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Mechanism of polarization response in the ergodic phase of a relaxor ferroelectric

A. K. Tagantsev and A. E. Glazounov*
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~Received 10 September 1997!

It is shown that the effects of large dc bias and ac driving fields on the dielectric permittivity of single
crystals of PbMg1/3Nb2/3O3 ~PMN! relaxor ferroelectric exhibit very different behavior, including anisotropy
and sign of the effect, which is traced up to the high-temperature interval in the ergodic phase. The observed
phenomena strongly suggest that in the ergodic phase of PMN the dielectric response to the ac field is
controlled by a side-way motion of the interphase boundaries of the polar regions, rather than by the thermally
activated reorientations of the local spontaneous polarization.@S0163-1829~98!01801-3#
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The nature of the dielectric response of relaxor ferroel
trics ~relaxors!, especially PbMg1/3Nb2/3O3 ~PMN!, has been
one of the challenging problems in the physics of ferroel
trics for many years. At present, it is commonly understo
that the features of the frequency dispersion of the sm
signal dielectric permittivity of relaxors, which extends ov
many decades in frequency, unambiguously give evide
for the existence of an exponentially wide spectrum of rel
ation times of elements contributing to the dielectric
sponse. However, the question, ‘‘what are these elemen
still remains open. In general, it is almost impossible to
an unique answer for the whole temperature interval, beca
the interactions in the system, which play a more and m
important role with decreasing temperature, can ea
change the nature of these elements, e.g., from individ
dipoles at high temperatures to domain walls at low ones.1 At
the same time, in the regime of relatively weak effecti
interactions, that is in the ergodic state at high temperatu
one can expect to have a definite answer on the above q
tion. This seems to be a very important step for the und
standing of the nature of relaxors, since this answer w
actually imply the identification of the elements of which t
‘‘relaxor ferroelectricity’’ is ‘‘made.’’

At high temperatures, in the ergodic phase, in the lim
where the interactions in the system can be neglected, t
possible candidates for the elements contributing to the
electric response are suggested by the current discussio
the literature.

~a! Thermally activated reorientation of the local spon
neous polarization vectorPW s in the polar regions betwee
several equienergetical orientation states. This possib
corresponds to dipole glass2,3 or superparaelectric4–6 model
depending on whether at lower temperatures the interac
betweenPW s’s of different polar regions is taken into accou
or not, respectively.

~b! The same as~a!, but the reorientations ofPW s are af-
fected by a random-field environment. In general, this po
bility corresponds to asymmetric two level systems.7 For re-
laxors, this scenario was treated in Ref. 8~possible sources
of random fields in PMN were discussed in Ref. 9!.

~c! The motion of the interphase boundary of the po
region without change of the orientation ofPW s during the
period of applied ac field.10,11
570163-1829/98/57~1!/18~4!/$15.00
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In a previous publication,11 using the data on the ac fiel
effect on the dielectric permittivity of PMN ceramics w
showed that the case~a! can be excluded from this list an
that the nonlinear dielectric response of PMN in the ergo
phase is consistent with the case~c! ~domain wall type dy-
namics!. However, using those data we could not elimina
case~b! which still could be considered a realistic scenar

In this paper we continue the experimental study of no
linear dielectric properties of PMN, now using single-crys
samples, and compare two types of the field effects:
change in the dielectric permittivity produced by large
driving and dc bias fields. An unexpectedly big differen
~including the sign, magnitude, and anisotropy! between
these two effects is observed, even in the temperature ra
where both the frequency dispersion and nonlinearity of
dielectric response are relatively small. This feature is e
ployed as the key argument in the discussion. The obtai
experimental results enable us to eliminate the cases~a! and
~b! in favor of the case~c!. Thus, we show that the nonlinea
dielectric properties of PMN strongly suggest that t
mechanism of the dielectric response in the ergodic phas
this classical relaxor is the vibration of the boundaries of
polar regions.

The dielectric permittivity,«8 of PMN single crystals,
was measured alonĝ100& and ^111& directions using a HP
4284A LCR meter, over the frequency range from 20 Hz
100 kHz, always on cooling fromT5360 to 150 K at 1
K/min. Two types of experiments were performed. In o
experiment~ac field effect!, only ac field was applied to the
sample, and its amplitudeEm was varied from 0.02 to 2
kV/cm. In the other experiment~dc bias effect!, a small ac
measurement field (Em50.02 kV/cm! was superimposed on
the dc field from the built in dc voltage source of the H
4284A LCR meter. The dc field levelEb was changed from
0 to 2.5 kV/cm. In all the samples, we used Cr/Au electrod
which were deposited by evaporation.

With respect to the ac field, the dielectric permittivity o
single crystals demonstrates the same behavior as
ceramics:11 increasing amplitude of the driving field resul
in a change of the permittivity similar to that produced
lowering the frequency, i.e.,«8 becomes larger in magnitud
and the maximum in ‘‘«8 vs T’’ dependence shifts to lowe
temperatures. Figure 1 exhibits the nonlinear componen
the dielectric permittivity,D«;8 @defined as the difference be
18 © 1998 The American Physical Society
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57 19BRIEF REPORTS
tween the permittivity measured at a given amplitude,Em ,
and the small-signal permittivity:D«;8 5«8(Em)2«8(0)#,
measured at 100 Hz. In Fig. 1~a!, D«;8 is plotted for^100&
direction at several values of the ac field amplitude. It
always positive and passes through a maximum which
somewhat belowTm @the temperature of the maximum of th
small-signal permittivity measured at the same frequen
for 100 Hz,Tm'265 K; it is arrowed in Fig. 1~a!#. Figure
1~b! illustrates the crystalline anisotropy of the ac field effe
in PMN, showing that it is virtually independent of cryst
orientation. One can see that forEm.2 kV/cm, D«;8 is al-
most the same for̂100& and ^111& directions.

Using the same samples as in the study of the ac non
earity, we measured the effect of dc bias field on the sm
signal dielectric permittivity. The data obtained qualitative
correspond to those reported earlier in the literature.12–14 In
Figs. 2~a! and 2~b!, D«58 5«8(Eb)2«8(0) measured at 100
Hz is plotted as a function of temperature for^111& and
^100& directions, respectively. In Fig. 2~a!, one can notice
the low temperature anomaly for^111& direction at around
200 K for Eb>2 kV/cm. It was attributed by several autho
to the electric field induced phase transition from relaxor t
ferroelectric state.12–14

Leaving aside the problem of the field induced phase tr
sition in PMN, we focus on the temperature range above
K, where the material remains in a normal relaxor sta
Comparison of the plots in Figs. 1 and 2 shows a big diff
ence, both qualitative and quantitative, between t
nonlinearities:15 in the anisotropy, sign and magnitude of th
effect. For ^100& direction, D«58 is negative and passes
through aminimum, position of which coincides withTm
@arrowed in Figs. 2~a! and 2~b!#. For the ^111& direction,
D«58 is mostlypositiveand has amaximumwhich is slightly
below Tm . But above the maximumD«58 changes sign and

FIG. 1. Nonlinear part,D«;8 5«8(Em)2«8(0), of thedielectric
permittivity of PMN measured at 100 Hz:~a! along^100& direction
at different ac field levelEm ~in kV/cm!; ~b! along^111& and^100&
directions atEm'2 kV/cm. The arrow indicates the temperature
the small-signal permittivity maximum at 100 Hz.
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becomes negative at high temperatures, Fig. 2~a!. We also
note that at most temperatures, for the same field level
absolute value ofD«58 is about an order of magnitud
smaller than that ofD«;8 @cf. Figs. 2~b! and 1~a!#.

Let us first of all discuss the experimental results within
general phenomenology. The simplest case is realized in
temperature range around and aboveTm . There, the fre-
quency dispersion of the dielectric permittivity is rath
small, and, hence, one could expect that the presentatio
polarization as a function of the instantaneous value of
electric field should be a reasonable approximation. Tak
into account that crystal structure of PMN is cubic with
center of symmetry, and that aroundTm the nonlinear effects
are relatively small@compared to«8(0) which is about
23104 at T.Tm#, one can write:P5«0«8(0)E1«0bE3

@whereP is the polarization measured in the direction of t
applied electric fieldE, «0 is the permittivity of the vacuum,
constantb depends on the orientation of the field with r
spect to crystal axes, whereas the small-signal permitti
«8(0) does not#. Using this equation, the nonlinear comp
nents of the permittivity measured under ac field (D«;8 ) and
dc bias (D«58 ) can be found as

D«;8 5
3

4
bEm

2 , D«58 53bEb
2 . ~1!

Comparison of Eq.~1! with the experimental data shows th
the latter are inconsistent with the predictions of the sim
phenomenological model considered above. Indeed, acc
ing to Eq. ~1! two nonlinear effects are controlled by th
same coefficientb, which excludes any difference in th
anisotropy and sign ofD«;8 andD«58 . Also, Eq.~1! predicts
that the dc field effect must be stronger than the ac one
contradiction to our experimental observations. Finally, th

FIG. 2. Nonlinear part,D«58 5«8(Eb)2«8(0), of thedielectric
permittivity of PMN crystals measured at 100 Hz at several dc b
levels Eb ~in kV/cm!: ~a! along ^111& and ~b! along ^100& direc-
tions. The arrow indicates the temperature of the small-signal
mittivity maximum at 100 Hz.
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20 57BRIEF REPORTS
is one more indication for nonapplicability of this phenom
enological approach: in the experiments,D«58 was found to
be a quadratic function of the field, whereasD«;8 strongly
deviated from predicted}Em

2 dependence.16

Thus, the applied phenomenological scheme, which
could consider as a reasonable approximation, at leas
T>Tm , cannot account for big qualitative difference b
tween two nonlinear effects in PMN. Most likely, this ‘‘fail
ure’’ indicates that there exist nonlinear relaxation pheno
ena, not taken into account by the scheme, and wh
determine the difference between effects of dc bias and
field. Taking into account the known structural features
PMN on a mesoscopic scale~recent x-ray and neutron
diffraction studies17 showed that there is a partitioning of th
structure into small regions of local spontaneous polariza
with a nanometer scale size!, we believe that the origin o
this relaxation is a very slow reorientation of the polar
gions in the dc electric field. Incorporating the process of
reorientation into the model proposed for the explanation
the ac nonlinearity in our previous paper,11 we can give the
following interpretation of the observed phenomena.

According to that model,11 the ergodic phase of PMN i
treated as a system of polar regions embedded into a no
lar matrix. They are elongated along the direction of the lo
spontaneous polarization~the shape which minimizes the e
fect of depolarizing field! which can be oriented in one o
eight ^111& pseudocubic directions allowed by the rhomb
hedral symmetry of the polar phase.17 Without external field
the polar regions are randomly oriented in the crystal, p
viding the macroscopic cubic symmetry of the material. T
polar region pattern is determined by the spatial distribut
of the pinning centers~as has been pointed out in Ref. 9, t
internal random fields induced by the charge disorder can
as a source of the pinning centers in PMN!.

We believe that within this microscopic picture of PMN
the proper approach for the interpretation of our results is
interface-roughening theory approach to the dielectric
sponse of pinned interfaces.18 Unfortunately, up to now this
approach has been developed only for two ultimate cases
the linear response and for the fields of the order of
coercive field, whereas the case of weak nonlinearity has
been analyzed. Not attempting to solve this theoretical pr
lem, we will show how our data can be interpreted with
this framework.

Consider an elementS of the interface between polar an
nonpolar phases, which is parallel to the spontaneous po
ization PW s . The element is assumed to be pinned by
random field environment. On the lines of Ref. 18, the var
tion of the electric dipole momentDpW caused by the bendin
of this element in the external electric fieldEW can be esti-
mated as

DpW 5PW s•
L2S

G
•~PW s•EW !, ~2!

whereG is the surface tension of the interface andL is the
scale on which the interface is effectively free~the case of
S@L2 is certainly considered!. For the chosen elementS, its
contribution to the dielectric permittivity is proportional t
(DpW •EW )/«0E2 @in this expression, (DpW •EW )/E gives the pro-
e
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jection of the induced dipole momentDpW on the direction of
the field, and («0E)21 is introduced to calculate the corre
sponding contribution to the dielectric permittivity#. There-
fore, according to Eq.~2!, this contribution depends upo
cos2u, whereu is the angle between the directions ofPW s and
the applied fieldEW , Fig. 3. With this remark, from Eq.~2!,
the contribution of the interphase boundaries of the el
gated polar regions to the dielectric permittivity measured
^100& and^111& directions in the crystal can be found in th
form

«1005
L2Ps

2

«0G
•~NS!•

1

3
, ~3!

«1115
L2Ps

2

«0G
•~NS!•S ni1

12ni

9 D , ~4!

whereS and N are the average area of the interface of t
polar regions and their concentration, respectively, andni is
the fraction of the polar regions withPW s oriented along@111#
and @ 1̄ 1̄ 1̄ # direction, Fig. 3. In the absence of the dc bia
ni51/4, due to the random orientation of the polar regio
and obviously we have«1005«111, corresponding to the av
erage cubic symmetry of PMN.

Let us use Eqs.~3! and ~4! for the interpretation of the
observed ac nonlinearity. In terms of these equations, fi
induced depinning, which we consider as the origin of t
effect, corresponds to the increase of the scaleL with in-
creasing ac field amplitude. To be consistent with weak p
ning approach in general18 this increase should not chang
the order of magnitude ofL because usually the same scale
used for the estimates of both the coercive field and sm
signal response. Formally, Eqs.~3! and ~4! also predict the
isotropy of the ac nonlinearity. However, the strict extens
of both of them to the case of the finite amplitude requi
the validity of the relationship̂L2PsiPs j&5^L2&•^PsiPs j&,
where the angular brackets stand for the averaging over
polar region orientation. Thus, Eq.~3! is consistent with the
positive sign of the ac nonlinearity and, under a certain c
dition, with the isotropy of the effect.

Now consider the effect of dc bias. It is threefold:~i! the
external dc field changes the profile of the random fields a
therefore, changes the positions of the interphase bounda
~ii ! it provides a coalescence of neighboring polar regio
resulting in the diminishing of the total area of their inte
face, and~iii ! it redistributes the polar regions between eig
possible^111& orientations favoring their alignment in th

FIG. 3. Schematic drawing of eight possible orientations of
polar regions with respect to the direction of the electric field. So
lines show the preferable orientations of the regions for the dc fi

EW directed upwards.
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57 21BRIEF REPORTS
direction of the applied field. In terms of Eqs.~3! and~4!, the
dc bias field will affect«8 mainly through~ii ! and ~iii !, i.e.,
through the decrease inN•S and variation ofni , respec-
tively. The decrease in the total area of polar regions bou
aries in the dc field@see~ii !# should result in a decrease o
the dielectric permittivity for any direction of the field with
respect to the crystal axes. On the other hand, the redistr
tion of polar regions between the eight possible^111& orien-
tations @see ~iii !# should manifest itself differently for the
different field directions. The«100 is independent of the
variation inni , since in this case cos2u is the same for all the
eight possiblê 111& directions, Fig. 3. Thus, for the field
applied alonĝ 100& direction of the crystal, the redistribu
tion has no effect on the dielectric permittivity. Howeve
«111 does depend uponni . The sign of the effect of the dc
field on the dielectric permittivity through this dependen
can be found from the following argument. In the absence
the field, ni51/4, and therefore, the parentheses in Eq.~4!
are equal to 1/3. In the limit of very strong field,ni51 and
consequently the parentheses are equal to 1, as well.
implies the increase in«111 with increasing dc field through
the reorientation of the polar regions~the possibility of non-
monotonical field dependence of«111, where the global
growth does not necessarily imply a growth in the small fie
regime is considered as less probable!.

All in all, if the field is applied along â100& crystal axis,
the dc bias must suppress the dielectric permittivity~thus,
D«58 ,0), because only one factor@i.e., ~ii !# controls the
field dependence of«8. However, for ^111& direction two
factors@~ii ! and~iii !#, showing opposite trends, are involve
Hence, in this case, both positive and negative signs of
nonlinear effect are possible, as well as the change of
sign of D«58 in different temperature intervals. As one ca
see, the experimentally observed behavior of the dc non
earity agrees with this scenario.

It is useful to indicate that the explanation of the diffe
ence between ac and dc field effects is valid for the situat
where the reorientation of the polar regions is very slo
compared to the period of the time variation of the ac fie
Thus, the ac field cannot reorient the polar regions, caus
p
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only vibration of their boundaries. However, this situation
quite realistic because the activation energies for ‘‘vibr
tion’’ and ‘‘reorientation’’ processes can easily differ by
few orders of magnitude due to the difference of the volum
involved: compare the shift of the boundary on one unit c
with the volume of the polar region as a whole. That shou
result in a yet greater difference in the relaxation times
lated with both processes, which depend exponentially on
volume in which the polarization is reoriented.

In conclusion, we obtained the following qualitative pic
ture of the nonlinear dielectric properties of PMN in the e
godic phase. The response to the ac field, at least in
studied range of amplitudes and frequencies, is only due
the motion of the interphase boundaries of elongated po
regions, the increase in the dielectric permittivity stemmi
from the their field induced depinning. On the other han
the effect of dc bias field on the small-signal dielectric pe
mittivity, is controlled by two mechanisms quite differen
from the one just mentioned: the dc bias redistributes
polar regions among eight^111& directions and diminishes
the total area of their interfaces. In their turn, these two p
nomena lead to the variation of the contribution of the po
regions boundaries to the permittivity. It is important to in
dicate that alternative scenario with thermally activated
orientation of the local spontaneous polarization in rando
field environment, i.e., the case~b!, is definitely inconsistent
with the combined set of the data for the ac and dc nonlin
effects. The main reason is that in this framework, the sa
mechanism governs the ac and dc field effects. Thus, for
regime with weak frequency dispersion and small nonline
ity, a similar behavior ofD«;8 andD«58 can be expected, as
was described by the phenomenological model discus
above. As we have seen, those predictions contradict the
perimental data.

The authors wish to thank A. Titov of the State Optic
Institute ~St.-Petersburg! for the supplied PMN crystals, M.
Kohli of the Ceramics Laboratory~EPFL! for technical as-
sistance during the work, and the Swiss National Scien
Foundation for financial support of this research.
*Present address: 187 Materials Research Laboratory, The Pen
vania State University, University Park, PA 16802.
1W. Kleemann and R. Linder, Ferroelectrics~to be published!.
2S. N. Dorogovtsev and N. K. Yushin, Ferroelectrics112, 27

~1990!.
3D. Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, J. Ap

Phys.68, 2916~1990!.
4L. E. Cross, Ferroelectrics76, 241 ~1987!.
5A. J. Bell, J. Phys.: Condens. Matter5, 8773~1993!.
6A. E. Glazounov, A. J. Bell, and A. K. Tagantsev, J. Phys.: C

dens. Matter7, 4145~1995!.
7K. S. Gilroy and W. A. Phillips, Philos. Mag. B43, 735

~1981!.
8B. E. Vugmeister, Ferroelectrics~to be published!.
9V. Westphal, W. Kleemann, and M. D. Glinchuk, Phys. Rev. L

68, 847 ~1992!.
nsyl-

l.

n-

tt.

10A. E. Glazounov, A. K. Tagantsev, and A. J. Bell, Abstract S16-5
of the EMF-8 ~July 1995, Nijmegen, The Netherlands!; Ferro-
electrics184, 217 ~1996!.

11A. E. Glazounov, A. K. Tagantsev, and A. J. Bell, Phys. Rev. B
53, 11 281~1996!.

12G. Schmidtet al., Cryst. Res. Technol.15, 1415~1980!.
13E. V. Colla et al., Ferroelectrics151, 337 ~1994!.
14R. Sommer, N. K. Yushin, and J. J. van der Klink, Phys. Rev. B

48, 13 230~1993!.
15A. K. Tagantsev, Bull. Am. Phys. Soc.41, 719 ~1996!.
16A. E. Glazounov and A. K. Tagantsev, Abstracts of the

ECAPD-3, p. 36~August 1996, Bled, Slovenia!; Ferroelectrics
~to be published!.

17N. de Mathanet al., J. Phys.: Condens. Matter3, 8159~1991!.
18T. Nattermann, Y. Shapir, and I. Vilfan, Phys. Rev. B42, 8577

~1990!.


