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Polar state in epitaxial films of the relaxor ferroelectric PbMg;,5Nb,303
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Dielectric response of epitaxial thin films of relaxor PbMiyb,s0; 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.

DOI: 10.1103/PhysRevB.69.224101 PACS nunt§er77.84.Dy, 77.55+f, 77.80—e, 77.90+k
. INTRODUCTION Ho=1g,E+-, )
Perovskite PbMg:Nb,,;0; (PMN) is a classic and best- Hy=tesE2+- -, 3

studied representative of relaxor ferroelectiiB$E). In the . . . . e
é(gheresl is the linear dielectric permittivity, and, andeg

last decade, continuous experimental and theoretical studi ) ) . . :

of RFE have got an additional drive due to excellent electro@'€ the second- and third-order nonlinear dielectric permit-
mechanical properties of RFE, which are desirable for devicd 1o Ofor 180 4th fih h :
applications such as, e.g., microelectromechanical system@r€ equal to for 1809, and those of the even harmonics are

Mechanisms of giant electrostriction effects in RFE and scal®® - At S(Ta"i in RFEIW'th an averr?ge macrhoscoplq cubic
ing of properties in thin-film RFE have attracted special at-(or pseudocu jcerystal structure, the even larmonics are
tention. absent, i.e.H,=0, and bothe,; ande3 are functions of tem-

Large strains can be observed in RFE under applied e|ecgeratur9T anq frequency. A.transition into a glass—like state
tric field. Simultaneously, both a transition from relaxor to €0 be identified by a peak iry(T) at the freezing tempera-
ferroelectric (FE) state and a transition in crystal structure turez'(l)'fz,l below the temperature of the dielectric maximum,
are possiblé.In particular in PMN, the application of a dc Im-~ ~ In FE with @ nonzero macroscopic polarization, all
electric field larger than the threshold of 0.16-0.17 Mv/mnarmonics are present in the response. Also a possible con-
results in a transition from the glass-like state to the polar FETPution fo the response from a Rayleigh-type motion of
staté~with a rhombohedral crystal struct#e® The strains domain walls can result in a change of the phase angle of the
obtained in RFE thin films under applied dc electric field third dielectric harmonid to 90° %Qd the appearance of the
have been found to be considerably smaller than those igdditional termsH;=E andHz=E.™ In RFE under applied
single crystal RFEZ3|n films, neither the electric field in- Small dc electric fieldH; is negligible and
duced onset of the polar state, nor the transition in the crystal _ 2
structure have been reported. Hi=e,1 3238, )

In the present work, to contribute to the understanding ofyhere E,, is the magnitude of the dc electric field. In the
the mechanisms governing the behavior of RFE thin f'lmspresent work, to identify the state of the filiglass-like RFE

the evolution of the state in epitaxial films of PMN under o1 polar FE-like, the amplitudesH,,H,,H; and the phase
applied electric field was experimentally studied. To probes. \vere measured and analyzed.

the state of the films, the dielectric response of PMN thin-
film heterostructures was measured using both the bridge
technique and the impedance technique combined with digi-
tal Fourier analysi$!*® Thin-film heterostructures consisting of aggsr, sCo0;
According to the Landau—Ginzburg—Devonsh{tg5D) (LSCO) bottom electrode layer, a PbNgNb, 05 (PMN)
approach, in FE under an ac electric fi#@lg=E sin(2zft),  film with thickness of 250—270 nm, and Pt top electrodes
whereE is the amplitude and is the frequency, the ampli- with an area of 0.2 mfwere grown on MgQ001) single-
tudes of theNth order harmonics of the relative dielectric crystal substrates using situ pulsed laser depositi(ﬁ%_A
permittivity, Hy , can be obtained in the form of polynomials detailed x-ray diffraction analysi$ revealed an epitaxial
of E:1671° quality of the heterostructures. PMN films were pure perov-
skite, with a pseudocubic crystal structure, oriented with
Hi=e +3e3E%+- -, (1 (001) planes parallel to the substrdt@1) surface, and with

II. EXPERIMENT
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a room-temperature out-of-plane lattice parameter . RESULTS

=4.056 A. The in-plane epitaxial relationship was found to

be PMN [100]ILSCO[100]IIMgO[100]. The electrical

characterization of the heterostructures was performed along In PMN heterostructures, the small-signglf,T) mea-

the direction normal to the substrate surface, i.e., ajJ06d]  sured at zero bias exhibited broad, frequency dependent

axes of the PMN films. maxima[Fig. 1(a)] resembling those in bulk RFE. However,
The capacitance and loss factor of the heterostructureis the heterostructures, both the magnitude: aind its de-

were measured as a function of temperaflire100-675 K pendence officould be affected by the interfac&sThus the

and frequency = 10°—~10° Hz using an HP 4284.CRmeter  state of the filmsrelaxor or normal ferroelectriccould be

at the amplitude of the probing ac electric field  verified using the frequency dependence of the temperatures

=(8-10) kV/m, both at zero biasing field an&, of the dielectric maxima (f). In PMN films, a shift ofT,

=7.5MV/m. The real part of the small—signal dielectric per-to h|gher temperatures with increasimg/vas found to be

mittivity e(f,T) was then determined and analyzed. relaxor-like. The relationship between the temperat(fgs

~ The nonlinear dielectric behavior was studied using Fouzng frequenciest obeyed the Vogel—Fulcher one: fr)(

r|er.anaIyS|s of thg dielectric response of the heterostructur§§|n(f0)_-|—a/(-|—m_-rf), wheref,, T,, andT; are the fitting

derived from the impedance measurements under an app“%rameters. A good linear fit to hye1/(T,—T;) was ob-

; ; in £ 44,15 _
sinusoidal electric _flelc"i. The measurements were per tained for the freezing temperatufig~235 K [Fig. 1(b)].
formed atf =1 kHz in the range off =120-310 K. .
. . . . ._Although the observed , around 261-277 K was in agree-
The amplitudes of the first, second, and third dlelectrlcment with that in the PMN crvstai 2 the freezing term-
harmonics H,,H,,H3), and their phasesst, §3) were re- . : Y ' g
corded in different regimes: perature in the films appeared to be somewhat higher than
. . . that in the bulk(220 K).?® Such a vicinity of T to T,, has
(@ as a function of temperature on cooling/heating atpeen previously observed in the epitaxial heterostructures of
small ac fieldE=0.01-0.04 MV/m, i.e., in zero-field- various RFE and suggested to indicate a kind of ferro-glass

A. Relaxor behavior in PMN films

cooling/heatingZFC/H); state?®
(b) as a function of the amplitude of ac field The amplitude of the first dielectric harmoriit, deter-
=0.01-1.5 MV/m at different temperatures; mined as a function oT at f=1 kHz using the impedance

(c) as a function of temperature on cooling/heating atmeasurement§Fig. 1(c)] coincided with the small-signal
small ac field and a nonzero biasing dc fi€lg, i.e.,in  ¢(T) measured at= 1 kHz using thee.CR meter[Fig. 1(a)].
field-cooling/heating FC/H); (This demonstrated the equivalency of the measurement

(d) as a function of the biasing dc field, at smallE  techniqued. The amplitude of the third dielectric harmonic
=0.01 MV/m and at different temperatures. In the IaStH3 increased with decreasing temperature be]’hw[F|g
regime, the field, was swept from 0 to-20 MV/m at  1(c)], while the amplitude of the second dielectric harmonic
a rate of 0.01 MV{ms), which could correspond to a H, remained at the level of noise. The phakewas about
duration of about 3-5 h for the measurement of ajgge.
typical®® polarization—electric field loop in thin-film The amplitudesd ;x andHag, and the fielcEx in the film
heterostructures. The measurement temperatures in rgrere reconstructed from the data in Figc)lusing Eqs.(5)
gimes (b) and (d) were reached in ZFC fromT  4nd(6). The parametety;,=0.95 was determined from the
=320K. data in Fig. 1a). Both the linear and the third-order nonlin-

ear dielectric permittivitiesg, and 3, respectively, were

The interface contribution to the dielectric response of thound to depend on temperatufgig. 1(d)]. The obtained
heterostructures was evaluated using the previously devenagnitudes ofs; and e3, the maximum ing,(T) in the
oped approaci®®and assuming that the dielectric propertiesvicinity of T,,, and the maximum im5(T) in the vicinity of

of the interface layers varied neither with temperafdneor ~ T; were in agreement with the observations in PMN

with electric field”® The true response of the films was re- crystals®® Such a behaviofFig. 1(d)] was consistent with

constructed: the modeling®?*and could evidence a glassy freezing in the
film.
agHy | 71 The results presented in Fig. 1 showed that at zero dc bias
HREH(l H ) , (5) and small ac field the dielectric response of PMN films was
im RFE-type with indications of a glassy state.
_ agHy
Er=E|1- H ' (6) B. Effect of ac electric field

im

In PMN thin-film heterostructures, with increasing ampli-
where indiceRR refer to the values reconstructed in the films, tude of the ac electric fielf, changes ire(f,T) were quali-
ayg is a fitting parameter® andH,, is the maximum in the tatively similar to those typically observed in perovskite
temperature dependence of small-sightl(T), which is  RFE3! With increasingE from 0.01 to 0.4 MV/m the posi-
equivalent tos(T). tions of the maximaT,, shifted to lower temperatures. Also
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FIG. 1. Relaxor glass-like behavior of the PMN filta) The
real part of the dielectric permittivity as a function of temperature

T measured in the PMN thin-film heterostructure on cooling at dif-

ferent frequenciesf1-100 kHz from the upper curve doyand
small ac fieldE=10 kV/m. (b) The relationship between the mea-
surement frequenc§ and the temperature of the dielectric maxi-
mumT,, in PMN film. Straight line shows fit to the Vogel—Fulcher
relationship.(c) The amplitudes of the first and third dielectric har-
monics,H, andH3, as a function of temperature measured in PMN
thin-film heterostructure on cooling &t=1 kHz andE= 10 kV/m.

(d) The linear and the third-order nonlinear dielectric permittivities,
&, (shown by ling ande; (shown by dashed lingas a function of
temperature. Botte,; and 3 are reconstructed in the PMN film
using the amplitudebl; andH; measured in the heterostructure.

an increase in the permittivity aroundT,, could be de-
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FIG. 2. Effect of ac electric fielda) The amplitudes of the first
and third dielectric harmonics reconstructed in the PMN fitigg
andHg (both are shown by open circlesand the phase angle of
the third dielectric harmoni@; (shown by dashed lineas a func-
tion of the square of the amplitude of the ac field seen by the film,
E3, determined af =1 kHz andT=253 K. Straight lines are fits to
Hqr*EZ andH g E2. (b) The amplitudes of the second and third
dielectric harmonicsH, andHj (lines are averaged and smoothed
datag, and the phase angle of the third dielectric harmo#ic
(dashed ling as a function of amplitude of the applied ac electric
field E measured in the PMN thin-film heterostructure ft
=1kHz andT=265 K.

termined from the slope of the linear fit;g= Eﬁ coincided
with that determined from the slope &f;g Eé and with
that in Fig. 1d).

With increasingégr above 0.02 MV/m, a deviation from
the square field dependence of bbth; andH ;g was found.
In relaxor ceramic 9/65/35 PLZT and PMN single crystals,
an additional third-order contribution<E?) with a negative
sign has been found in the ac field dependence of the first
harmonicH; .3 This has been modeled as a result of the
possible displacement of polar clusters from their equilib-
rium positions by the applied electric field and, respectively,
a field modulation of the intercluster coupliffyln contrast
to such an expected behavior of the amplitlitig;,, the ob-
served increase in both the amplitude Hfz and H;i at
Er>0.02 MV/m could be connected with the linear contri-
bution (<E) due to the possible motion of the phase bound-

tected, although it was suppressed due to the interfacary (e.g., nano-domain wall motiof® Such a possibility was

contribution®?

in agreement with the phase angle of the third harmayic

Studies of the nonlinear dielectric response around andvhich began “switching” from about 180° toward 90°
below T,,, showed that in the heterostructures, with increas{dashed line in Fig. @)].

ing E from 0.01 to about 0.5 MV/m the amplitudes of the

The observed change of the respofBigy. 2(@)] showed

first and third harmonicsiH; and Hj, increased, and the that the “pure” glass-like RFE state of the film was dis-
amplitude of the second harmonit, did not exceed the turbed. However, an onset of a polar state, which could be
noise level. The true response of the films was evaluated asvidenced by an increase of the amplitude of the second
described earlier, and the field dependencies of the recomarmonicH,, was detected at larger fieldsor example, in
structed amplitudesl g andHzg were analyzed. Good lin- Fig. 2(b), with increasing amplitud& the phases; began

ear fits to H,gxE% and HygxEZ were obtained forEgx  changing at abouE=0.15 MV/m (Eg=0.02 MV/m), while
=0-0.02 MV/m[Fig. 2@], in agreement with Eq$1) and the amplitudeH, began increasing aE>0.5 MV/m (Eg

(3). The third-order nonlinear dielectric permittivity; de-  >0.08 MV/m)]. The amplitudeH, remained smaller than
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. FIG. 4. (a) The amplitude of the first dielectric harmortig and
loss factor tas, and (b) the amplitude of the second dielectric
harmonicH, (line shows averaged and smoothed fat® a func-

tion of applied dc electric field&E, measured in the PMN thin-film
heterostructure af=261 K.

10} (d) tivity e(f) was observed in the whole temperature range. No
ZF frequency dependence ©f, was detected. The changes were
FC more clearly seen in the behavior of the reconstructed per-
mittivity eg(f,T) [Fig. 3(d)]. Response in the field-heating
. . run (FH) after ZFC run resembled qualitatively the FC re-
200 300 sponse.

T (K) In accordance with the observations in bulk RFE, the
results in Fig. 3 showed an onset of a polar ferroelectric-like
phase under applied dc electric field. However, neither an
expectel sequence of transformations with corresponding
permittivity eg (d) as a function of temperature determined in the changes irH,(T) or &(T), nor a difference between FC and

PMN thin-film heterostructure at zero dc fidiy=0 (lines marked FH rung, nor a peak 'H.l around 21.5 K were obseryed. In
with ZF) and nonzero dc field,=7.5 MV/m (lines marked with part, this could be ascribed to the influence of the interface

g (10°)

FIG. 3. Effect of dc electric field. The amplitude of the first
dielectric harmonidi, (a), loss factor tard (b), the amplitude of the
second dielectric harmonid, (c), and the reconstructed dielectric

FO). The lines are averaged and smoothed data. Freqddady),  ayers and a suppression of the amplituétss H,, ande.
(b), () f=1kHz and (d) f=1-50kHz from the upper curves FOr €xample, a possible presence of two dielectric maxima
down. or difference betweef,, in FC and FH could become hardly

detectable for such a smeared maximuniliy{T) as that for

H even at largeE>1 MV/m, in contrast to the response of FC in Fig. 3a). However, a peculiar nature of the polar
films in normal FE state witl;>H,>H .14 phase in thin films should be considered, too.

The results presented in Fig. 2 showed that in PMN films, The stability of the induced polar phase was probed by

with increasing amplitude of the ac electric field the glass-SWitChing the dc electric field on and off during the cooling

like RFE state was disturbe@t Ex=0.02 MV/m) and a po- and/or hegting. Acomplgte reversibility of the responses was
lar state was inducedat Eg=0.08 MV/m). The threshold ohbserved, l.e., with the f|elcri1_(|)n, thﬁ respﬁn?_e l(éorresponged to
fields Eg in the range of 0.02-0.08 MV/m were in generalt e FC curves in Fig. 3, while without the field it coincided
agreement with the fiel=0.04 MV/m, at which the glassy with the ZF curves n F'g'. 3. Such a reversibility was in
freezing in single-crystal PMN has been found to becontrast to the FC regime in PMN crystals', where' the polar
destroyed® phase has been found to be stable without field Tto
=208 K.*

The observed instability of the polar phase allowed its
study by varyinge, at a sweeping rate of 0.01 Mim ). In

In PMN thin-film heterostructures, both ZFC and ZFH PMN heterostructures at a fixed temperature with increasing
experiments revealed no difference in the responses obtain@dagnitude of,,, the amplitude of the first harmonit, and
on cooling and heating runs. Compared to ZFC, cooling unifoss factor ta were found to decreadéig. 4a)], and the
der applied dc electric fieltFC) resulted in a decrease of the amplitude of the second harmortit;, first strongly increased
amplitudeH, in the whole range off =100-310 K[Fig.  and then decreasdfFig. 4b)]. The repeated cycling of the
3(a)], a decrease of tafiwith a shift of maximum toward field E,, did not result in a detectable change of the response.
lower T [Fig. 3(b)], and a considerable increase of the am- The response was asymmetric with respect to the polarity
plitude of the second harmontd, [Fig. 3(c)]. Also only a  of the dc field. Similar asymmetiiyFig. 4(a)] has been often
minor, interface relatetf~?>frequency dispersion of permit- observed in ferroelectric thin-film heterostructures and as-

C. Effect of dc electric field
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FIG. 6. The critical fieldEyg, necessary for the onset of the
polar phase in the PMN film as a function of temperature.

;

amplitude of the third harmoniél;(E,) could be reliably
(c) detected only in the range df=200-265 K. In the whole

studied range of temperatures, the relationskip>H,
>H4 was characteristic for the polar phase.

The true response of the film was reconstructed using Eqs.
(5) and (6) [Figs. 5d) and Fe)]. With increasing fieldE,

0 seen by the film, an initial increase of the reconstructed am-
E, (MV/m) plitude H,r appeared to be very steep, so that the critical
field E,r, necessary for the onset of the polar phase was
(d) determined as that corresponding to the maxintyp. For

10 the temperatures 200KT <300 K, the fieldE,g, (Fig. 6

was smaller than the threshold field of 0.16—0.17 MV/m in
PMN crystals. Such a discrepancy might be related to the
reconstruction procedure. However, the obtained agreement
of the amplitudeH g, €;, €3, and threshold ac fiel&g
reconstructed in the films with the corresponding values in
the PMN crystals pointed to a minor uncertainty of the re-
construction.

In PMN crystals, the critical time necessary for the on-
set of the ferroelectric behavior has been found to depend on
both the magnitude of the field and temperattitdzor ex-

(f) ample, extrapolation of the data from Ref. 9 showed that for
T<200 K with increasing field from 0.2 to 1.5 MV/m, the
time 7 decreased from £6-1¢ s to 10! s. Considering the
crystal 7—T diagram and assuming that in the heterostruc-
0 , tures in the sweeping regime the polar phase was formed
during a few seconds, the field,r, should monotonically
increase from about 0.25 to 1.5 MV/m with decreasihg
from that aroundr ,, to 170 K. Qualitatively, an increase of
Epre With decreasing belowT,, in Fig. 5(g) was consistent

[4)]
T

;

o
N
o

H,. (10%)

(e)

100

HZR
o

10

H3R

o

10
E,. (MV/m)

FIG. 5. The amplitudes of th&) first H,, (b) secondH,, and

(c) third H; dielectric harmonics as a function of the magnitude of % .
the applied dc electric field, measured in the PMN thin-film with such expectations. Also for the temperatures abigye

heterostructure at =247 K. The reconstructed amplitudes of the larger f'?IdSEbF& were in a qualitative agreement with the

(d) first Hg, (€) secondH g, and(f) third Hsg dielectric harmon-  Phase diagram of crystal PMN. o

ics in the PMN film as a function of the fiel, seen by the film, Nevertheless, the observed small critical fiefitig, , sup-

determined af =247 K. The data are averaged and smoothed.  POSed short critical times, instability of the polar phase, simi-

larity of the changes both below and abokg, indicated a
eculiarity of the crossover from nonequilibrium dipole glass

layers, with possible carrier injection influenced by a Spac%rystal PMN. To get a better insight in it, both the behavior

charge at the Pt interfad®.(This could determine an in- of polarization and amplitudesir(E,z) were analyzed in
crease in ta@ at E,=+7 MV/m.) Further on, only the yatai.

branches of the response with a monotonic decrease i tan
(Ep<<0 in Fig. 4 were taken into consideration.

For different temperatures, a typical monotonic branch of
the response of the PMN heterostructure was qualitatively In PMN thin-film heterostructures, the polar phase might
the same as that presented in Fig. 5. Unfortunately, smalbe compared to a homogeneous, polarized ferroelectric.
magnitudes ofH, and H, at low temperatures limited the In the PMN heterostructures, polarizatithwas deter-
range of the studied temperatures to 170—300 K. Also thenined by integrating the dependencids(E,) at different

D. Polar phase
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FIG. 7. (a) PolarizationP as a function of the fieldE, deter-

PHYSICAL REVIEW B 69, 224101 (2004

16 |
~
(=]
e
= st (a)
0 5
E, (MV/m)
__1of
B
x -
E‘- 5
= (b)
0 5
E,. (MV/m)

FIG. 8. The inverse amplitude of the first dielectric harmonic

mined in the PMN thin-film heterostructure at different tempera-1/H4, as a function of the fiel&, determined in the PMN thin-film
tures. (b) The relationship between the reconstructed polarizationeterostructure af =217 K. Straight line shows fit to B, =E, .

Pg in the PMN film and the fieldE,,r seen by the film determined
at different temperatures. The lines are fitsBgr~a;(Pr—Pg)
+a,(Pr—Po)*+as(Pr—Po)*.

temperatures. The obtained(E,) curves[Fig. 7(a)] re-
sembled those observed in ferroelectric
heterostructure In the PMN films, the reconstructed field

(b) The inverse reconstructed amplitude of the first dielectric har-
monic 1H,y in the PMN film as a function of the fielH,r seen by
the film determined aT =217 K. Straight line shows fit to H/;x
*Epg-

thin-film Thus at fields|E,g/>0.5—1.0 MV/m, the field dependence

of the amplitude of the first dielectric harmonic could be

Ey,r Was analyzed as a function of the reconstructed polarapproximately described by
ization P, which was determined by integrating the depen-

denciesH g(E,r). The relationship betweek,r and Pg
[Fig. 7(b)] appeared to satisfy

Epr=a1(Pr—Po) +a,(Pr— Pg)?+as(Pr— Po)?,

Pr>Py>0, (7)
where the fitting parameters werea;~(0.7-2.7)
X 10" VmIC, a,=—(5-40)x10°Vm3/C? az~(5-35)
X 10 Vm°®/C3, and the polarizatio®,~0.1—0.3uClcn?.
The form of Eq.(7) was in agreement with the equation of
state obtained recentfyrather than with that in the LGD
model.

In the PMN thin-film heterostructures with increasing
field Ey,, the amplitudeH ; decreased. According to the LGD

model in perovskite paraelectrics, relaxors, and ferroelec-

trics, the field dependence of the amplitude can be gen-

1
Har= A;+By|Epgl’

where the parametes; and B; could be found from the
linear fits to 1H g EyR.

Also for the field dependence of the amplituidg of the
third dielectric harmonic, both the observed behavior of
H(E,) and the reconstructed behaviortdfgz(E,g) were of
similar character to those of the amplitude of the first dielec-
tric harmonicH(E,) andHgr(EyR), respectively. The ex-
pected polynomial field dependence was not detected. Rather
the relationship HsrxE,g was valid[Figs. 9d) and 9e)].
Similar to Eq.(8), an Expressioff9) for the field dependence
of the amplitude of the third harmonic could be written in
form

®

1

M A BB ©

erally expressed as a polynomial of field. Thus, for the polawhere the parameters; and B; could be found from the

phase of the PMN film, a polynomial fit #d,x(E,r) would

linear fits to 1H;gxEyR.

be expected, too. However, neither the measured dependenceAll parametersA;, A;, B;, and B; were functions of

H,(E,) nor the reconstructed onkl,g(E,R), could be sat-
isfactorily described by any high-ordéio the eighth order
polynomials. In a broad range of largg , the field depen-
dence of the amplitudél, could be described by the rela-
tionship 1H,<E, [the linear fit to 1H,>E, in Fig. 8a)].
For the reconstructed amplitudte r, a good linear fit to the
dependence of B,z on E,r was obtained forEyg
>0.5 MV/m [Fig. 8b)].

The linear relationship betweenH{r andE, g was found
in the whole studied range of temperaturEmgys. 9a)—-9(c)].

temperaturg¢Figs. 1Ga) and 1@b)]. The temperature evolu-
tion of A; andB; was in qualitative agreement with that of
A; andB, respectively.

A deviation from Eq.(8) was clearly seen in the behavior
of Hir(Epr) at smaller fieldsE,g<0.5 MV/m [Figs. 11a)
and 11b)]. Such a bell-shaped decdpetter seen in Fig.
11(a)] resembled the dc field dependence of permittivity ob-
served previously in KTaQ®* Sp_,CaTiO;,% and
Cd,Nb,0,.% The decay has been ascribed to the polariza-
tion contribution originating from the reorientation of polar
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clusters. To evaluate the possibility of such a contribution to
the dielectric response of PMN films, the small-field
H.r(Epr) was analyzed using a modified Langevin-type
approach’””

(a) In the pseudocubic perovskitg01] oriented film contain-
ing n, polar regions with the dipole momengsand concen-
trationN=n,/V, the polarizatiorP, which results from the
clusters orientation and is parallel to the small electric field
applied alond001] crystal direction, could be given by

298 K

-3
1H,, (10°)

-3
1/H,, (10°)

+egeE, (10)

E
(b) _ r( PE
; P=Nptan KT

wherek is the Boltzmann constang, is the dielectric per-
mittivity of the vacuum, anck., characterizes the pure re-
ar sponse of the crystal lattice. Respectively, the corresponding
(©) real part of the dielectric permittivitg , can be presented as

4
1H,, (10*)

0
E,. (MV/m)

KTN ,
ep=——2[cost(zE)] *+e.., (1)
261 K o 2 €0

o o wherez=p/kT. It should be noted that Eq$10) and (11)
o differ from those used in the previous works°where the
clusters were supposed to occupy the whole volume of the
sample.

Good fits of the dependenciés;g(Eyr) at small fields
0<E,r<(0.5-1.0) MV/m to Eq.(11) with a temperature-
dependent..*° were obtainedFigs. 11a) and 11b)] in the
whole studied range of temperatures. The dipole moment
~(1-15)x10 %" Cm and the concentratioN~ (0.4—10)

X 107° m™2 [Figs. 11c) and 11d)] determined from the best
fits were found to be of the same order of magnitude as those
FIG. 9. The inverse reconstructed amplitude of the first dielecin PMN ceramicg® The sizeL of the polar clusters was

tric harmonic 1H ¢ as a function of the field, z determined in the  estimated using the obtained dipole momeind assuming
PMN film at (8 T=298 K, (b) T=247 K, and(c) T=187K, and  the effective charge and ionic displacements typical for the
the inverse reconstructed amplitude of the third dielectric harmoniperovskite PbEB"O; relaxors? It was in the range ot
1/H3r as a function of the field,r determined in the PMN filmat =10-30 A, also in agreement with that found in PMN
(d) T=261K and(e) T=217 K. The straight lines show the fits to ceramicg!® [The polar clusters of such a size and density as
1Hr=Epr and 1Hzr*Epg. in Fig. 11(d) could occupy about 10% of the volume of the
film.]

1H,,

0 E_.Mvm) 5

| A, 012 At small electric fields such that- E<1, Eq.(11) could
T 2} o 0w o/ be approximated by
:‘:1- As.\°\°\°° ' KTN 2_ 42 264
 (a) .':9 spze—o z—zE+§zE+--- . (12
) . o
> |(b) o—O/o\ 12 s This allowed the evaluation of the small-signal dc field re-
E “ Q o0 E lated linear permittivity{"® and third-order nonlinear per-
° 3\‘\\ o/ 1,2 mittivity £ using the obtainegh and N, and considering
~— [ B, ~ .
o 1 s, 2 " Eq. (4):
200 ' 300 2
Np
T(K) (o~ "
e 8QkT’ (13)
FIG. 10. The fitting parametefs) A; andAz, and the param-
eters(b) B; andBj; as a function of temperature determined in the Np4
PMN film from the linear fits to MgxE,g and 1H3r*EyR at (do)~ _ 14
Epr>0.5 MV/m. 3 3eo(kT) (14
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%0
o ©
o c
x g
I w
~ OF s
>
_ E
® e
x o 5
* T=187K Looeo %o , ,
0= = orvim) s 200 . 300
bR
T 2t (c) FIG. 12. (a) The linear andb) third-order nonlinear dielectric
o e permittivities, ' and{%, determined in the PMN film at small
ﬁ-o 1k . dc electric fields as a function of temperat(cicles. The lines are
< guides for eye. The dashed lines show the linear and third-order
& nonlinear dielectric permittivities;, andes, obtained in the PMN
or —. 1 film at zero dc field.
o 10¢ (d)
E for the onset of the polar phase at the relatively small thresh-
‘© old fields(Fig. 6). Such mechanism seemed to be dominating
= 1F ® at the fields below 0.5-1.0 MV/m. At larger dc fields the
) ® , response was, probably, determined by another mechanism,
200 T 300 which could be presented by E@).

Equation (8) describes a linear field dependence of the
FIG. 11. The reconstructed amplitude of the first dielectric har-iNverse permittivity at large enough fields. It has been shown
monic H,g in the PMN film as a function of the fielff,5 seen by recently” that in a system of Langevin microdipoles with
the film at(a) T=247 K andT=187 K. Open circles showi,z,  constant(|p|?), fluctuations of the direction of the dipole
dashed lines are fits to E(), and thick lines are fits to Eq11).  moment are possible. In the relatively strong fielsthis
The dipole momenp (c) and concentratiohl (d) of the polar clus-  leads tos>=E~ Y2 Although Eq.(8) did not correspond ex-
ters as a function of temperature. The lines are guides for eye. actly to the expected relationship<E 2, the obtained de-
pendenceH gxE,g * could indicate a contribution from
The temperature evolution of thus calculateff® and  fluctuation polarization.
9% is presented in Fig. 12. A satisfactory agreement was
obtained between the linear permittivity™ extracted from IV. DISCUSSION
the measurements with sweeping the dc field and #hat
obtained in ZFJFig. 12a)]. The dc field relatedgdc) had
opposite sign to that of; obtained in ZFC, in qualitative
agreement with the behavior in a PMNMOO crystal®? al-
though the magnitude 06" appeared to be somewhat

In epitaxial PMN thin films at zero dc field and small
amplitudes of ac probing field, a typical relaxor behavior
with indications of glassy freezing was observed. A cross-
over from nonequilibrium dipole glass state to the polar state
was induced by applying dc electric field. The threshold

larger [Fig. %(b)]' Also similar to the behavior in @ PMN  e|gs for such an onset of the polar phase appeared to be
(100 crystal,” the temperature of the maximum magnitude g compared to that of 0.17 MV/m in PMN crystals. The

of £§' was shifted to higheT with respect to that of maxi- estimated critical time for the onset was short: less than 1—2
mume ;. Despite the similarities of " in the film with that s, The polar phase was unstable in the temperature range of
in the crystal*? the obtained:{’® did not correspond to the T=130—310 K. The dielectric response was completely re-
pure relaxor state, but rather to a polar phase as it was ewersible between the regimdZFC, ZFH, FC, or FH at
denced heréFig. 3). This was in contrast to Ref. 42, where fields to 20 MV/m. At fields smaller than 0.5-1.0 MV/m, the
the relaxor state was considered to be undisturbed. dielectric permittivity could be satisfactorily described as
In the analysis of the amplituddg(Eyg) at smallEyg, that originating from the reorientation of the polar clusters.
Eqgs.(10) and(11) for the static response were applied to theAt fields larger than 0.5-1.0 MV/m, a linear field depen-
dynamic response which is not equivalent to the static onedence of the inverse permittivity was found. With increasing
Neither the volume fraction, nor distributions of the orientingdc field or with increasing duration of the measurements,
clusters were taken into account. Despite such assumptiondielectric anomalies, which would indicate structural transi-
the obtained result§Figs. 11c), 11(d), 12(a), and 12b)] tions, were not detected.
were both self-consistent and consistent with the previous These experimental observations revealed a peculiar na-
observations. They showed that in PMN films, the field-ture of the polar phase in the epitaxial PMN films compared
induced reorientation of polar clusters could be responsibléo the ferroelectric state of PMN crystals or ceramics. In the
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films, the onset of the polar phase seemed to be governed ligtercluster coupling, relaxation-time spectrum, etc. In par-
orientation of polar clusters along the direction of the appliedicular in the studied films, a tetragonal-type distortion of the
electric field. The small threshold electric fields for the rela-pseudocubic lattice was fouridut-of-plane lattice parameter
tively fast onset of the polar phase could be ascribed to thevas 4.056 A compared to that of 4.032 A in crystalhe
low energy barriers between the stable states of the reorientorresponding strain/stress could be one of the reasons for
able polar clusters in the film, compared to those in the bulkhe low energy barriers between the stable states of the clus-
PMN. In bulk PMN, the electric field induced relaxor-to- ters.
ferroelectric transition has been found to be of percolation An important question that remained open was connected
type, with growth and formation of new clusterin contrast ~ with the crystal structure of the epitaxial PMN films in the
to such a transition, in PMN films, no indications of the polar state. Although neither in the present work, nor in a
further growth and formation of clusters were found. Ratherrecent x-ray diffraction study were indications of the struc-
after the cluster reorientatiqarop in permittivity the polar-  tural transitions detected, this could be related to the mea-
ization tended to saturation with its minor changes detersurement technique. A more detailed x-ray diffraction
mined, perhaps, by the fluctuation mechanfSm. analysié* or measurements of specific h€atvould, prob-

Due to the low energy barriers of the reorientable polarably, make it possible to reveal the transitions.
clusters in the films, the “orientational” polar phase could be
possibly induced by ac electric field, tgmcrease inH, in V. CONCLUSIONS
Fig. 2(b)]. Besides the orientational contribution to the di-
electric permittivity, also a contribution from the motion of
the walls separating the clusters was dete¢&alution of
&5 in Fig. 2(b)]. Both the orientational mechanism and the
wall dynamics have been recently sugge$ted determine
giant permittivity and electrostriction effects in relaxors. In

Dielectric response of epitaxial PMN thin films was ex-
perimentally studied as a function of frequency, temperature,
amplitude of ac electric field, and magnitude of dc electric
field. At small fields, relaxor glass-like behavior was ob-
served. With increasing field, an onset of the polar state was

the present study, the mentioned mechanisms were clear&eteaed' Compared to bulk, such an onset was characterized
detected only under applied dc or ac electric fields, which y the relatively low threshold fields, short critical time, and

were large enough to disturb the “pure” glass-like relaxor reversibility. The orientation of the polar clusters along the

state. However, the possible contribution of such mechaglrecnon of the field and the low energy barriers between the

nisms to the response of the epitaxial relaxor thin films eve stable states of the clusters were suggested to be responsible
. P P : "for the onset. The observed peculiarities could be related to
at small fields should probably be taken into account.

The observed peculiarities of the polar phase in PMNthe specific microstructure of the epitaxial films.

films could be related to a specific microstructure of epitaxial
films with respect to that in bulk crystals or ceramics. In
epitaxial films, the presence of crystallographic strain, un- The authors acknowledge the financial support of the
avoidable presence of interfaces, possible presence of defedasademy of FinlandProject No. 5094Land EU Center of
(misfit dislocationg and possibly peculiar B-site ordering Excellence CAMART, Institute of Solid State Physics, Uni-
can affect random fields, dipole moments of the clustersyersity of Latvia.
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