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Mechanism of polarization response in the ergodic phase of a relaxor ferroelectric
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It is shown that the effects of large dc bias and ac driving fields on the dielectric permittivity of single
crystals of PbMg;sNb,,s0; (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 polarizgi®0163-182@08)01801-3

The nature of the dielectric response of relaxor ferroelec- In a previous publicatiofh! using the data on the ac field
trics (relaxors, especially PbMgsNb,s05; (PMN), has been effect on the dielectric permittivity of PMN ceramics we
one of the challenging problems in the physics of ferroelecshowed that the cag@ can be excluded from this list and
trics for many years. At present, it is commonly understoodhat the nonlinear dielectric response of PMN in the ergodic
that the features of the frequency dispersion of the smallphase is consistent with the ca&g (domain wall type dy-
signal dielectric permittivity of relaxors, which extends over hamics. However, using those data we could not eliminate
many decades in frequency, unambiguously give evidenc@ase(b)_which still could_be considered_ a realistic scenario.
for the existence of an exponentially wide spectrum of relax- !N this paper we continue the experimental study of non-
ation times of elements contributing to the dielectric re-!near dielectric properties of PMN, now using single-crystal
sponse. However, the question, “what are these elements752MPles, and compare two types of the field effects: the
still remains open. In general, it is almost impossible to ge€2Ng€ in the dielectric permittivity produced by large ac

an unique answer for the whole temperature interval, becau m“é:ﬂgir?ndthdec g'ar‘? f'rilgshiﬁlrééjnzﬁ%eiﬁglgtr%%gmgeennce
the interactions in the system, which play a more and mor 9 an, 9 '

important role with decreasing temperature, can easil
change the nature of these elements, e.g., from individuaﬁ/

ese two effects is observed, even in the temperature range
here both the frequency dispersion and nonlinearity of the
. : . ielectric response are relatively small. This feature is em-
dipoles at high temperatures to domain walls at low Gres. ployed as the key argument in the discussion. The obtained

the same time, in the regime of relatively weak effectiveex erimental results enable us to eliminate the cémesnd
interactions, that is in the ergodic state at high temperature} P

. b) in favor of the caséc). Thus, we show that the nonlinear
one can expect to have a definite answer on the above ques- . )
tion. This seems to be a very important step for the under- lelectric properties of PMN strongly suggest that the
staridin of the nature of relaxors. since this answer WiIImec:hanism of the dielectric response in the ergodic phase of
9 . e ! : this classical relaxor is the vibration of the boundaries of the
actually imply the identification of the elements of which the olar reqions
“relaxor ferroelectricity” is “made.” P 9 '

. : : : ... The dielectric permittivity,e’ of PMN single crystals,
At high temperatures, in the ergodic phase, in the limit as measured alon@00) and(111) directions using a HP

where the interactions in the system can be neglected thre%
. . I ' 4284A LCR meter, over the frequency range from 20 Hz to
possible candidates for the elements contributing to the di 0 kHz, always on cooling fronT=2360 to 150 K at 1

electric response are suggested by the current discussion . ;
min. Two types of experiments were performed. In one

the literature, experiment(ac field effec), only ac field was applied to the
(@) Thermally activated reorientation of the local Spoma_sample, and its amplitudg,, was varied from 0.02 to 2

neous polarization vectdPg in the polar regions between KV/cm. In the other experimer(tic bias effedt a small ac
several equienergetical orientation states. This possibilit)(n ' - :

; easurement fieldH,,,=0.02 kV/cm was superimposed on
corresponds to dipole gld@ssor superparaelectfic® model m penmp

q di heth t] i i the int i the dc field from the built in dc voltage source of the HP
epending on whether at flower temperatures the Interactiohlo gy o | cr meter. The dc field levél, was changed from

betweenPy's of'different polar regions is taken into account ( 14 2.5 kv/cm. In all the samples, we used Cr/Au electrodes
or not, respectively. R which were deposited by evaporation.

(b) The same asa), but the reorientations oPs are af- With respect to the ac field, the dielectric permittivity of
fected by a random-field environment. In general, this possisingle crystals demonstrates the same behavior as in
bility corresponds to asymmetric two level systeffor re-  ceramics! increasing amplitude of the driving field results
laxors, this scenario was treated in Ref(gssible sources in a change of the permittivity similar to that produced by
of random fields in PMN were discussed in Ref. 9 lowering the frequency, i.eg’ becomes larger in magnitude

(c) The motion of the interphase boundary of the polarand the maximum in ¢’ vs T” dependence shifts to lower
region without change of the orientation B during the temperatures. Figure 1 exhibits the nonlinear component of
period of applied ac field®*? the dielectric permittivity Ae’_ [defined as the difference be-
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FIG. 1. Nonlinear partAe’ =¢'(E,) —&’(0), of thedielectric FIG. 2. Nonlinear partAe_=¢'(E,)—¢'(0), of thedielectric

permittivity of PMN measured at 100 Hz) along(100 direction  permittivity of PMN crystals measured at 100 Hz at several dc bias
at different ac field leveE,, (in kV/cm); (b) along{111) and(100) levels E,, (in kV/cm): (a) along(111) and (b) along (100 direc-
directions atE,~2 kV/cm. The arrow indicates the temperature of tions. The arrow indicates the temperature of the small-signal per-
the small-signal permittivity maximum at 100 Hz. mittivity maximum at 100 Hz.

tween the permittivity measured at a given amplitulg,, becon;]es negative at high tempe;:ratur:es, F(g)-fa_ng f"sol N
and the small-signal permittivityAe’ —¢'(E,)—e’(0)], 1Ot that at most temperatures, for the same field level the

measured at 100 Hz. In Fig(d, As’ is plotted for(100) absolute value ofAe’ is about an order of magnitude
. X T . . ._smaller than that ofAe’_ [cf. Figs. Zb) and Xa)].

direction at several values of the ac field amplitude. It is . ; . -

always positive and passes through a maximum which lies Let us first of all discuss the experimental results within a

somewhat below, [the temperature of the maximum of the general phenomenology. The simplest case is realized in the

small-signal permittivity measured at the same frequencytemperatu.re range around ?”d apo‘K/,g. Tf_‘e_“?* the fre-

for 100 Hz, T,,~265 K: it is arrowed in Fig. (8)]. Figure guency dispersion of the dielectric permittivity is rather

1(b) illustrates the crystalline anisotropy of the ac field effectsma”.’ ar]d, hence, one could expect that the presentation of
in PMN, showing that it is virtually independent of crystal polarization as a function of the instantaneous value of the

: ; 7 ;o electric field should be a reasonable approximation. Taking
orientation. One can see that fEF“_.Z k_V/cm, Ae_is al- into account that crystal structure of PMN is cubic with a
most the same fof100) and(111) directions.

Using th m .y i the study of th N nlincenter of symmetry, and that arouligi the nonlinear effects
sing the same Samples as € study ot tne ac nonlirny . relatively small[compared toe’(0) which is about

earity, we measured the effect of dc bias field on the smalg>< 10 at T=T, ], one can write:P=sge’(0)E + &0 BE>
signal dielectric permittivity. The d_ata.obtaln.ed qua_l|t4at|vely [whereP is the B()’Iarization meaSLjred ir? the directi(())n of the
correspond to those reported earlier in the literatéré? In applied electric fielcE, =, is the permittivity of the vacuum

Figs. a) and 2b), As_==2"(Ey)—='(0) measured at 100 constant depends on the orientation of the field with re-

leo N glotte_d as a funct_lonl Ofl telr:rjperature fariy and spect to crystal axes, whereas the small-signal permittivity
(100 directions, respectively. In Fig.(@, one can notice £’(0) does not Using this equation, the nonlinear compo-

the low temperature anomaly f¢f11) direction at around P :
200 K for E,=2 kV/cm. It was attributed by several authors nent§ of the, permittivity measured under ac fiekk() and
adC bias Ae’) can be found as

to the electric field induced phase transition from relaxor to
ferroelectric staté®~*

Leaving aside the problem of the field induced phase tran-
sition in PMN, we focus on the temperature range above 200
K, where the material remains in a normal relaxor state.
Comparison of the plots in Figs. 1 and 2 shows a big differ-Comparison of Eq(1) with the experimental data shows that
ence, both qualitative and quantitative, between twahe latter are inconsistent with the predictions of the simple
nonlinearities:” in the anisotropy, sign and magnitude of the phenomenological model considered above. Indeed, accord-
effect. For (100) direction, Ae_ is negativeand passes ing to Eq. (1) two nonlinear effects are controlled by the
through aminimum position of which coincides witlT,,  same coefficieni3, which excludes any difference in the
[arrowed in Figs. @) and 2b)]. For the(111) direction, anisotropy and sign ake’ andAe’ . Also, Eq.(1) predicts
A&’ is mostlypositiveand has anaximumwhich is slightly  that the dc field effect must be stronger than the ac one, in
below T,,,. But above the maximume_ changes sign and contradiction to our experimental observations. Finally, there

’ 3 2 ’ 2
As~=ZﬁEm, Ae_=3BE;. @
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is one more indication for nonapplicability of this phenom- E along <100 > E along <111>

enological approach: in the experiments;_ was found to ~

be a quadratic function of the field, whereAs' strongly E Pg

deviated from predictedt E2 dependencé’ P \ S P
Thus, the applied phenomenological scheme, which one w0 7 o '::

could consider as a reasonable approximation, at least at /é’ ‘\‘ S oK i TS

T=T,,, cannot account for big qualitative difference be- x ¥ ¢

tween two nonlinear effects in PMN. Most likely, this “fail-

ure” indicates that there exist nonlinear relaxation phenom- F|G. 3. Schematic drawing of eight possible orientations of the
ena, not taken into account by the scheme, and whicRolar regions with respect to the direction of the electric field. Solid
determine the difference between effects of dc bias and alhes show the preferable orientations of the regions for the dc field
field. Taking into account the known structural features ofg girected upwards.

PMN on a mesoscopic scal@gecent x-ray and neutron-

diffraction studie$’ showed that there is a partitioning of the jection of the induced dipole momeAts on the direction of
structure into small regions of local spontaneous polarizatiogy,q field, and &,E) " is introduced to calculate the corre-
with a nanometer scale sizeve believe that the origin of g50nding contribution to the dielectric permittivityThere-

this re_laxation is a very slow reorientz_ation of the polar re-fore, according to Eq(2), this contribution depends upon
gions in the dc electric field. Incorporating the process of the

reorientation into the model proposed for the explanation of:o§0, wr.\ere¢'9 1S Ehe gngle bejtwee.n the directionsRy and
the ac nonlinearity in our previous pagénve can give the the applied fieldg, Fig. 3. With this remark, from Eq2),
following interpretation of the observed phenomena. the contribution of the interphase boundaries of the elon-
According to that model! the ergodic phase of PMN is gated polar regions to the dielectric permittivity measured in

treated as a system of polar regions embedded into a nonppl0® and(111) directions in the crystal can be found in the
lar matrix. They are elongated along the direction of the locaform
spontaneous polarizatiqthe shape which minimizes the ef-
fect of depolarizing fieldd which can be oriented in one of - S, Lz

. AT €100 (NS 3, (©)
eight (111) pseudocubic directions allowed by the rhombo- I 3
hedral symmetry of the polar phaSeWithout external field
the polar regions are randomly oriented in the crystal, pro- _ s (NS)-
viding the macroscopic cubic symmetry of the material. The f111= gol’
polar region pattern is determined by the spatial distribution .
of the pinning centeréas has been pointed out in Ref. 9, the whereS andN are the average area of the interface of the

internal random fields induced by the charge disorder can a@°lar regions and their concentration, respectively, anis
as a source of the pinning centers in PMN the fraction of the polar regions witRg oriented along 111]

We believe that within this microscopic picture of PMN, and[ 11 1] direction, Fig. 3. In the absence of the dc bias,
the proper approach for the interpretation of our results is they = 1/4, due to the random orientation of the polar regions,
interface-roughening theory approach to the dielectric reand obviously we have;y;=£,1;, corresponding to the av-
sponse of pinned interfacé$Unfortunately, up to now this erage cubic symmetry of PMN.
approach has been developed only for two ultimate cases: for Let us use Eqs(3) and (4) for the interpretation of the
the linear response and for the fields of the order of thebserved ac nonlinearity. In terms of these equations, field
coercive field, whereas the case of weak nonlinearity has nabduced depinning, which we consider as the origin of the
been analyzed. Not attempting to solve this theoretical probeffect, corresponds to the increase of the sdalwith in-
lem, we will show how our data can be interpreted withincreasing ac field amplitude. To be consistent with weak pin-
this framework. ning approach in generdlthis increase should not change

Consider an elemer8 of the interface between polar and the order of magnitude df because usually the same scale is
nonpolar phases, which is parallel to the spontaneous polatsed for the estimates of both the coercive field and small
ization Pg. The element is assumed to be pinned by thesignal response. Formally, Eq®) and (4) also predict the
random field environment. On the lines of Ref. 18, the variaisotropy of the ac nonlinearity. However, the strict extension
tion of the electric dipole momerztﬁ caused by the bending of both_ o_f them to the case _of the finite amplitude requires
the validity of the relationshigL?Pg;Ps;) =(L?)-(PgPs;),
where the angular brackets stand for the averaging over the
polar region orientation. Thus, E(B) is consistent with the
positive sign of the ac nonlinearity and, under a certain con-
—=.(B,-E) 2) dition, with the isotropy of the effect.

S T s Now consider the effect of dc bias. It is threefold): the
external dc field changes the profile of the random fields and,
wherel is the surface tension of the interface dnds the  therefore, changes the positions of the interphase boundaries,
scale on which the interface is effectively frébe case of (jj) it provides a coalescence of neighboring polar regions
S>L? s certainly considergdFor the chosen elemeBt its  resulting in the diminishing of the total area of their inter-
contribution to the dielectric permittivity is proportional to face, andiii) it redistributes the polar regions between eight
(Ap-E)/eoE? [in this expression,Ap-E)/E gives the pro- possible(111) orientations favoring their alignment in the

L2P2

1-n
nH+ —), 4)

of this element in the external electric fiekl can be esti-
mated as

. L%S
Ap=

T
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direction of the applied field. In terms of Eq8) and(4), the  only vibration of their boundaries. However, this situation is
dc bias field will affecte’ mainly through(ii) and(iii), i.e.,  quite realistic because the activation energies for “vibra-
through the decrease iIN-S and variation ofn, respec- tion” and “reorientation” processes can easily differ by a
tively. The decrease in the total area of polar regions boundew orders of magnitude due to the difference of the volumes
aries in the dc fieldsee(ii)] should result in a decrease of jnvolved: compare the shift of the boundary on one unit cell
the dielectric permlttIVIty for any direction of the field with with the volume of the p0|ar region as a whole. That should
respect to the crystal axes. On the other hand, the redistribyesylt in a yet greater difference in the relaxation times re-
tion of polar regions between the eight possifld ) orien-  |ated with both processes, which depend exponentially on the
tations [see (iii )] should manifest itself differently for the \,qjume in which the polarization is reoriented.

different field directions. Thes;oo is independent of the In conclusion, we obtained the following qualitative pic-
variation inny , since in this case cégis the same for all the 1o of the nonlinear dielectric properties of PMN in the er-
eight possible(111) directions, Fig. 3. Thus, for the field i hhase. The response to the ac field, at least in the
applied along(100) direction of the crystal, the redistribu- studied range of amplitudes and frequencieé, is only due to

tion has no effect on the dielectric permittivity. However, the motion of the interphase boundaries of elongated polar

2111 does depend upomy . The sign of the effect of the dc regions, the increase in the dielectric permittivity stemming
field on the dielectric permittivity through this dependenceFrom the their field induced depinning. On the other hand,

f f he followi .Inth o ) . .
can be found from the following argument. In the absence 0'[he effect of dc bias field on the small-signal dielectric per-

the field, nj=1/4, and therefore, the parentheses in &. A . . X

are equal to 1/3. In the limit of very strong field,=1 and mittivity, is CO’F”O"E‘O' by two mechanls_ms quite _dlfferent

consequently the parentheses are equal to 1, as well. Thﬁg)lm the one Just men.tlor:fldl. tg.e df. bias rﬁdégtrlpqtﬁs the

implies the increase a4, with increasing dc field through Fho a}[r trelglons afrr:r?n'g .eLng ) Ilrettillqnts an h 'm”:\'i esh

the reorientation of the polar regiofthe possibility of non- € lotalaréa ot their interfaces. in their trn, these two phe-
nomena lead to the variation of the contribution of the polar

monotonical field dependence ef;;;, where the global . . g L ;
growth does not necessarily imply a growth in the small fielg'€91ons boundarles. to the per_mltt|y|ty. It Is |mporta_mt to In-
regime is considered as less probable dicate that alternative scenario with thermally activated re-
Allin all, if the field is applied along 4100) crystal axis orientation of the local spontaneous polarization in random-
the dc bia,s must suppress the dielectric permitti\(ttws, field environment, i.e., the cagb), is definitely inconsistent
Ae’ <0), because only one factdi.e., (ii)] controls thé with the combined set of the data for the ac and dc nonlinear
fielg dep;andence o' >|/—|owever fo.r<.1,1]> direction two effects. The main reason is that in this framework, the same
. Co P . mechanism governs the ac and dc field effects. Thus, for the
factors{(ii) and(iii)], showing opposite trends, are involved. regime with weak frequency dispersion and small nonlinear-

Hence, in this case, both positive and negative signs of thgy' a similar behavior of\e’”. andAz’ can be expected, as

nonlinear effect are possible, as well as the change of th . X X
! possi W 9 was described by the phenomenological model discussed

sign of Ae_ in different temperature intervals. As one can = ;
. . . above. As we have seen, those predictions contradict the ex-
see, the experimentally observed behavior of the dc nonlin-

. ; . . perimental data.
earity agrees with this scenario.

It is useful to indicate that the explanation of the differ- The authors wish to thank A. Titov of the State Optical
ence between ac and dc field effects is valid for the situatiohnstitute (St.-Petersburgfor the supplied PMN crystals, M.
where the reorientation of the polar regions is very slow,Kohli of the Ceramics Laborator{fEPFL) for technical as-
compared to the period of the time variation of the ac field.sistance during the work, and the Swiss National Science
Thus, the ac field cannot reorient the polar regions, causingoundation for financial support of this research.
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