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Nonresonant dielectric hole-burning spectroscopy on a titanium-modified
lead magnesium niobate ceramic
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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.
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[. INTRODUCTION Another modél~'°treats relaxors more like a glassy system
with the well-known features of spin or dipole glas$e¥In
The complex perovskite lead magnesium niob@®IN)  this model the polar regions show strong interactions leading
is the prototypic substance belonging to the class of relaxoio a frozen state at low temperatures characterized by ran-
ferroelectrics(relaxors. Forty years after its discovery in dom local orientations of the polarization. Several
1958 by Smolenskii and Agronovskajthe dielectric relax- authors®>**argued in favor of random fields originating from
ation mechanism of PMN as well as other relaxors continueguenched disorder which prevents a phase transition into a
to be a point of discussion. On the one hand, relaxors aréerroelectrically ordered state. Glazounetval'® described
suitable for many technical applications. Because of theithe dipolar dynamics in relaxor materials as a domain-wall
dielectric and piezoelectric properties they are commonlymotion (“breathing”) in a multidomain state. Very recently,
used as multilayer ceramic capacifoesid electromechanical Blinc et al!® established a random-bond random-field model
actuators. On the other hand, despite numerous experimentor relaxors which combines features of a dipole glass with
tal investigations the microscopic origin of the unusualthose of a random-field dominated scenario.
physical properties of relaxors is still not clear. As compared Up to now the question remains open whether these re-
to pure ferroelectric materials relaxors show an extremelyaxors show(i) a ferroelectriclike state consisting of micro-
broad permittivity versus temperature peak. This is oftersized nanodomains constrained by the quenched disorder or
designated as “diffuse” phase transition. For relaxors the(ii) a glasslike freezing similar to the behavior in dipole
temperature of the maximum dielectric permittivity and lossglasses, however, with randomly interacting polar nanore-
exhibit a pronounced frequency dependence. Furthermore,dgions. In scenari@i) the dipolar dynamics is governed by the
strong frequency dispersion of the permittivity below the depinning of domain walls. Domain walls in random systems
peak and the absence of a Curie-Weiss behavior above asge either formed through slowly decaying metastable con-
usually observe&?® figurations or competing interactions. For instance, in mag-
Several investigations of the structural ordering of PMNnetic systems there is a competition between the stray field
yielded evidence for short-range, nonstoichiometric 1:1 orenergy and the domain-wall enertfy.As the structure
dering of the Mg" and NB" cations on theB sites of the evolves to a more stable stater even to equilibrium in
perovskite lattice’ leading to strong space charges. As aresponse to an external perturbation the domain walls move
consequence the crystal is split up into nanometer size rén such a way that energetically more favorable domains
gions with well defined local spontaneous polarization. Thegrow at the expense of less favorable ones. The mobility of
development of a long-range ferroelectric order is inhibiteddomains in random systems is often strongly reduced by pin-
by the disorder. ning of the domain walls due to impurities or disorder
In the past different models have been proposed to explaisffects*®
the dynamic properties of PMN-like relaxors. In the super- However, within both scenarios local random fields origi-
paraelectric model introduced by Crske relaxor is con- nating from charge imbalance play a major role. To decide
sidered as an ensemble of noninteracting polar regions eaethich one of these approaches is the more realistic one linear
of them behaving like a conventional ferroelectric material.dielectric measurement techniques are apparently not suit-
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able. In some glassy systems not the linear dielectric permit- Here N denotes the number of cycles of the sinusoidal
tivity but all higher nonlinear components, exhibit a criti- ~ pump field. This expression shows that the modification is
cal behavior around the glass transitfdrt? Therefore the proportional to the square of the pump field amplitude and
analysis of nonlinear components of the dielectric susceptie”({27), that means to the absorbed energy. The waiting
bility was exploited in recent yeafS:22 time between pump and probe procedure is denotety, as

In our studies we combined both linear and nonlinear asFor each relaxation time one finds thatA P(t) is peaked at
pects of dielectric spectroscopy. The dielectric polarizatiort= 7. By introducing a sufficiently broad distribution of re-
P(t) of PMN was measured as the linear response to smalaxation timesg(r) the polarization modification becomes
electric field steps. Additionally, we applied large alternatingsensitive to the burning frequen€y.?’ From Eq.(2) it can
electric pump fields. Subsequently, the time evolution of thealso be seen that in the ADWP model the hole-burning signal
modified polarization respon$® (t) was measured. By sub- AP vanishes for asymmetries— 0.
tractingP(t) from P*(t) one obtains a difference signaP By generalizing the ADWP model to more than two equi-
which reflects the effect caused by the pump process. Withibrium states one gets a more realistic scenario for relaxor
this method of dielectric nonresonant spectral hole-burningnaterials. For PMN it is supposed that electric dipoles can
(NHB)?® we are able to distinguish between subensemblesrient along the eightl11) directions of the cubic unit ceff
responding at different time scales and to monitor their teminstead of the asymmetry in the ADWP model one can in-
poral evolutior?* troduce local random electric fields acting on the dipoles in

Recently NHB was also successfully used to investigatéhe potential wells. These fields may exist due to the disorder
spin glassés and doped quantum paraelectfftsvhich  in the relaxor material. One can show that within a multiwell

show similar features to relaxor ferroelectrics. potential affected by random fields the modified polarization
response looks similar to Eq(2) except for different
0
Il. MODELS FOR DIELECTRIC HOLE BURNING prefactors’

Previously for the analysis of the NHB results of super-

In the following we describe two models for dielectric cooled liquids! and spin glassésa so-called “box model”
hole-burning. A simple approach to describe dipolar relaxwas used. Recently a detailed justification of this approach in
ational processes are electric dipoles in an asymmetriterms of a mesoscopic mean-field model was put
double-well potentialADWP). This model is suited to de- forward?33We briefly outline a very similar approach for
scribe several features of nonresonant dielectric hole-burninghe analysis of our data.
experiments. The pump process is assumed to selectively speed up dis-

For a given asymmetnA and barrier heightv of an tinct elements out of the relaxation time distribution with a
ADWP—where the asymmetry is defined as the differencamaximum effect arount~ ~ . Therefore the pump proce-
between the minima of the two wells—the relaxation time dure can be described by multiplying the equilibrium relax-
is given by ation timesr; by a functionf,,,{ €2, 7;) to obtain the differ-

ence between equilibrium and modified responses:

1 exp(V/kgT) n
T= =179 .
Wio+Wp,  “COSHA/2KgT) AD(t)=D(t)—D* ()=, gi{exp—t/7)—exp(—t/7F)}.
|
Herew;; is the transition rate from weilto well j and o tis (33

called the attempt frequency. The polarization of the double . L ,
well results from the difference of the occupation numberd€re the modifiedacceleraterelaxation times are given by
N; andN; of wellsi andj. To ensure that without applying

an external electric field no polarization is observed one can =f
add the contributions from two double wells with opposite ' pamp

asymmetries. Then one can calculate the modified polarizasiayting from the modified response function one can calcu-
tion responseA P after Za;gglylng a pump field of the form |ate the recovery function of the spectral holes for increasing
Ppumt) = Ppumpsin(@1)."= Restricting the calculation 10 \yaiting timet,,. Within the “box model” spectrally distin-
contributions up to second order in the pump and first Ordebuishable featureghe “boxes”) are characterized by differ-

in the probe field amplitud® e one obtains for the phase ent nonthermodynamic “fictive” temperature®; ;. The
cycle described in Sec. Il Tool-Narayanaswan¥ equation provides a connection of
the change in the fictive temperatukd ; of the box "i” to

the modified relaxation time" :

Q,Ti)'Ti. (3b)

AP(t,t,)=Ce"(Q1)e"(2Q7){1—exp—27N/Q7)}

X;exp{—(t-%tw)lr}, (Za) ATf’ikaTz(ln Ti_ln T;k)/B (4)
Here T denotes the thermodynamic temperature &ndn
5 Nut activation barrier. So the pump process leads to a small in-
C= EEprobJEpumpW5|”|"F(A/2ksT) crease of the fictive temperature for the respective boxes.
B Assuming an exponential recovery ©f ; back to the ther-
X {1—sint?(A/2kgT)}. (2b) modynamic temperaturg,
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ATyi(tw) = ATy (0)exp(—ty /7)), (5)  549JH and finally acquired with an analog/digital-data acqui-
' o ) - sition card for times ranging from about 0.3 ms to 108 s.
one can calculate the time evolution of the modified relax-he timing of the field sequences for NHB was as follows:
ation timesr;” . This allows us to compute the recovery func- puring a pumping time,, one period of a sinusoidal electric
tion which is defined as thg,-dependent maximum of the field E_,,sin(t) was applied across the sample. After a
difference of the response functiosand®*. Itis given by  waiting time t,, the polarization was monitored as the re-
sponse function to a dc electric field in the linear response
Ad(ty) =P (r) — P (7 ,ty). ©) regime. In order to eliminate unwanted effects in the polar-
For each box it is assumed that the modification recovers tiation generated by the pump process suitable phase cycling
equilibrium with the equilibrium relaxation time; of the =~ Was performea. The modified polarization response is
corresponding box, i.eAd exhibits the same waiting time calledP* (t) in the following. Together with the equilibrium

dependence lika P for a single ADWP[EQ. (2a)]. {:)qlar(ijzation respons®(t), the difference signal was ob-
ained as

IIl. EXPERIMENTAL SETUP AND SAMPLE
CHARACTERIZATION

We investigated crystalline ceramics of PMN with a The equilibrium respons®(t) was received by applying a
nominal admixture of 10% PbTiD(PT) provided by the Voltage stepJprone=Eprone/d Without pumping. Most of the
Material Research LaboratorPennsylvania State Univer- experiments were carried out at a temperature of 275 K. He_re
sity). They belong to the family oA(B.B’_,)Os perovskite the dielectric loss peaks at a frequency of 0.06 Hz. This
structure relaxors. The PMN-10PT material was found to b&©fTesponds to a time scale of 2.7 s, which provides a con-

much less susceptible to chemical aging than the pure relaxd€nient scale in relation to the spectral range accessible with
PMN, but, nevertheless, retains typical relaxor propeftis, OUr Present time-domain apparatus. Repetition times of 240—

It has been observed that with increasing concentration of80 S between two subsequent field sequences were found to
PbTIO, the presence of the i ions suppresses the ten- _be long enough, so that the_ resul_tmg difference polarization
dency of a 1:1 ordering of the Mg and NB* cations at the is nc_)t affected by the previous field sequence. !n order to
B site of the lattic€ The dimensions of the coin-shaped monitor Fhe temperature erendenpe O.f the_ maximum Spec-
samples were 154w 1.3mm and 91.6 mAK0.8mm, tral modifications and their re-equilibration times additional
respectively. The surfaces were electroded with gold. measurements were taken between 270 and 300 K.

Prior to each measurement the specimens were annealed
at 375 K for at least 30 min. This time turned out to be IV. RESULTS AND ANALYSIS
enough so that the thermal history of earlier experiments did
not have any effect on the measured properfigscommon
feature of mixed ferroelectrics, especially for thin films, is  Figure 1 shows the results from broadband dielectric
the problem of fatigue. For the electric-field sequences wepectroscopy. The temperature dependence of the dielectric
used to investigate PMN-10PT we did not have this problempermittivity &', the dielectric loss”, and the loss factor
For a ceramic sample of PLZT 8/65/35—a relaxor behavingans=¢"/e’ are plotted for different frequencies. The data
similar to PMN-10PT—it has been shoWrthat fatigue is reveal the typical relaxor peculiariti€s? We found both a
observable for more than 4@lectric-field cycles with am- very large dielectric permittivity and a large dielectric loss.
plitudes of more than 250 kV/cm. The permittivity and loss peak as a function of temperature

Each PMN-10PT sample was characterized using starare extremely broad. Their shape and their peak temperature
dard dielectric techniques. For frequencies from 20 Hz to lexhibit strong frequency dispersion. For lower temperatures
MHz we used an HP 4284A LCR meter. A cooling rate of the dielectric loss is almost constant over at least seven de-
0.4 K/min was chosen for the whole temperature range. Fotades in frequency. Coming from high temperatures, the
lower frequencies 100 mHzv <20 Hz we employed a Sola- phase angle tafi exhibits a pronounced increase and then
tron1260 Gain-Phase Analyzer equipped with an additionaleaches a frequency-dependent plateau.
current-to-voltage interfac®. The amplitudes of the driving By analyzing the polarization respondg®(t) to small
electric fields did not exceed 10 V/cm in order to avoid non-electric-field pulses a further characterization of the PMN-
linear effects. During these measurements the PMN-10PTOPT sample was possible. The equilibrium polarization re-
sample was thermostatted in a closed-cycle refrigerator sysponse generated by a constant step in the electric field
tem with a temperature stability better thai9.01 K. shows a quasilogarithmic dec&YThis renders it hard to

For the pulsed dielectric spectroscopy and the nonresaextract a time scale of the decay. On the other hand, pulsed
nant hole-burning experiments we generated electrical-fieldielectric spectroscoflis a suitable tool to map out a time
sequences by a computer-controlled digital/analog-convertescale 7 in this situation. To do so, after a sufficiently long
which drives a fast high-voltage amplifier. The polarizationwaiting time we applied a constant field for a pulse duration
of the PMN-10PT sample was detected by measuring the, (see inset of Fig. R After switching off the field the
voltage across a reference capacitor in a modified SawyepolarizationP(t) was monitored. Figure 2 shows the results
Tower circuit. This voltage was amplified using a high- for different durationg, at a temperature of 275 K. It can be
impedance circuit based on the operational amplifier ADclearly seen that the average relaxation time

AP(t)=P*(t)—P(t). 7

A. Broadband and pulsed dielectric spectroscopy
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with a sinusoidal pump field of 231 V/crisymbols and without
FIG. 1. Dielectric permittivitye’, dielectric losse”, and loss  pumping (line). (b) Polarization modifications\P after pumping
factor tand=¢"/¢’ for frequencies from 100 mHzcrossepto 1 with the same pump field for pump frequencies of 10, 1, 0.1, and
MHz (circles and a field amplitude of 8 V/cm. 0.01 Hz.(c) Difference along the time axis(t)= A log,(t) for the
B same data as ifh).
() fo PLIP(O)dt ® the step response functiéi(t) and modified response func-
tion P*(t) for two different pump frequencies at a tempera-

pulse duration of about @ a plateau value is approached ture of 275 K. BothP(t) and P* (1) were measured as the
for (7). One of the possible interpretations of this findfhg ~ Polarization response to a constant probe fidigope
that for shorter pulses the response function is dominated by 23-1 V/cm. In the accessible time ranggt) evolves in an
the fast contributions of the distribution function. For long @lmost logarithmic fashion. A similar behavior is often ob-
enough pulse durations all spectral features of the relaxatiof€’ved in the magnetization of spin gIasEesEor PMN-
time distribution are addressed by the field so that the polar];OPT it |nd|cate:_; a broad d|str|but|or_1 of dipolar reorientation
ization decay proceeds with the equilibrium relaxation timetimes. The modified response functi® (t) was measured

of the polarization decay increases with londgr For a

at that temperature. after applying one period of a sinusoidal pump field of the
amplitude 231 V/cm. This leads to a modification of the
B. Frequency dependence of the modified response relaxation spectrum which can be monitored as a speedup in

the polarization response. The maximumAiR appears at a
time t . corresponding to the inverse pump frequeficy?.
In the following the maximum is denoted aAP.y

NHB allows us to address differently relaxing suben-
sembles in disordered dipolar substances. Fig(aeshows

1.0 T T T =maxAP(t)|. Analyzing the maxima in the polarization dif-
ferenceA P(t) from Fig. 3b), the relationQt,,,,=1 is found
S 08r / to hold well for the accessible range of pump frequencies.
& o6t L 10:)0—0_ This indicates that the distribution of relaxation times is flat
? 0al ‘Tooos e in the observed frequency regime. The full width at half
300 maximum (FWHM) of the dielectric holes shown in Fig.
0zp % ] 3(b) exceeds two decades for all pump frequencies.
0ok NN, The difference between the modified and the equilibrium
o ! 1(‘),2 ' 160 ' 1(‘)2 d o responses cannot only be represented Bs i.e., as the dif-

ference along the polarization axis. Another possibility is to
monitor the difference along the time axis. In the following

FIG. 2. Normalized polarization decay after applying a field these time shifts are denoted A¢t) =A log(t/s). Due to
pulse across the sample with a duratigmanging from 3 to 10 000 the extreme stretching of the response functions, the maxi-
s. The electrical field was chosen to be 38.5 V/icm. The inset showgwum differencesA ,(t) are much larger than for super-
the mean relaxation times of the polarization decay calculated adsooled liquids®® The differenceA(t) has to be calculated at
cording to Eq.(8). constant polarizatiorP(t)=P*(t*). Since for relaxorg*

ts]
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% of the maximum. The lines represent a fit to the data for the highest
~, and the lowest pump fieltsee Sec. ¥
©
£
% percooled liquidsS?! spin glasse&® and ion conductor’ To
simplify the interpretation the following measurements were
always performed in the linearg(,,,9 and the quadratic

(Epump regime.

The magnitude of the pump field amplitude slightly af-
fects the shape of the holes. This can be seen from Fig. 5: the
polarization differences from measurements for several am-

litudes E,ymp, Of course all within the quadratic regime
Fig. 4b)], are normalized to the amplitude afP ., and to

E2 [(kV/em)]

pump

FIG. 4. (a) Maximum polarization modificatior P,,, plotted
against the probe field for pump frequencies of 10, 1, and 0.1 H

and temperatures of 275 Kull symbolg and 290 K(open sym- the timet,., at which the maximum imM\P appears(t, .,

bolg). The maximum modificationsAP,,,, are normalized to v sliahtlv ch e but f b vsis of
AP 0= APmay (Eprope=30.8 Vicm). (b) Dependence ol Py, 0n only slightly changes wit pump .Ut or a better analysis o
the square of the pump field for the same pump frequencies anﬁle_hole shape the c_;urves in Fig. 5 are normalizety o).

temperatures as iifa). APy, is normalized t0AP=APya, While the data for times shorter thdp,, scale well onto

_ ; ; i each other this is not true for longer times. With larger pump
E =346 V/cm). The inset gives a double logarithmic presenta-; . .
Eio?:mp ) g g P fields the dielectric holes broaden somewhat.

can differ fromt by more than one decadef. Fig. 3c)] the D. Temperature dependence of the hole depths
choice of a reference time is not unambiguous. Results of the Figure 6 shows\P,,,, for three different frequencies in

differenceA(t) with t as reference scale are shown in Fig.the temperature range between 270 and 300 K. Around 300
3(c). Comparing these two representations one finds differeng the maximum modifications exhibit no dependence on the
shapes foA(t) and forAP(t). The curves folA(t) seemto  pump frequency and are relatively small. For temperatures
be somewhat broader but the Separation between the maXi% 300KAP s hard|y detectable with our present Setup_ By
also is about one decade in time for one decade difference il'awering the temperatur P, is increasing, then it peaks,

). To exploreA(t) more carefully it would be necessary to and a strong frequency dispersion is observed. Below 270 K

extend the time regime of the setup to both shorter anghe time scales of the dipole reorientation times become
longer times. Therefore in the following we mainly present

our data in terms oA P(t).

0.15F T T T T Q/z' - L
/o/ .\°\ —— n(;.1 Hz
C. Variation of pump and probe fields < /'/' '\ —b— 1;:2
E o10} B —— z -
In order to avoid a modification of the polarization re- &) ¢ A/“ A\A\Z
sponse by the probe field . had to be chosen much éx e /_\_\x
smaller than the pump field. Additionally the pump fields_ Q_E 0.05L A/A ././' \-%A _
had to be chosen sufficiently large so that a detectable modi- < - "
fication can be achieved. Figure 4 shows the dependence of " N
) o . ! ]
the maximum polarization difference on the amplituddaf 0.00 L .
probe andb) pump field for different frequencies and tem- 270 280 290 300

peratures. It can be seen th&P,,, evolves linearly in the
probe field and quadratically in the pump field amplitude for
sufficiently low voltages. The quadratic dependence of the FIG. 6. Dependence of the maximum polarization modification
pump fields suggests that the pump process is linear in th&P., on the temperature for pump frequencies of 10, 1, and 0.1
absorbed energy. This feature has also been observed in suz.

Temperature [K]
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FIG. 7. (a) Polarization modificatiotA P and(b) time difference
A(t) for increasing waiting times,,/s=0.001, 0.003, 0.01, 0.03,
0.1, 0.3, 1, 10. The pump frequency was 10 Hz.

10% 10° 10 10*
normalized waiting time Qt

FIG. 8. (a) Normalized re-equilibration oA P ., for pump fre-
quencies of 10, 1, and 0.1 Hz at a temperature of 27%KThe

. » . same data as ifa) and recovery data of the time differentg,,(t,)
much longer calling for repetition times between two subseq¢rossepare plotted against a normalized time afis,, . Also re-
quent field sequences of 600 s and more. Similar to the besguilibration data foif =290 K are addedfull symbols. The solid
havior of the complex dielectric constant for smaller valueSines represent fits according E), while the dotted ones follow
of the frequency the peak AP, appears at lower tem- Eq. (10).
peratures. However, the frequency dispersion &%,,,, nei-

ther directly tracks the behavior of the dielectric permittivity Shifting the pump frequency by one decade results in a re-
nor that of the dielectric loss, or ta@hlt has to be recognized covery which also is shifted by about one decade. By plot-
that within models for NHB other factors such as the specifiging the normalized hole depths into one diagram viith,
heat®3" or the third-order nonlinear susceptibififyaffect s thex axis, one can see that the re-equilibration curves for
AP max- different frequencies superimpose. In Figb)8this is done
for two different temperatures by analyzing data foP(t)
E. Re-equilibration of the dielectric holes and A(t). Independent of the representation used for this

The data presented so far resulted from measuremen Snalys|s and of the burning frequency, the normalized data

employing a very short waiting timg, between pump and C?Jfréepmaﬁw) as well as ford ma,) follow the same master
F(;Onkﬂl)gn?{gffhdeu:g'_fm:Eg:zﬁgkg? :Zfo\\,/vg;;r:)? :ngd’iglr:a ectﬁcable It is seen that the re-equilibration of the holes for 290 K
q proceeds significantly faster than at 275 K. In order to ana-

hOI\?VSe' detected the temporal evolution &P(t) [and like- lyze the refilling more precisely we used a stretched expo-
P nential function

wise A(t)] in PMN-10PT by increasing the waiting times
from 1 ms up to 100 s. The results are depicted in Figs). 7
and(b) for a pump frequency of 10 Hz and a temperature of APma)(tW):APma)(O)exp[—(tW/rreq)ﬁ] ©)
275 K, respectively. Both diagrams show qualitatively the
same features. The maxima KP(t) as well as inA(t)
decrease with increasing waiting time, i.e., after some tim
the system returns back to its initial state. In addition the
maxima inAP(t) andA(t) shift to longer times during the
re-equilibration. This effect appears more pronounced in th
AP(t) representation. This can be interpreted to reflect th
fact that differently relaxing subensembles contribute to th
polarization response. Because the recovery for faster en
sembles proceeds fastérduring the re-equilibration the
fraction of slower ensembles contributing Ad® increases.

Figure 8a) shows the re-equilibration af P, for three fort e
different frequencies at the same temperature. The time scale AP (t )=P ( w 0) 1

. ma)& W) 0 ' ( 0)

of this recovery strongly depends on the pump frequency. to

which provides a good fit to the data. The value of the ex-
onentB turned out to be 0.360.03 for the investigated
emperature range. The average relaxation tifig.q

=B (B 1) 7req for 275 K is about 40 times longer than
the intrinsic relaxation time-, = ! of those spectral con-

Sributions that have been affected most strongly by the pump
rocess. Previously, this phenomenon was terloegd-lived
ynamic heterogeneity

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

form
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FIG. 9. Temperature dependence of the normalized re-
equilibration time€Q)( 7.y for the maximum polarization modifica-
tion AP, (full symbolg and for AP at fixed times(open sym-
bols). The lines are drawn to guide the eye.

FIG. 10. Dependence dd(r,y on the amplitude of the pump
field at a temperature of 275 K. The line reflects a quadratic depen-
dence of{ 7.y on the pump field.

V. DISCUSSION
which is often used to describe thg-dependent aging of

dielectric or magnetic susceptibilities at a constant tempera- As we will discuss in the following, t_he experimental re-
o . sults of nonresonant spectral hole burning help one to under-
ture. Initially the parametet, has been introduced to take

into account a passible delay of the beginning of adih stand the dipolar dynamics of the disordered relaxor ferro-
! unt a possi y ginning ) Ul. lectric PMN-10PT in the observed temperature range 270
recent descriptions of measurements on the orientationa

| . h T<300K. This material shows strong spatial heterogene-
glass K _,Li,TaO; and on PMN-10PTt, was rather em- jieq que to structural disord&?:243The pronounced non-
ployed as a further parameter which determines the shape 8§<ponential decay of the polarization resporiet Fig. 2

the time trace of the aging quantity*?When fitting the data together with the frequency dependence of the polarization
in Fig. 8(b) the parametety turned out to be 0.65 s at 275 K gjtference AP(t) as well as the time differenca(t) [see
and 0.2 s at 290 K. The exponemtquals 0.36:0.05 for all  Figs. 3b) and(c)] provide evidence also for dynamic het-
temperatures. A fit to the recovery data for 275 K is dis-erogeneityof the dipolar reorientation process. Depending
played in Fig. 80). While for shorter times the Kohlrausch on the frequency) of the energy input those parts of the
function provides a superior fit, for longer times a power lawspectrum are affected most that respond n@arso that
according to Eq(10) seems to be a somewhat better descript,,,,=Q ¢, with a~1, is found for the accessible frequency
tion. range®* This provides evidence for an almost flat distribu-
Figure 9 shows recovery times determined at several tention of relaxation times existing in PMN-10PT in the ob-
peratures in the range from 275 to 295 K. For each data poirierved frequency range. But it cannot definitely prove that a
measurements from three pump frequencies were analyzeBurely heterogeneouscenario is at the origin for the strong
Additionally, for 275 K A »(t,) data were analyzed to ex- nonexponential behavior of PMN-10PT. As the following
tract the time scale of the recovery. The results show tha¢onsiderations reveal it is also possible that a superposition
(e is the same, irrespective of how it was determined ©f intrinsic nonexponential processes leads to the observed

I ; .1 dynamic behavior.
With increasing temperaturer,. becomes shorter but still g X ) )
exceedsr,, significantly. While in the ion-conducting glass CKN it has been ob-

In addition, the recovery of the maximum polarization ieg,efl Hw_at It:)h,\ilj%%%r_?ltﬁmes refil_lllgvitrtl. a titme constahf
AP(t,) at fixed times corresponding to the inverse pump ... ' ™M i € re-equiiibration tiMereq IS SI9-

. PN . nificantly longer than the intrinsic relaxation time,
frequency(i.e., atto= ") has been analyzed. Figure 9 _ ~1. In view of dielectric hole burning such a pronounced

reveals thqt_novy one obtains shorter relaxation times t_han f%ng-lived heterogeneityo far has only been observed in the
th_e re-equilibration ofA Pmax. The data are also well fitted slow 3 relaxation of glassyD sorbitol*® In addition, Treq
with Eq. (9). The stretching exponen turned out t0 be  gong1y depends on the pump field amplitude and the tem-
slightly larger (0.42-0.03) in comparison to that of the perature(see Figs. 9 and 20while it scales with the pump
APy data. frequencies, i.e.{)7q is constant for each combination of
In Sec. Il C we discussed the dependence of the shape @lymp field and temperature.
the dielectric holes on the pump field amplitude. In order to  The observed pump field dependence of the re-
explore whethe( 7., depends on the pump field we carried equilibration can be understoaplalitatively with reference
out several measurements with pump fields ranging from 11% the change of the hole shape with the pump field ampli-
to 384 V/cm. The result can be seen in Fig. 10. A significantude (see Fig. 5. With increasing pump field an asymmetric
dependence of the average recovery time on the pump fieldroadening of the spectral holes is observed, i.e., for times
amplitude is observed. The results are compatible with &horter than the timé,,,, of the maximum modification the
qguadratic dependence ()freo>ocE,2)ump shape of the hole does not depend on the pump field while
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T T tively be explained with the model described above. How-

10 - 1
¥2r=0.1Hz]| ever, the dependence on the temperature of the recovery

S os times remains still unclear: While the width and the shape of
% 05k \\ the spectral holes does not change significartbyt shown
= the recovery becomes shorter for higher temperat(ses
g 04 Fig. 9. Furthermore the dependence of the hole depths on
<4 E, = & both the frequencyFig. 3) and the temperaturig. 6) can-
02F  ww .
L o 1154 Vicm

not be explained with the present model alone. To this end
: additionally the specific heat®! or the third-order nonlinear
sl vl susceptibility® may have to be regarded.
10° 10 10" 10" 10' 10° 10° The model of an asymmetric double-well potentiage
t, [s] Sec. I) or a multiwell potential in a local random-field en-
vironment as outlined in Sec. Il cannot explain the pump
FIG. 11. Calculated re-equilibration function as described in thefield dependence. Within these models the time scale of the
text for an exponential intrinsic relaxatioffull line) and a recovery does not depend on the amplitude of the pump field.
Kohlrausch-like 3=0.7) intrinsic relaxation(dashed ling The  |n the superparaelectric moevhere polar regions are com-
symbols are the corresponding recovery data. pletely independent from their local environment flips of the
polarizationP occur in a multiwell potential which has sev-
for longer times it does. Thus for large pump field ampli- eral equilibrium states with equal energy. This scenario is
tudes additional low-frequency spectral features affect theuled out since it does not exhibit any pump field dependent
dielectric holes. As a consequence the lifetime of the holgecovery. Recent calculations reveal that extrinsic relaxation
becomes longer. mechanism&® e.g., the mechanism related to domain-wall
To analyze these features in more detail we performegnotion need to be involved in order to rationalize this find-
calculations using the models described in Se¢séle Egs. ing.
(33 and (3b)], with the constraint that the computed re-  One possible mechanism for the dipolar dynamics leading
sponse function\® fits the experimental data. To this end to a pump field dependence of the refilling rate is based on a
we took a sufficiently broad distribution of energy barriersscenario of ferroelectriclike nanodomains existing in PMN.
B(i) resulting in relaxation times;=7,exp{B(i)/ksT} SO  This interpretation was proposed by Westpkahl'® and
that the equilibrium respons@(t) evolves logarithmically further developed by Glazounov and TagantSel?. Struc-
for times —4<log,(t) < + 3. This exceeds our experimental tural defects in PMN and the influence of random fields
time window[see Fig. 83)]. The pump process is associated originating from the random occupation of equivalent lattice
with an absorption of energy<e") in the material. In pre- sites by different ions can act as pinning centers for movable
vious calculations we have used the Debye form for the didomain walls*® These pinning centers impede the growth of
electric loss’>*! However, in order to parameterize various domains and lead to thermally activated motion of domain
shapes of spectral holes, here we will employ the imaginaryvalls>® By applying a sufficiently large pump field not only
part of the Havriliak Negami functiors},y,*® on a trial ba-  can internal degrees of freedom within the domains be ad-
sis. A calculation ofAdD(t) with fp,ndQ,7) =g\ (Q,7) dressed but also certain domain-wall segments are released
[Egs.(3a and(3b)] provides a good fit to the data, shown in from their pinning centers. To recover, the domain walls
Fig. 5 for the highest and the lowest pump field. again have to traverse back across the pinning barriers but
Using Egs.(4)—(6) we calculated the recovery functions now without the presencénd “push”) of a pump field.
for several pump field amplitudes. Figure 11 shows the reThis leads to a time scale of the re-equilibratigg, that is
sulting recovery functions for two pump field amplitudes at alonger than the intrinsic time scal® ! set by the experi-
temperature of 275 K. They exhibit the same tendency as thment. The notion of movable domain walls can also qualita-
corresponding recovery data: the re-equilibration time betively rationalize the pump field and temperature dependence
comes longer when burning with a higher pump field. of 7. By increasing the pump field domain walls with
Assuming a nonexponential intrinsic relaxation functionincreasingly large pinning energies can be released from
for various quantitiegs®, ®*, andATy ;) the hole shape for their pinning centers. For those domain walls it takes longer
a given pump field can alternatively be fitted with a suitabletime to re-equilibrate than for domain walls which have been
foumdQ,7). The fits using the Kohlrausch form addressed with lower pump fields.
exd —(t,/7)”] are as good as in the case of an intrinsic ex- The time scalg 7y shows a linear behavior in the ab-
ponential relaxatiorinot shown. For a Kohlrausctg of 0.7 sorbed energy, i.e(,r,e(,}ocEf,ump (Fig. 10. The temperature
the exponenta (describing the shift oftya, with €O, tac  dependence of 7y is shown in Fig. 9. For temperatures
=("7) turned out to be 0.9. This is not significantly differ- below 280 K the recovery timé¢r,., approaches a plateau
ent from what the computations yield f@r=1 («=0.93). value. For higher temperatur¢s280 K) the time scale for
But a difference arises in the hole recovery. For a Kohl-recovery becomes significantly shorter. In view of the above
rauschpg of 0.7 the recovery becomes somewhat faster thainterpretation this means that now enough thermal energy is
for =1 and is in semiquantitative agreement with the ex-provided to overcome the pinning barriers, i.e., the domain
perimental data shown in Fig. 11. walls become more flexible. This results in a shorter re-
The pump field dependendgr,, can at least qualita- equilibration time.

0.0 ® 384.6V/iem
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VI. CONCLUSION end is a scenario of a ferroelectriclike state of polar nan-

We have demonstrated that nonresonant dielectric holeqdomams Involving random fields. The walls of these do-

burning is a useful tool to investigate dipolar reorientationmg':tS izarghtée Pellnr:(ec: brx dteiieclts Ic: ttu? random _f|eld ?fr)v]ro?—
processes in the relaxor ferroelectric material PMN-lOPTianergy must be p?roc\)/i d e(di?y?hz bump fie?l@l?geor:/aerrlgo;l; t'ﬁfn
Freqqency _seleqtive s_pectral holes can be bgrned into th&nning barriers of the domain walls. This leads to a pump-
polydls_perswe d.lelectrlc response with a !“ax'mmmax field-dependent time constant of the recovery of the spectral
appearing at a time corresponding to the inverse pump freﬁoles

quencyQ L. The re-equilibration of the spectral holes pro- '

ceeds with a time constant,, significantly exceeding the

intrinsic time of the pump process,=Q 1. The amplitude ACKNOWLEDGMENTS
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