fictive temperatureDTf ,i of the box ‘‘i’’ to
the modified relaxation timet i* :

DTf ,i'kBT2~ ln t i2 ln t i* !/B. ~4!

Here T denotes the thermodynamic temperature andB an
activation barrier. So the pump process leads to a smal
crease of the fictive temperature for the respective box
Assuming an exponential recovery ofTf ,i back to the ther-
modynamic temperatureT,
3-2
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NONRESONANT DIELECTRIC HOLE-BURNING . . . PHYSICAL REVIEW B64 054103
DTf ,i~ tw!5DTf ,i~0!exp~2tw /t i !, ~5!

one can calculate the time evolution of the modified rel
ation timest i* . This allows us to compute the recovery fun
tion which is defined as thetw-dependent maximum of th
difference of the response functionsF andF* . It is given by

DF~ tw!5F~t i !2F* ~t i* ,tw!. ~6!

For each box it is assumed that the modification recover
equilibrium with the equilibrium relaxation timet i of the
corresponding box, i.e.,DF exhibits the same waiting time
dependence likeDP for a single ADWP@Eq. ~2a!#.

III. EXPERIMENTAL SETUP AND SAMPLE
CHARACTERIZATION

We investigated crystalline ceramics of PMN with
nominal admixture of 10% PbTiO3 ~PT! provided by the
Material Research Laboratory~Pennsylvania State Univer
sity!. They belong to the family ofA(Bx8B12x9 )O3 perovskite
structure relaxors. The PMN-10PT material was found to
much less susceptible to chemical aging than the pure rel
PMN, but, nevertheless, retains typical relaxor properties4,35

It has been observed that with increasing concentration
PbTiO3 the presence of the Ti41 ions suppresses the ten
dency of a 1:1 ordering of the Mg21 and Nb51 cations at the
B site of the lattice.6 The dimensions of the coin-shape
samples were 154 mm231.3 mm and 91.6 mm230.8 mm,
respectively. The surfaces were electroded with gold.

Prior to each measurement the specimens were anne
at 375 K for at least 30 min. This time turned out to
enough so that the thermal history of earlier experiments
not have any effect on the measured properties.36 A common
feature of mixed ferroelectrics, especially for thin films,
the problem of fatigue. For the electric-field sequences
used to investigate PMN-10PT we did not have this proble
For a ceramic sample of PLZT 8/65/35—a relaxor behav
similar to PMN-10PT—it has been shown37 that fatigue is
observable for more than 104 electric-field cycles with am-
plitudes of more than 250 kV/cm.

Each PMN-10PT sample was characterized using s
dard dielectric techniques. For frequencies from 20 Hz t
MHz we used an HP 4284A LCR meter. A cooling rate
0.4 K/min was chosen for the whole temperature range.
lower frequencies 100 mHz,v,20 Hz we employed a Sola
tron1260 Gain-Phase Analyzer equipped with an additio
current-to-voltage interface.38 The amplitudes of the driving
electric fields did not exceed 10 V/cm in order to avoid no
linear effects. During these measurements the PMN-10
sample was thermostatted in a closed-cycle refrigerator
tem with a temperature stability better than60.01 K.

For the pulsed dielectric spectroscopy and the nonre
nant hole-burning experiments we generated electrical-fi
sequences by a computer-controlled digital/analog-conve
which drives a fast high-voltage amplifier. The polarizati
of the PMN-10PT sample was detected by measuring
voltage across a reference capacitor in a modified Saw
Tower circuit. This voltage was amplified using a hig
impedance circuit based on the operational amplifier
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549JH and finally acquired with an analog/digital-data acq
sition card for times ranging from about 0.3 ms to 100 s31

The timing of the field sequences for NHB was as follow
During a pumping timetp one period of a sinusoidal electri
field Epumpsin(Vt) was applied across the sample. After
waiting time tw the polarization was monitored as the r
sponse function to a dc electric field in the linear respo
regime. In order to eliminate unwanted effects in the pol
ization generated by the pump process suitable phase cy
was performed.31 The modified polarization response
calledP* (t) in the following. Together with the equilibrium
polarization responseP(t), the difference signal was ob
tained as

DP~ t !5P* ~ t !2P~ t !. ~7!

The equilibrium responseP(t) was received by applying a
voltage stepUprobe5Eprobe/d without pumping. Most of the
experiments were carried out at a temperature of 275 K. H
the dielectric loss peaks at a frequency of 0.06 Hz. T
corresponds to a time scale of 2.7 s, which provides a c
venient scale in relation to the spectral range accessible
our present time-domain apparatus. Repetition times of 2
480 s between two subsequent field sequences were fou
be long enough, so that the resulting difference polarizat
is not affected by the previous field sequence. In order
monitor the temperature dependence of the maximum s
tral modifications and their re-equilibration times addition
measurements were taken between 270 and 300 K.

IV. RESULTS AND ANALYSIS

A. Broadband and pulsed dielectric spectroscopy

Figure 1 shows the results from broadband dielec
spectroscopy. The temperature dependence of the diele
permittivity «8, the dielectric loss«9, and the loss factor
tand5«9/«8 are plotted for different frequencies. The da
reveal the typical relaxor peculiarities.9,39 We found both a
very large dielectric permittivity and a large dielectric los
The permittivity and loss peak as a function of temperat
are extremely broad. Their shape and their peak tempera
exhibit strong frequency dispersion. For lower temperatu
the dielectric loss is almost constant over at least seven
cades in frequency. Coming from high temperatures,
phase angle tand exhibits a pronounced increase and th
reaches a frequency-dependent plateau.

By analyzing the polarization responseP(t) to small
electric-field pulses a further characterization of the PM
10PT sample was possible. The equilibrium polarization
sponse generated by a constant step in the electric
shows a quasilogarithmic decay.24 This renders it hard to
extract a time scale of the decay. On the other hand, pu
dielectric spectroscopy40 is a suitable tool to map out a tim
scalet in this situation. To do so, after a sufficiently lon
waiting time we applied a constant field for a pulse durat
tp ~see inset of Fig. 2!. After switching off the field the
polarizationP(t) was monitored. Figure 2 shows the resu
for different durationstp at a temperature of 275 K. It can b
clearly seen that the average relaxation time
3-3
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^t&5E
0

`

P~ t !/P~0!dt ~8!

of the polarization decay increases with longertp . For a
pulse duration of about 104 s a plateau value is approache
for ^t&. One of the possible interpretations of this finding40 is
that for shorter pulses the response function is dominated
the fast contributions of the distribution function. For lon
enough pulse durations all spectral features of the relaxa
time distribution are addressed by the field so that the po
ization decay proceeds with the equilibrium relaxation tim
at that temperature.

B. Frequency dependence of the modified response

NHB allows us to address differently relaxing sube
sembles in disordered dipolar substances. Figure 3~a! shows

FIG. 1. Dielectric permittivity«8, dielectric loss«9, and loss
factor tand5«9/«8 for frequencies from 100 mHz~crosses! to 1
MHz ~circles! and a field amplitude of 8 V/cm.

FIG. 2. Normalized polarization decay after applying a fie
pulse across the sample with a durationtp ranging from 3 to 10 000
s. The electrical field was chosen to be 38.5 V/cm. The inset sh
the mean relaxation times of the polarization decay calculated
cording to Eq.~8!.
05410
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the step response functionP(t) and modified response func
tion P* (t) for two different pump frequencies at a temper
ture of 275 K. BothP(t) and P* (t) were measured as th
polarization response to a constant probe fieldEprobe
523.1 V/cm. In the accessible time rangeP(t) evolves in an
almost logarithmic fashion. A similar behavior is often o
served in the magnetization of spin glasses.11 For PMN-
10PT it indicates a broad distribution of dipolar reorientati
times. The modified response functionP* (t) was measured
after applying one period of a sinusoidal pump field of t
amplitude 231 V/cm. This leads to a modification of th
relaxation spectrum which can be monitored as a speedu
the polarization response. The maximum inDP appears at a
time tmax corresponding to the inverse pump frequencyV21.
In the following the maximum is denoted asDPmax
5maxuDP(t)u. Analyzing the maxima in the polarization dif
ferenceDP(t) from Fig. 3~b!, the relationVtmax51 is found
to hold well for the accessible range of pump frequenci
This indicates that the distribution of relaxation times is fl
in the observed frequency regime. The full width at h
maximum ~FWHM! of the dielectric holes shown in Fig
3~b! exceeds two decades for all pump frequencies.

The difference between the modified and the equilibriu
responses cannot only be represented asDP, i.e., as the dif-
ference along the polarization axis. Another possibility is
monitor the difference along the time axis. In the followin
these time shifts are denoted asD(t)5D log10(t/s). Due to
the extreme stretching of the response functions, the m
mum differencesDmax(t) are much larger than for supe
cooled liquids.31 The differenceD(t) has to be calculated a
constant polarizationP(t)5P* (t* ). Since for relaxorst*

s
c-

FIG. 3. ~a! Polarization responses to a field step after pump
with a sinusoidal pump field of 231 V/cm~symbols! and without
pumping ~line!. ~b! Polarization modificationsDP after pumping
with the same pump field for pump frequencies of 10, 1, 0.1, a
0.01 Hz.~c! Difference along the time axisD(t)5D log10(t) for the
same data as in~b!.
3-4
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NONRESONANT DIELECTRIC HOLE-BURNING . . . PHYSICAL REVIEW B64 054103
can differ fromt by more than one decade@cf. Fig. 3~c!# the
choice of a reference time is not unambiguous. Results of
differenceD(t) with t as reference scale are shown in F
3~c!. Comparing these two representations one finds diffe
shapes forD(t) and forDP(t). The curves forD(t) seem to
be somewhat broader but the separation between the ma
also is about one decade in time for one decade differenc
V. To exploreD(t) more carefully it would be necessary
extend the time regime of the setup to both shorter
longer times. Therefore in the following we mainly prese
our data in terms ofDP(t).

C. Variation of pump and probe fields

In order to avoid a modification of the polarization r
sponse by the probe field,Eprobe had to be chosen muc
smaller than the pump field. Additionally the pump fiel
had to be chosen sufficiently large so that a detectable m
fication can be achieved. Figure 4 shows the dependenc
the maximum polarization difference on the amplitude of~a!
probe and~b! pump field for different frequencies and tem
peratures. It can be seen thatDPmax evolves linearly in the
probe field and quadratically in the pump field amplitude
sufficiently low voltages. The quadratic dependence of
pump fields suggests that the pump process is linear in
absorbed energy. This feature has also been observed i

FIG. 4. ~a! Maximum polarization modificationDPmax plotted
against the probe field for pump frequencies of 10, 1, and 0.1
and temperatures of 275 K~full symbols! and 290 K~open sym-
bols!. The maximum modificationsDPmax are normalized to
DPmax8 5DPmax (Eprobe530.8 V/cm). ~b! Dependence ofDPmax on
the square of the pump field for the same pump frequencies
temperatures as in~a!. DPmax is normalized toDPmax

9 5DPmax

(Epump5346 V/cm). The inset gives a double logarithmic presen
tion.
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percooled liquids,31 spin glasses,25 and ion conductors.44 To
simplify the interpretation the following measurements we
always performed in the linear (Eprobe) and the quadratic
(Epump) regime.

The magnitude of the pump field amplitude slightly a
fects the shape of the holes. This can be seen from Fig. 5
polarization differences from measurements for several
plitudes Epump, of course all within the quadratic regim
@Fig. 4~b!#, are normalized to the amplitude ofDPmax and to
the time tmax at which the maximum inDP appears~tmax
only slightly changes withEpump but for a better analysis o
the hole shape the curves in Fig. 5 are normalized totmax!.
While the data for times shorter thantmax scale well onto
each other this is not true for longer times. With larger pum
fields the dielectric holes broaden somewhat.

D. Temperature dependence of the hole depths

Figure 6 showsDPmax for three different frequencies in
the temperature range between 270 and 300 K. Around
K the maximum modifications exhibit no dependence on
pump frequency and are relatively small. For temperatu
T.300 K DP is hardly detectable with our present setup. B
lowering the temperatureDPmax is increasing, then it peaks
and a strong frequency dispersion is observed. Below 27
the time scales of the dipole reorientation times beco

z

nd

-

FIG. 5. Polarization modificationDP for different pump fields
and a pump frequency of 0.1 Hz.DP is normalized to the position
of the maximum. The lines represent a fit to the data for the high
and the lowest pump field~see Sec. V!.

FIG. 6. Dependence of the maximum polarization modificat
DPmax on the temperature for pump frequencies of 10, 1, and
Hz.
3-5
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much longer calling for repetition times between two sub
quent field sequences of 600 s and more. Similar to the
havior of the complex dielectric constant for smaller valu
of the frequency the peak inDPmax appears at lower tem
peratures. However, the frequency dispersion ofDPmax nei-
ther directly tracks the behavior of the dielectric permittiv
nor that of the dielectric loss, or tand. It has to be recognized
that within models for NHB other factors such as the spec
heat23,31 or the third-order nonlinear susceptibility28 affect
DPmax.

E. Re-equilibration of the dielectric holes

The data presented so far resulted from measurem
employing a very short waiting timetw between pump and
probe procedure. By increasing this waiting time, one is a
to monitor the re-equilibration~or recovery! of the dielectric
holes.

We detected the temporal evolution ofDP(t) @and like-
wise D(t)# in PMN-10PT by increasing the waiting time
from 1 ms up to 100 s. The results are depicted in Figs. 7~a!
and~b! for a pump frequency of 10 Hz and a temperature
275 K, respectively. Both diagrams show qualitatively t
same features. The maxima inDP(t) as well as inD(t)
decrease with increasing waiting time, i.e., after some t
the system returns back to its initial state. In addition
maxima inDP(t) andD(t) shift to longer times during the
re-equilibration. This effect appears more pronounced in
DP(t) representation. This can be interpreted to reflect
fact that differently relaxing subensembles contribute to
polarization response. Because the recovery for faster
sembles proceeds faster,24 during the re-equilibration the
fraction of slower ensembles contributing toDP increases.

Figure 8~a! shows the re-equilibration ofDPmax for three
different frequencies at the same temperature. The time s
of this recovery strongly depends on the pump frequen

FIG. 7. ~a! Polarization modificationDP and~b! time difference
D(t) for increasing waiting timestw /s50.001, 0.003, 0.01, 0.03
0.1, 0.3, 1, 10. The pump frequency was 10 Hz.
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Shifting the pump frequency by one decade results in a
covery which also is shifted by about one decade. By p
ting the normalized hole depths into one diagram withVtw
as thex axis, one can see that the re-equilibration curves
different frequencies superimpose. In Fig. 8~b! this is done
for two different temperatures by analyzing data forDP(t)
and D(t). Independent of the representation used for t
analysis and of the burning frequency, the normalized d
for DPmax(tw) as well as forDmax(tw) follow the same maste
curve.

It is seen that the re-equilibration of the holes for 290
proceeds significantly faster than at 275 K. In order to a
lyze the refilling more precisely we used a stretched ex
nential function

DPmax~ tw!5DPmax~0!exp@2~ tw /t req!
b# ~9!

which provides a good fit to the data. The value of the e
ponentb turned out to be 0.3660.03 for the investigated
temperature range. The average relaxation time^t req&
5b21G(b21)t req for 275 K is about 40 times longer tha
the intrinsic relaxation timetV5V21 of those spectral con
tributions that have been affected most strongly by the pu
process. Previously, this phenomenon was termedlong-lived
dynamic heterogeneity.24

We also fitted the data using a power-law function of t
form

DPmax~ tw!5P0S tw1t0

t0
D 2a

, ~10!

FIG. 8. ~a! Normalized re-equilibration ofDPmax for pump fre-
quencies of 10, 1, and 0.1 Hz at a temperature of 275 K.~b! The
same data as in~a! and recovery data of the time differenceDmax(tw)
~crosses! are plotted against a normalized time axisVtw . Also re-
equilibration data forT5290 K are added~full symbols!. The solid
lines represent fits according Eq.~9!, while the dotted ones follow
Eq. ~10!.
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which is often used to describe thetw-dependent aging o
dielectric or magnetic susceptibilities at a constant temp
ture. Initially the parametert0 has been introduced to tak
into account a possible delay of the beginning of aging.41 In
recent descriptions of measurements on the orientati
glass K12xLi xTaO3 and on PMN-10PTt0 was rather em-
ployed as a further parameter which determines the shap
the time trace of the aging quantity.41,42When fitting the data
in Fig. 8~b! the parametert0 turned out to be 0.65 s at 275 K
and 0.2 s at 290 K. The exponenta equals 0.3660.05 for all
temperatures. A fit to the recovery data for 275 K is d
played in Fig. 8~b!. While for shorter times the Kohlrausc
function provides a superior fit, for longer times a power la
according to Eq.~10! seems to be a somewhat better desc
tion.

Figure 9 shows recovery times determined at several t
peratures in the range from 275 to 295 K. For each data p
measurements from three pump frequencies were analy
Additionally, for 275 K Dmax(tw) data were analyzed to ex
tract the time scale of the recovery. The results show
^t req& is the same, irrespective of how it was determin
With increasing temperaturêt req& becomes shorter but sti
exceedstV significantly.

In addition, the recovery of the maximum polarizatio
DP(tw) at fixed times corresponding to the inverse pum
frequency~i.e., at tV5V21! has been analyzed. Figure
reveals that now one obtains shorter relaxation times than
the re-equilibration ofDPmax. The data are also well fitted
with Eq. ~9!. The stretching exponentb turned out to be
slightly larger (0.4260.03) in comparison to that of th
DPmax data.

In Sec. II C we discussed the dependence of the shap
the dielectric holes on the pump field amplitude. In order
explore whether̂t req& depends on the pump field we carrie
out several measurements with pump fields ranging from
to 384 V/cm. The result can be seen in Fig. 10. A signific
dependence of the average recovery time on the pump
amplitude is observed. The results are compatible wit
quadratic dependence of^t req&}Epump

2 .

FIG. 9. Temperature dependence of the normalized
equilibration timeV^t req& for the maximum polarization modifica
tion DPmax ~full symbols! and for DP at fixed times~open sym-
bols!. The lines are drawn to guide the eye.
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V. DISCUSSION

As we will discuss in the following, the experimental re
sults of nonresonant spectral hole burning help one to un
stand the dipolar dynamics of the disordered relaxor fer
electric PMN-10PT in the observed temperature range
,T,300 K. This material shows strong spatial heteroge
ities due to structural disorder.6,7,29,43The pronounced non
exponential decay of the polarization response~cf. Fig. 2!
together with the frequency dependence of the polariza
differenceDP(t) as well as the time differenceD(t) @see
Figs. 3~b! and ~c!# provide evidence also for adynamic het-
erogeneityof the dipolar reorientation process. Dependi
on the frequencyV of the energy input those parts of th
spectrum are affected most that respond nearV, so that
tmax5V2a, with a'1, is found for the accessible frequenc
range.24 This provides evidence for an almost flat distrib
tion of relaxation times existing in PMN-10PT in the ob
served frequency range. But it cannot definitely prove tha
purely heterogeneousscenario is at the origin for the stron
nonexponential behavior of PMN-10PT. As the followin
considerations reveal it is also possible that a superpos
of intrinsic nonexponential processes leads to the obse
dynamic behavior.

While in the ion-conducting glass CKN it has been o
served that the spectral holes refill with a time constantt req
'V21,44 in PMN-10PT the re-equilibration timet req is sig-
nificantly longer than the intrinsic relaxation timetV

5V21. In view of dielectric hole burning such a pronounce
long-lived heterogeneityso far has only been observed in th
slow b relaxation of glassyD sorbitol.45 In addition, t req
strongly depends on the pump field amplitude and the te
perature~see Figs. 9 and 10! while it scales with the pump
frequencies, i.e.,Vt req is constant for each combination o
pump field and temperature.

The observed pump field dependence of the
equilibration can be understoodqualitatively with reference
to the change of the hole shape with the pump field am
tude~see Fig. 5!. With increasing pump field an asymmetr
broadening of the spectral holes is observed, i.e., for tim
shorter than the timetmax of the maximum modification the
shape of the hole does not depend on the pump field w

-
FIG. 10. Dependence ofV^t req& on the amplitude of the pump

field at a temperature of 275 K. The line reflects a quadratic dep
dence of̂ t req& on the pump field.
3-7
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for longer times it does. Thus for large pump field amp
tudes additional low-frequency spectral features affect
dielectric holes. As a consequence the lifetime of the h
becomes longer.

To analyze these features in more detail we perform
calculations using the models described in Sec. II@see Eqs.
~3a! and ~3b!#, with the constraint that the computed r
sponse functionDF fits the experimental data. To this en
we took a sufficiently broad distribution of energy barrie
B( i ) resulting in relaxation timest i5t0 exp$B(i)/kBT% so
that the equilibrium responseF(t) evolves logarithmically
for times24, log10(t),13. This exceeds our experiment
time window@see Fig. 3~a!#. The pump process is associat
with an absorption of energy (}«9) in the material. In pre-
vious calculations we have used the Debye form for the
electric loss.23,31 However, in order to parameterize variou
shapes of spectral holes, here we will employ the imagin
part of the Havriliak Negami function,«HN9 ,46 on a trial ba-
sis. A calculation ofDF(t) with f pump(V,t i)5«HN9 (V,t i)
@Eqs.~3a! and~3b!# provides a good fit to the data, shown
Fig. 5 for the highest and the lowest pump field.

Using Eqs.~4!–~6! we calculated the recovery function
for several pump field amplitudes. Figure 11 shows the
sulting recovery functions for two pump field amplitudes a
temperature of 275 K. They exhibit the same tendency as
corresponding recovery data: the re-equilibration time
comes longer when burning with a higher pump field.

Assuming a nonexponential intrinsic relaxation functi
for various quantities~F, F* , andDTf ,i! the hole shape for
a given pump field can alternatively be fitted with a suita
f pump(V,t i). The fits using the Kohlrausch form
exp@2(tw /ti)

b# are as good as in the case of an intrinsic e
ponential relaxation~not shown!. For a Kohlrauschb of 0.7
the exponenta ~describing the shift oftmax with V, tmax
5V2a! turned out to be 0.9. This is not significantly diffe
ent from what the computations yield forb51 (a50.93).
But a difference arises in the hole recovery. For a Ko
rauschb of 0.7 the recovery becomes somewhat faster t
for b51 and is in semiquantitative agreement with the e
perimental data shown in Fig. 11.

The pump field dependencêt req& can at least qualita

FIG. 11. Calculated re-equilibration function as described in
text for an exponential intrinsic relaxation~full line! and a
Kohlrausch-like (b50.7) intrinsic relaxation~dashed line!. The
symbols are the corresponding recovery data.
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tively be explained with the model described above. Ho
ever, the dependence on the temperature of the reco
times remains still unclear: While the width and the shape
the spectral holes does not change significantly~not shown!
the recovery becomes shorter for higher temperatures~see
Fig. 9!. Furthermore the dependence of the hole depths
both the frequency~Fig. 3! and the temperature~Fig. 6! can-
not be explained with the present model alone. To this e
additionally the specific heat23,31 or the third-order nonlinear
susceptibility28 may have to be regarded.

The model of an asymmetric double-well potential~see
Sec. II! or a multiwell potential in a local random-field en
vironment as outlined in Sec. II cannot explain the pum
field dependence. Within these models the time scale of
recovery does not depend on the amplitude of the pump fi
In the superparaelectric model4 where polar regions are com
pletely independent from their local environment flips of t
polarizationP occur in a multiwell potential which has sev
eral equilibrium states with equal energy. This scenario
ruled out since it does not exhibit any pump field depend
recovery. Recent calculations reveal that extrinsic relaxa
mechanisms,30 e.g., the mechanism related to domain-w
motion need to be involved in order to rationalize this fin
ing.

One possible mechanism for the dipolar dynamics lead
to a pump field dependence of the refilling rate is based o
scenario of ferroelectriclike nanodomains existing in PM
This interpretation was proposed by Westphalet al.13 and
further developed by Glazounov and Tagantsev.47,48 Struc-
tural defects in PMN and the influence of random fiel
originating from the random occupation of equivalent latti
sites by different ions can act as pinning centers for mova
domain walls.49 These pinning centers impede the growth
domains and lead to thermally activated motion of dom
walls.50 By applying a sufficiently large pump field not onl
can internal degrees of freedom within the domains be
dressed but also certain domain-wall segments are rele
from their pinning centers. To recover, the domain wa
again have to traverse back across the pinning barriers
now without the presence~and ‘‘push’’! of a pump field.
This leads to a time scale of the re-equilibrationt req that is
longer than the intrinsic time scaleV21 set by the experi-
ment. The notion of movable domain walls can also qual
tively rationalize the pump field and temperature depende
of t req. By increasing the pump field domain walls wit
increasingly large pinning energies can be released f
their pinning centers. For those domain walls it takes lon
time to re-equilibrate than for domain walls which have be
addressed with lower pump fields.

The time scalê t req& shows a linear behavior in the ab
sorbed energy, i.e.,̂t req&}Epump

2 ~Fig. 10!. The temperature
dependence of̂t req& is shown in Fig. 9. For temperature
below 280 K the recovery timêt req& approaches a platea
value. For higher temperatures~.280 K! the time scale for
recovery becomes significantly shorter. In view of the abo
interpretation this means that now enough thermal energ
provided to overcome the pinning barriers, i.e., the dom
walls become more flexible. This results in a shorter
equilibration time.

e
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VI. CONCLUSION

We have demonstrated that nonresonant dielectric h
burning is a useful tool to investigate dipolar reorientati
processes in the relaxor ferroelectric material PMN-10P
Frequency selective spectral holes can be burned into
polydispersive dielectric response with a maximumDPmax
appearing at a time corresponding to the inverse pump
quencyV21. The re-equilibration of the spectral holes pr
ceeds with a time constantt req significantly exceeding the
intrinsic time of the pump processtV5V21. The amplitude
of the pump field determines how fast the spectral modifi
tion returns back to equilibrium. The field dependence
PMN-10PT revealed by the present study cannot be
plained within a superparaelectric model or a model based
random fields against on-site reorientations. For the temp
ture range 270,T,300 K the interpretation favored to thi
. J

J.

pl

u-

v

tt

.

-

s.
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end is a scenario of a ferroelectriclike state of polar n
odomains involving random fields. The walls of these d
mains can be pinned by defects or the random field envir
ment in the relaxor material. In this scenario sufficie
energy must be provided~by the pump field! to overcome the
pinning barriers of the domain walls. This leads to a pum
field-dependent time constant of the recovery of the spec
holes.
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