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Polar state in epitaxial films of the relaxor ferroelectric PbMg1Õ3Nb2Õ3O3
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Dielectric response of epitaxial thin films of relaxor PbMg1/3Nb2/3O3 was experimentally studied as a
function of frequency, temperature, amplitude of ac electric field, and magnitude of dc bias. At small fields, a
glass-like relaxor behavior was observed. With increasing field, an onset of a polar state was detected. Com-
pared to bulk, such an onset was characterized by relatively low threshold fields, short critical time, and
reversibility. The orientation of the polar clusters along the direction of the field and the low energy barriers
between the stable states of the clusters were suggested to be responsible for the onset.
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I. INTRODUCTION

Perovskite PbMg1/3Nb2/3O3 ~PMN! is a classic and best
studied representative of relaxor ferroelectrics~RFE!. In the
last decade, continuous experimental and theoretical stu
of RFE have got an additional drive due to excellent elec
mechanical properties of RFE, which are desirable for dev
applications such as, e.g., microelectromechanical syste
Mechanisms of giant electrostriction effects in RFE and sc
ing of properties in thin-film RFE have attracted special
tention.

Large strains can be observed in RFE under applied e
tric field. Simultaneously, both a transition from relaxor
ferroelectric~FE! state and a transition in crystal structu
are possible.1 In particular in PMN, the application of a d
electric field larger than the threshold of 0.16–0.17 MV
results in a transition from the glass-like state to the polar
state2–11with a rhombohedral crystal structure.2–9The strains
obtained in RFE thin films under applied dc electric fie
have been found to be considerably smaller than thos
single crystal RFE.12,13 In films, neither the electric field in-
duced onset of the polar state, nor the transition in the cry
structure have been reported.

In the present work, to contribute to the understanding
the mechanisms governing the behavior of RFE thin film
the evolution of the state in epitaxial films of PMN und
applied electric field was experimentally studied. To pro
the state of the films, the dielectric response of PMN th
film heterostructures was measured using both the br
technique and the impedance technique combined with d
tal Fourier analysis.14,15

According to the Landau–Ginzburg–Devonshire~LGD!
approach, in FE under an ac electric fieldEac5E sin(2pft),
whereE is the amplitude andf is the frequency, the ampli
tudes of theNth order harmonics of the relative dielectr
permittivity, HN , can be obtained in the form of polynomia
of E:16–19

H1>«11 3
4 «3E21¯ , ~1!
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H2> 1
2 «2E1¯ , ~2!

H3> 1
4 «3E21¯ , ~3!

where«1 is the linear dielectric permittivity, and«2 and«3
are the second- and third-order nonlinear dielectric perm
tivities, respectively. The phase angles of the odd harmo
are equal to 0°~or 180°!, and those of the even harmonics a
90°. At smallE in RFE with an average macroscopic cub
~or pseudocubic! crystal structure, the even harmonics a
absent, i.e.,H250, and both«1 and«3 are functions of tem-
peratureT and frequency. A transition into a glass-like sta
can be identified by a peak in«3(T) at the freezing tempera
ture Tf , below the temperature of the dielectric maximu
Tm .20,21 In FE with a nonzero macroscopic polarization, a
harmonics are present in the response. Also a possible
tribution to the response from a Rayleigh-type motion
domain walls can result in a change of the phase angle of
third dielectric harmonicd3 to 90° and the appearance of th
additional termsH1}E andH3}E.18 In RFE under applied
small dc electric field,H2 is negligible and

H1>«113«3Eb
2, ~4!

where Eb is the magnitude of the dc electric field. In th
present work, to identify the state of the film~glass-like RFE
or polar FE-like!, the amplitudesH1 ,H2 ,H3 and the phase
d3 were measured and analyzed.

II. EXPERIMENT

Thin-film heterostructures consisting of a La0.5Sr0.5CoO3
~LSCO! bottom electrode layer, a PbMg1/3Nb2/3O3 ~PMN!
film with thickness of 250–270 nm, and Pt top electrod
with an area of 0.2 mm2 were grown on MgO~001! single-
crystal substrates usingin situ pulsed laser deposition.22 A
detailed x-ray diffraction analysis23 revealed an epitaxia
quality of the heterostructures. PMN films were pure pero
skite, with a pseudocubic crystal structure, oriented w
~001! planes parallel to the substrate~001! surface, and with
©2004 The American Physical Society01-1
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a room-temperature out-of-plane lattice parametera
54.056 Å. The in-plane epitaxial relationship was found
be PMN @100#iLSCO @100#iMgO@100#. The electrical
characterization of the heterostructures was performed a
the direction normal to the substrate surface, i.e., along@001#
axes of the PMN films.

The capacitance and loss factor of the heterostruct
were measured as a function of temperatureT5100– 675 K
and frequencyf 5102– 106 Hz using an HP 4284LCRmeter
at the amplitude of the probing ac electric fieldE
5(8 – 10) kV/m, both at zero biasing field andEb
57.5 MV/m. The real part of the small-signal dielectric pe
mittivity «( f ,T) was then determined and analyzed.

The nonlinear dielectric behavior was studied using F
rier analysis of the dielectric response of the heterostruct
derived from the impedance measurements under an ap
sinusoidal electric field.14,15 The measurements were pe
formed atf 51 kHz in the range ofT5120– 310 K.

The amplitudes of the first, second, and third dielec
harmonics (H1 ,H2 ,H3), and their phases (d2 ,d3) were re-
corded in different regimes:

~a! as a function of temperature on cooling/heating
small ac fieldE50.01– 0.04 MV/m, i.e., in zero-field
cooling/heating~ZFC/H!;

~b! as a function of the amplitude of ac fieldE
50.01– 1.5 MV/m at different temperatures;

~c! as a function of temperature on cooling/heating
small ac field and a nonzero biasing dc fieldEb , i.e., in
field-cooling/heating~FC/H!;

~d! as a function of the biasing dc fieldEb at small E
50.01 MV/m and at different temperatures. In the la
regime, the fieldEb was swept from 0 to620 MV/m at
a rate of 0.01 MV/~m s!, which could correspond to a
duration of about 3–5 h for the measurement of
typical13 polarization–electric field loop in thin-film
heterostructures. The measurement temperatures i
gimes ~b! and ~d! were reached in ZFC fromT
5320 K.

The interface contribution to the dielectric response of
heterostructures was evaluated using the previously de
oped approach24,25and assuming that the dielectric properti
of the interface layers varied neither with temperature,25 nor
with electric field.26 The true response of the films was r
constructed:

HR>HS 12
afitH1

H1m
D 21

, ~5!

ER>ES 12
afitH1

H1m
D , ~6!

where indicesR refer to the values reconstructed in the film
afit is a fitting parameter,25 andH1m is the maximum in the
temperature dependence of small-signalH1(T), which is
equivalent to«(T).
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III. RESULTS

A. Relaxor behavior in PMN films

In PMN heterostructures, the small-signal«( f ,T) mea-
sured at zero bias exhibited broad, frequency depend
maxima@Fig. 1~a!# resembling those in bulk RFE. Howeve
in the heterostructures, both the magnitude of« and its de-
pendence onf could be affected by the interfaces.25 Thus the
state of the films~relaxor or normal ferroelectric! could be
verified using the frequency dependence of the temperat
of the dielectric maximaTm( f ). In PMN films, a shift ofTm

to higher temperatures with increasingf was found to be
relaxor-like. The relationship between the temperaturesTm

and frequenciesf obeyed the Vogel–Fulcher one: ln(f )
5ln(f0)2Ta /(Tm2Tf), where f 0 , Ta , and Tf are the fitting
parameters. A good linear fit to ln(f )}1/(Tm2Tf) was ob-
tained for the freezing temperatureTf'235 K @Fig. 1~b!#.
Although the observedTm around 261–277 K was in agree
ment with that in the PMN crystals,27,28 the freezing tem-
perature in the films appeared to be somewhat higher t
that in the bulk~220 K!.28 Such a vicinity ofTf to Tm has
been previously observed in the epitaxial heterostructure
various RFE and suggested to indicate a kind of ferro-gl
state.29

The amplitude of the first dielectric harmonicH1 deter-
mined as a function ofT at f 51 kHz using the impedance
measurements@Fig. 1~c!# coincided with the small-signa
«(T) measured atf 51 kHz using theLCRmeter@Fig. 1~a!#.
~This demonstrated the equivalency of the measurem
techniques.! The amplitude of the third dielectric harmon
H3 increased with decreasing temperature belowTm @Fig.
1~c!#, while the amplitude of the second dielectric harmon
H2 remained at the level of noise. The phased3 was about
180°.

The amplitudesH1R andH3R , and the fieldER in the film
were reconstructed from the data in Fig. 1~c! using Eqs.~5!
and ~6!. The parameterafit50.95 was determined from th
data in Fig. 1~a!. Both the linear and the third-order nonlin
ear dielectric permittivities,«1 and «3 , respectively, were
found to depend on temperature@Fig. 1~d!#. The obtained
magnitudes of«1 and «3 , the maximum in«1(T) in the
vicinity of Tm , and the maximum in«3(T) in the vicinity of
Tf were in agreement with the observations in PM
crystals.30 Such a behavior@Fig. 1~d!# was consistent with
the modeling20,21and could evidence a glassy freezing in t
film.

The results presented in Fig. 1 showed that at zero dc
and small ac field the dielectric response of PMN films w
RFE-type with indications of a glassy state.

B. Effect of ac electric field

In PMN thin-film heterostructures, with increasing amp
tude of the ac electric fieldE, changes in«( f ,T) were quali-
tatively similar to those typically observed in perovski
RFE.31 With increasingE from 0.01 to 0.4 MV/m the posi-
tions of the maxima,Tm , shifted to lower temperatures. Als
1-2
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an increase in the permittivity« aroundTm could be de-
tected, although it was suppressed due to the inter
contribution.32

Studies of the nonlinear dielectric response around
below Tm showed that in the heterostructures, with incre
ing E from 0.01 to about 0.5 MV/m the amplitudes of th
first and third harmonics,H1 and H3 , increased, and the
amplitude of the second harmonicH2 did not exceed the
noise level. The true response of the films was evaluate
described earlier, and the field dependencies of the re
structed amplitudesH1R andH3R were analyzed. Good lin
ear fits to H1R}ER

2 and H3R}ER
2 were obtained forER

50 – 0.02 MV/m@Fig. 2~a!#, in agreement with Eqs.~1! and
~3!. The third-order nonlinear dielectric permittivity«3 de-

FIG. 1. Relaxor glass-like behavior of the PMN film.~a! The
real part of the dielectric permittivity« as a function of temperatur
T measured in the PMN thin-film heterostructure on cooling at d
ferent frequencies (f 51 – 100 kHz from the upper curve down! and
small ac fieldE510 kV/m. ~b! The relationship between the me
surement frequencyf and the temperature of the dielectric max
mumTm in PMN film. Straight line shows fit to the Vogel–Fulche
relationship.~c! The amplitudes of the first and third dielectric ha
monics,H1 andH3 , as a function of temperature measured in PM
thin-film heterostructure on cooling atf 51 kHz andE510 kV/m.
~d! The linear and the third-order nonlinear dielectric permittivitie
«1 ~shown by line! and«3 ~shown by dashed line!, as a function of
temperature. Both«1 and «3 are reconstructed in the PMN film
using the amplitudesH1 andH3 measured in the heterostructure
22410
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termined from the slope of the linear fitH1R}ER
2 coincided

with that determined from the slope ofH3R}ER
2 and with

that in Fig. 1~d!.
With increasingER above 0.02 MV/m, a deviation from

the square field dependence of bothH1R andH3R was found.
In relaxor ceramic 9/65/35 PLZT and PMN single crysta
an additional third-order contribution (}E3) with a negative
sign has been found in the ac field dependence of the
harmonicH1 .33 This has been modeled as a result of t
possible displacement of polar clusters from their equil
rium positions by the applied electric field and, respective
a field modulation of the intercluster coupling.21 In contrast
to such an expected behavior of the amplitudeH1R , the ob-
served increase in both the amplitude ofH1R and H3R at
ER.0.02 MV/m could be connected with the linear cont
bution (}E) due to the possible motion of the phase boun
ary ~e.g., nano-domain wall motion!.18 Such a possibility was
in agreement with the phase angle of the third harmonicd3 ,
which began ‘‘switching’’ from about 180° toward 90
@dashed line in Fig. 2~a!#.

The observed change of the response@Fig. 2~a!# showed
that the ‘‘pure’’ glass-like RFE state of the film was di
turbed. However, an onset of a polar state, which could
evidenced by an increase of the amplitude of the sec
harmonicH2 , was detected at larger fields.@For example, in
Fig. 2~b!, with increasing amplitudeE the phased3 began
changing at aboutE50.15 MV/m (ER50.02 MV/m), while
the amplitudeH2 began increasing atE.0.5 MV/m (ER
.0.08 MV/m)]. The amplitudeH2 remained smaller than

-

,

FIG. 2. Effect of ac electric field.~a! The amplitudes of the first
and third dielectric harmonics reconstructed in the PMN film,H1R

andH3R ~both are shown by open circles!, and the phase angle o
the third dielectric harmonicd3 ~shown by dashed line! as a func-
tion of the square of the amplitude of the ac field seen by the fi
ER

2, determined atf 51 kHz andT5253 K. Straight lines are fits to
H1R}ER

2 andH3R}ER
2. ~b! The amplitudes of the second and thi

dielectric harmonics,H2 andH3 ~lines are averaged and smoothe
data!, and the phase angle of the third dielectric harmonicd3

~dashed line! as a function of amplitude of the applied ac elect
field E measured in the PMN thin-film heterostructure atf
51 kHz andT5265 K.
1-3
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H3 even at largeE.1 MV/m, in contrast to the response o
films in normal FE state withH1.H2.H3 .14

The results presented in Fig. 2 showed that in PMN film
with increasing amplitude of the ac electric field the gla
like RFE state was disturbed~at ER>0.02 MV/m) and a po-
lar state was induced~at ER>0.08 MV/m). The threshold
fields ER in the range of 0.02–0.08 MV/m were in gener
agreement with the fieldE50.04 MV/m, at which the glassy
freezing in single-crystal PMN has been found to
destroyed.28

C. Effect of dc electric field

In PMN thin-film heterostructures, both ZFC and ZF
experiments revealed no difference in the responses obta
on cooling and heating runs. Compared to ZFC, cooling
der applied dc electric field~FC! resulted in a decrease of th
amplitudeH1 in the whole range ofT5100– 310 K @Fig.
3~a!#, a decrease of tand with a shift of maximum toward
lower T @Fig. 3~b!#, and a considerable increase of the a
plitude of the second harmonicH2 @Fig. 3~c!#. Also only a
minor, interface related,23–25 frequency dispersion of permit

FIG. 3. Effect of dc electric field. The amplitude of the fir
dielectric harmonicH1 ~a!, loss factor tand ~b!, the amplitude of the
second dielectric harmonicH2 ~c!, and the reconstructed dielectr
permittivity «R ~d! as a function of temperature determined in t
PMN thin-film heterostructure at zero dc fieldEb50 ~lines marked
with ZF! and nonzero dc fieldEb57.5 MV/m ~lines marked with
FC!. The lines are averaged and smoothed data. Frequencyf is ~a!,
~b!, ~c! f 51 kHz and ~d! f 51 – 50 kHz from the upper curve
down.
22410
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tivity «( f ) was observed in the whole temperature range.
frequency dependence ofTm was detected. The changes we
more clearly seen in the behavior of the reconstructed p
mittivity «R( f ,T) @Fig. 3~d!#. Response in the field-heatin
run ~FH! after ZFC run resembled qualitatively the FC r
sponse.

In accordance with the observations in bulk RFE,2–11 the
results in Fig. 3 showed an onset of a polar ferroelectric-l
phase under applied dc electric field. However, neither
expected6 sequence of transformations with correspond
changes inH1(T) or «(T), nor a difference between FC an
FH runs, nor a peak inH1 around 215 K were observed. I
part, this could be ascribed to the influence of the interfa
layers and a suppression of the amplitudesH1 , H2 , and«.
For example, a possible presence of two dielectric max
or difference betweenTm in FC and FH could become hardl
detectable for such a smeared maximum inH1(T) as that for
FC in Fig. 3~a!. However, a peculiar nature of the pola
phase in thin films should be considered, too.

The stability of the induced polar phase was probed
switching the dc electric field on and off during the coolin
and/or heating. A complete reversibility of the responses w
observed, i.e., with the field on, the response corresponde
the FC curves in Fig. 3, while without the field it coincide
with the ZF curves in Fig. 3. Such a reversibility was
contrast to the FC regime in PMN crystals, where the po
phase has been found to be stable without field toT
5208 K.4

The observed instability of the polar phase allowed
study by varyingEb at a sweeping rate of 0.01 MV/~m s!. In
PMN heterostructures at a fixed temperature with increas
magnitude ofEb , the amplitude of the first harmonicH1 and
loss factor tand were found to decrease@Fig. 4~a!#, and the
amplitude of the second harmonicH2 first strongly increased
and then decreased@Fig. 4~b!#. The repeated cycling of the
field Eb did not result in a detectable change of the respon

The response was asymmetric with respect to the pola
of the dc field. Similar asymmetry@Fig. 4~a!# has been often
observed in ferroelectric thin-film heterostructures and

FIG. 4. ~a! The amplitude of the first dielectric harmonicH1 and
loss factor tand, and ~b! the amplitude of the second dielectr
harmonicH2 ~line shows averaged and smoothed data! as a func-
tion of applied dc electric fieldEb measured in the PMN thin-film
heterostructure atT5261 K.
1-4



od
c

-

ta

o
e
a

e
th

qs.

m-
cal
as

in
the
ent

in
re-

-
on

for
e

uc-
ed

f

e

i-

ss
the
ior

ht

o

e

e

POLAR STATE IN EPITAXIAL FILMS OF THE . . . PHYSICAL REVIEW B 69, 224101 ~2004!
cribed to the difference between top and bottom electr
layers, with possible carrier injection influenced by a spa
charge at the Pt interface.34 ~This could determine an in
crease in tand at Eb517 MV/m.) Further on, only the
branches of the response with a monotonic decrease ind
(Eb,0 in Fig. 4! were taken into consideration.

For different temperatures, a typical monotonic branch
the response of the PMN heterostructure was qualitativ
the same as that presented in Fig. 5. Unfortunately, sm
magnitudes ofH1 and H2 at low temperatures limited th
range of the studied temperatures to 170–300 K. Also

FIG. 5. The amplitudes of the~a! first H1 , ~b! secondH2 , and
~c! third H3 dielectric harmonics as a function of the magnitude
the applied dc electric fieldEb measured in the PMN thin-film
heterostructure atT5247 K. The reconstructed amplitudes of th
~d! first H1R , ~e! secondH2R , and~f! third H3R dielectric harmon-
ics in the PMN film as a function of the fieldEbR seen by the film,
determined atT5247 K. The data are averaged and smoothed.
22410
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amplitude of the third harmonicH3(Eb) could be reliably
detected only in the range ofT5200– 265 K. In the whole
studied range of temperatures, the relationshipH1.H2
.H3 was characteristic for the polar phase.

The true response of the film was reconstructed using E
~5! and ~6! @Figs. 5~d! and 5~e!#. With increasing fieldEbR
seen by the film, an initial increase of the reconstructed a
plitude H2R appeared to be very steep, so that the criti
field EbR2 necessary for the onset of the polar phase w
determined as that corresponding to the maximumH2R . For
the temperatures 200 K,T,300 K, the fieldEbR2 ~Fig. 6!
was smaller than the threshold field of 0.16–0.17 MV/m
PMN crystals. Such a discrepancy might be related to
reconstruction procedure. However, the obtained agreem
of the amplitudesH1R , «1 , «3 , and threshold ac fieldER
reconstructed in the films with the corresponding values
the PMN crystals pointed to a minor uncertainty of the
construction.

In PMN crystals, the critical timet necessary for the on
set of the ferroelectric behavior has been found to depend
both the magnitude of the field and temperature.4,9 For ex-
ample, extrapolation of the data from Ref. 9 showed that
T,200 K with increasing field from 0.2 to 1.5 MV/m, th
time t decreased from 105– 106 s to 1021 s. Considering the
crystal t –T diagram and assuming that in the heterostr
tures in the sweeping regime the polar phase was form
during a few seconds, the fieldEbR2 should monotonically
increase from about 0.25 to 1.5 MV/m with decreasingT
from that aroundTm to 170 K. Qualitatively, an increase o
EbR2 with decreasingT belowTm in Fig. 5~g! was consistent
with such expectations. Also for the temperatures aboveTm ,
larger fieldsEbR2 were in a qualitative agreement with th
phase diagram of crystal PMN.

Nevertheless, the observed small critical fieldsEbR2 , sup-
posed short critical times, instability of the polar phase, sim
larity of the changes both below and aboveTm , indicated a
peculiarity of the crossover from nonequilibrium dipole gla
state to the polar state in the films compared to that in
crystal PMN. To get a better insight in it, both the behav
of polarization and amplitudesHR(EbR) were analyzed in
detail.

D. Polar phase

In PMN thin-film heterostructures, the polar phase mig
be compared to a homogeneous, polarized ferroelectric.

In the PMN heterostructures, polarizationP was deter-
mined by integrating the dependenciesH1(Eb) at different

f

FIG. 6. The critical fieldEbR2 necessary for the onset of th
polar phase in the PMN film as a function of temperature.
1-5
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temperatures. The obtainedP(Eb) curves @Fig. 7~a!# re-
sembled those observed in ferroelectric thin-fi
heterostructures.26 In the PMN films, the reconstructed fiel
EbR was analyzed as a function of the reconstructed po
ization PR , which was determined by integrating the depe
denciesH1R(EbR). The relationship betweenEbR and PR
@Fig. 7~b!# appeared to satisfy

EbR>a1~PR2P0!1a2~PR2P0!21a3~PR2P0!3,

PR.P0.0, ~7!

where the fitting parameters werea1'(0.7– 2.7)
3107 V m/C, a252(5 – 40)31010 V m3/C2, a3'(5 – 35)
31017 V m5/C3, and the polarizationP0'0.1– 0.3mC/cm2.
The form of Eq.~7! was in agreement with the equation
state obtained recently35 rather than with that in the LGD
model.

In the PMN thin-film heterostructures with increasin
field Eb , the amplitudeH1 decreased. According to the LGD
model in perovskite paraelectrics, relaxors, and ferroe
trics, the field dependence of the amplitudeH1 can be gen-
erally expressed as a polynomial of field. Thus, for the po
phase of the PMN film, a polynomial fit toH1R(EbR) would
be expected, too. However, neither the measured depend
H1(Eb) nor the reconstructed one,H1R(EbR), could be sat-
isfactorily described by any high-order~to the eighth order!
polynomials. In a broad range of largeEb , the field depen-
dence of the amplitudeH1 could be described by the rela
tionship 1/H1}Eb @the linear fit to 1/H1}Eb in Fig. 8~a!#.
For the reconstructed amplitudeH1R , a good linear fit to the
dependence of 1/H1R on EbR was obtained for EbR
.0.5 MV/m @Fig. 8~b!#.

The linear relationship between 1/H1R andEbR was found
in the whole studied range of temperatures@Figs. 9~a!–9~c!#.

FIG. 7. ~a! PolarizationP as a function of the fieldEb deter-
mined in the PMN thin-film heterostructure at different tempe
tures. ~b! The relationship between the reconstructed polariza
PR in the PMN film and the fieldEbR seen by the film determined
at different temperatures. The lines are fits toEbR'a1(PR2P0)
1a2(PR2P0)21a3(PR2P0)3.
22410
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Thus at fieldsuEbRu.0.5– 1.0 MV/m, the field dependenc
of the amplitude of the first dielectric harmonic could b
approximately described by

H1R>
1

A11B1uEbRu
, ~8!

where the parametersA1 and B1 could be found from the
linear fits to 1/H1R}EbR .

Also for the field dependence of the amplitudeH3 of the
third dielectric harmonic, both the observed behavior
H3(Eb) and the reconstructed behavior ofH3R(EbR) were of
similar character to those of the amplitude of the first diel
tric harmonicH1(Eb) and H1R(EbR), respectively. The ex-
pected polynomial field dependence was not detected. Ra
the relationship 1/H3R}EbR was valid@Figs. 9~d! and 9~e!#.
Similar to Eq.~8!, an Expression~9! for the field dependence
of the amplitude of the third harmonic could be written
form

H3R>
1

A31B3uEbRu
, ~9!

where the parametersA3 and B3 could be found from the
linear fits to 1/H3R}EbR .

All parametersA1 , A3 , B1 , and B3 were functions of
temperature@Figs. 10~a! and 10~b!#. The temperature evolu
tion of A3 andB3 was in qualitative agreement with that o
A1 andB1 , respectively.

A deviation from Eq.~8! was clearly seen in the behavio
of H1R(EbR) at smaller fieldsEbR,0.5 MV/m @Figs. 11~a!
and 11~b!#. Such a bell-shaped decay@better seen in Fig.
11~a!# resembled the dc field dependence of permittivity o
served previously in KTaO3,36 Sr12xCaxTiO3 ,37 and
Cd2Nb2O7.38 The decay has been ascribed to the polari
tion contribution originating from the reorientation of pola

-
n

FIG. 8. The inverse amplitude of the first dielectric harmon
1/H1 as a function of the fieldEb determined in the PMN thin-film
heterostructure atT5217 K. Straight line shows fit to 1/H1}Eb .
~b! The inverse reconstructed amplitude of the first dielectric h
monic 1/H1R in the PMN film as a function of the fieldEbR seen by
the film determined atT5217 K. Straight line shows fit to 1/H1R

}EbR .
1-6
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FIG. 9. The inverse reconstructed amplitude of the first diel
tric harmonic 1/H1R as a function of the fieldEbR determined in the
PMN film at ~a! T5298 K, ~b! T5247 K, and~c! T5187 K, and
the inverse reconstructed amplitude of the third dielectric harmo
1/H3R as a function of the fieldEbR determined in the PMN film at
~d! T5261 K and~e! T5217 K. The straight lines show the fits t
1/H1R}EbR and 1/H3R}EbR .

FIG. 10. The fitting parameters~a! A1 andA3 , and the param-
eters~b! B1 andB3 as a function of temperature determined in t
PMN film from the linear fits to 1/H1R}EbR and 1/H3R}EbR at
EbR.0.5 MV/m.
22410
clusters. To evaluate the possibility of such a contribution
the dielectric response of PMN films, the small-fie
H1R(EbR) was analyzed using a modified Langevin-ty
approach.39,40

In the pseudocubic perovskite@001# oriented film contain-
ing np polar regions with the dipole momentsp and concen-
tration N5np /V, the polarizationP, which results from the
clusters orientation and is parallel to the small electric fieldE
applied along@001# crystal direction, could be given by

P5Np tanhS pE

kTD1«0«`E, ~10!

wherek is the Boltzmann constant,«0 is the dielectric per-
mittivity of the vacuum, and«` characterizes the pure re
sponse of the crystal lattice. Respectively, the correspond
real part of the dielectric permittivity«p can be presented a

«p5
kTN

«0
z2@cosh~zE!#221«` , ~11!

wherez5p/kT. It should be noted that Eqs.~10! and ~11!
differ from those used in the previous works,36–39 where the
clusters were supposed to occupy the whole volume of
sample.

Good fits of the dependenciesH1R(EbR) at small fields
0,EbR,(0.5– 1.0) MV/m to Eq.~11! with a temperature-
dependent«`

40 were obtained@Figs. 11~a! and 11~b!# in the
whole studied range of temperatures. The dipole momenp
'(1 – 15)310227 C m and the concentrationN'(0.4– 10)
31025 m23 @Figs. 11~c! and 11~d!# determined from the bes
fits were found to be of the same order of magnitude as th
in PMN ceramics.40 The sizeL of the polar clusters was
estimated using the obtained dipole momentp and assuming
the effective charge and ionic displacements typical for
perovskite PbBIBIIO3 relaxors.41 It was in the range ofL
510– 30 Å, also in agreement with that found in PM
ceramics.40 @The polar clusters of such a size and density
in Fig. 11~d! could occupy about 10% of the volume of th
film.#

At small electric fields such thatz•E,1, Eq. ~11! could
be approximated by

«p>
kTN

«0
S z22z4E21

2

3
z6E41¯ D . ~12!

This allowed the evaluation of the small-signal dc field r
lated linear permittivity«1

(dc) and third-order nonlinear per
mittivity «3

(dc) using the obtainedp and N, and considering
Eq. ~4!:

«1
~dc!>

Np2

«0kT
, ~13!

«3
~dc!>2

Np4

3«0~kT!3 . ~14!

-
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The temperature evolution of thus calculated«1
(dc) and

«3
(dc) is presented in Fig. 12. A satisfactory agreement w

obtained between the linear permittivity«1
(dc) extracted from

the measurements with sweeping the dc field and tha«1

obtained in ZFC@Fig. 12~a!#. The dc field related«3
(dc) had

opposite sign to that of«3 obtained in ZFC, in qualitative
agreement with the behavior in a PMN̂100& crystal,42 al-
though the magnitude of«3

(dc) appeared to be somewh
larger @Fig. 12~b!#. Also similar to the behavior in a PMN
^100& crystal,42 the temperature of the maximum magnitu
of «3

(dc) was shifted to higherT with respect to that of maxi-
mum«3 . Despite the similarities of«3

(dc) in the film with that
in the crystal,42 the obtained«3

(dc) did not correspond to the
pure relaxor state, but rather to a polar phase as it was
denced here~Fig. 3!. This was in contrast to Ref. 42, wher
the relaxor state was considered to be undisturbed.

In the analysis of the amplitudeH1R(EbR) at smallEbR ,
Eqs.~10! and~11! for the static response were applied to t
dynamic response which is not equivalent to the static o
Neither the volume fraction, nor distributions of the orienti
clusters were taken into account. Despite such assumpt
the obtained results@Figs. 11~c!, 11~d!, 12~a!, and 12~b!#
were both self-consistent and consistent with the previ
observations. They showed that in PMN films, the fie
induced reorientation of polar clusters could be respons

FIG. 11. The reconstructed amplitude of the first dielectric h
monic H1R in the PMN film as a function of the fieldEbR seen by
the film at ~a! T5247 K andT5187 K. Open circles showH1R ,
dashed lines are fits to Eq.~8!, and thick lines are fits to Eq.~11!.
The dipole momentp ~c! and concentrationN ~d! of the polar clus-
ters as a function of temperature. The lines are guides for eye.
22410
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for the onset of the polar phase at the relatively small thre
old fields~Fig. 6!. Such mechanism seemed to be dominat
at the fields below 0.5–1.0 MV/m. At larger dc fields th
response was, probably, determined by another mechan
which could be presented by Eq.~8!.

Equation ~8! describes a linear field dependence of t
inverse permittivity at large enough fields. It has been sho
recently35 that in a system of Langevin microdipoles wit
constant^upu2&, fluctuations of the direction of the dipol
moment are possible. In the relatively strong fieldsE, this
leads to«}E21/2. Although Eq.~8! did not correspond ex-
actly to the expected relationship«}E21/2, the obtained de-
pendenceH1R}EbR

21 could indicate a contribution from
fluctuation polarization.

IV. DISCUSSION

In epitaxial PMN thin films at zero dc field and sma
amplitudes of ac probing field, a typical relaxor behav
with indications of glassy freezing was observed. A cro
over from nonequilibrium dipole glass state to the polar st
was induced by applying dc electric field. The thresho
fields for such an onset of the polar phase appeared to
small compared to that of 0.17 MV/m in PMN crystals. Th
estimated critical time for the onset was short: less than 1
s. The polar phase was unstable in the temperature rang
T5130– 310 K. The dielectric response was completely
versible between the regimes~ZFC, ZFH, FC, or FH! at
fields to 20 MV/m. At fields smaller than 0.5–1.0 MV/m, th
dielectric permittivity could be satisfactorily described
that originating from the reorientation of the polar cluste
At fields larger than 0.5–1.0 MV/m, a linear field depe
dence of the inverse permittivity was found. With increasi
dc field or with increasing duration of the measuremen
dielectric anomalies, which would indicate structural tran
tions, were not detected.

These experimental observations revealed a peculiar
ture of the polar phase in the epitaxial PMN films compar
to the ferroelectric state of PMN crystals or ceramics. In

FIG. 12. ~a! The linear and~b! third-order nonlinear dielectric
permittivities,«1

~dc! and«3
~dc! , determined in the PMN film at smal

dc electric fields as a function of temperature~circles!. The lines are
guides for eye. The dashed lines show the linear and third-o
nonlinear dielectric permittivities,«1 and«3 , obtained in the PMN
film at zero dc field.
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films, the onset of the polar phase seemed to be governe
orientation of polar clusters along the direction of the appl
electric field. The small threshold electric fields for the re
tively fast onset of the polar phase could be ascribed to
low energy barriers between the stable states of the reor
able polar clusters in the film, compared to those in the b
PMN. In bulk PMN, the electric field induced relaxor-to
ferroelectric transition has been found to be of percolat
type, with growth and formation of new clusters.7 In contrast
to such a transition, in PMN films, no indications of th
further growth and formation of clusters were found. Rath
after the cluster reorientation~drop in permittivity! the polar-
ization tended to saturation with its minor changes de
mined, perhaps, by the fluctuation mechanism.35

Due to the low energy barriers of the reorientable po
clusters in the films, the ‘‘orientational’’ polar phase could
possibly induced by ac electric field, too@increase inH2 in
Fig. 2~b!#. Besides the orientational contribution to the d
electric permittivity, also a contribution from the motion o
the walls separating the clusters was detected@evolution of
d3 in Fig. 2~b!#. Both the orientational mechanism and t
wall dynamics have been recently suggested43 to determine
giant permittivity and electrostriction effects in relaxors.
the present study, the mentioned mechanisms were cle
detected only under applied dc or ac electric fields, wh
were large enough to disturb the ‘‘pure’’ glass-like relax
state. However, the possible contribution of such mec
nisms to the response of the epitaxial relaxor thin films e
at small fields should probably be taken into account.

The observed peculiarities of the polar phase in PM
films could be related to a specific microstructure of epitax
films with respect to that in bulk crystals or ceramics.
epitaxial films, the presence of crystallographic strain,
avoidable presence of interfaces, possible presence of de
~misfit dislocations!, and possibly peculiar B-site orderin
can affect random fields, dipole moments of the cluste
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recent x-ray diffraction study13 were indications of the struc
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ably, make it possible to reveal the transitions.

V. CONCLUSIONS
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