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NMR study of local structure and chemical ordering in PbMg1Õ3Nb2Õ3O3 and PbSc1Õ2Nb1Õ2O3
relaxor ferroelectrics
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The 93Nb and 45Sc nuclear-magnetic-resonance~NMR! spectra of disordered relaxor ferroelectrics
PbSc1/2Nb1/2O3 ~PSN! and PbMg1/3Nb2/3O3 ~PMN! have been studied atT.Tm , whereTm'355 K and 265 K
is the temperature of the dielectric susceptibility maximum for PSN and PMN, respectively. The analysis of the
spectra was performed both on the basis of an analytical description of the NMR line shapes, allowing for
homogeneous and inhomogeneous broadening related to a random distribution of the electric-field gradients,
and a numerical Monte Carlo approach taking into account electric-field gradients originating from the random
distribution of Mg, Sc, and Nb ions~which may be shifted or not! over B-type cation sites. 1/2↔21/2 NMR
spectra of93Nb and45Sc in PSN contain a narrow~3–4 kHz! almost isotropic component and a broad strongly
anisotropic component. These two components of the NMR spectra are related to the 1:1 Sc/Nb ordered and
compositionally disordered regions of the crystal, respectively. It is shown that in the disordered regions, the
Sc31, Nb51, and O22 ions are randomly shifted from their cubic lattice sites in one of the three possible
directions:^100&, ^110&, or ^111&. In PMN, the NMR spectrum of93Nb contains practically only the broad
component. The portion of the unbroadened spectrum that may correspond to ideal 1:2 Mg/Nb ordered regions
accounts only for 2–3 % of the total integral intensity. No evidence was obtained for the existence of 1:1
Mg/Nb regions in PMN. The NMR data demonstrate that in PMN the cubic symmetry atT.Tm is locally
broken due to ion shifts similar to that in disordered PSN. The values of the ionic shifts have been estimated
in the point-charge point-dipole approximation for the electric-field gradients both in PSN and PMN.

DOI: 10.1103/PhysRevB.67.104106 PACS number~s!: 77.84.Dy, 76.30.Fc
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I. INTRODUCTION

Relaxor ferroelectrics1,2 have attracted considerable atte
tion in recent years due to their unusual physical behav
Lead magnesium niobate, PbMg1/3Nb2/3O3 ~PMN!, is prob-
ably the best investigated relaxor crystal. It displays h
dielectric permittivity over a broad temperature range with
significant frequency dispersion («8.20 000 atTm5265 K
and f 51 kHz) and giant electrostriction.2 Contrary to nor-
mal ferroelectrics, such anomalies are not directly linked t
structural phase transition but related to relaxational p
cesses. Indeed in PMN, x-ray and neutron-diffraction stud
showed no evidence for a structural phase transition dow
5 K; the symmetry remains cubic on an average, whate
the temperature,3 contrary to the PbSc1/2Nb1/2O3 ~PSN! re-
laxor, which undergoes a spontaneous cubic-rhombohe
phase transition atTm.355 K.4 However, this is only an
average situation. Structural refinement results have sh
that the local structure is different from the average cu
one for both of the relaxors, and even atT@Tm .4,5 For in-
stance, Pb21 ions are randomly shifted below'650 K,6 i.e.,
far aboveTm . At this high temperature, the optic index o
refraction n(T) deviates from a linear temperature depe
dence as it was first evidenced by Burns and Dacol.7 They
assumed that this unexpected high-temperature devia
arises from small, randomly oriented, very local regions
nonreversible polarization that begin to appear within
otherwise nonpolar crystal structure belowTd , which is
called the Burns temperature. The formation of polar nano
gions was also confirmed by observation in the PMN x-
0163-1829/2003/67~10!/104106~8!/$20.00 67 1041
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and neutron diffuse scattering that appears belowTd .3,8 Re-
cent neutron inelastic-scattering measurements demons
that polar nanoregions are related to condensation of
lowest-energy transverse-optic~TO! phonon mode atTd .9,10

A number of important questions, however, still rema
open. The first is which ion displacements~Pb or Nb/Mg/Sc!
are responsible for the formation of polar regions? Wha
the nature of nonpolar matrix into which polar clusters a
assumed to be embedded? Are the polar clusters and
nonpolar matrix dynamic or static entities? Another still op
important problem in PMN relaxor is related to microscop
inhomogeneities in the site occupancy of the Mg21 and
Nb51 cations and their role in the formation of the pol
regions. An existence of a 1:1 Mg/Nb ordered microregio
is still discussed in literature~see, for example, Refs. 11 an
12!. Since the 1:1 Sc/Nb chemical order in PbSc1/2Nb1/2O3

really exists, a comparative study of the high-temperat
local structure of these two relaxors is of interest.

It should be stressed that the diffraction methods do
provide complete characterization of lattice distortions a
ionic shifts in relaxors due to the compositional disorder
these materials and nanometric scale of polar order. T
local methods such as magnetic resonance and, in partic
nuclear magnetic resonance~NMR! can be extremely usefu
in this case. In NMR experiments, the nuclei are sensitive
their local environment at a distance less than 1–2 nm
addition, NMR operates at a much longer time sc
(1025–1028 s) in comparison with the neutron or x-ra
methods that also provide the possibility to distinguish b
©2003 The American Physical Society06-1
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tween static and dynamic ion shifts. Some of our previo
results devoted to NMR of relaxors have been published
Refs. 13 and 14.

The purpose of the present paper is to study the lo
structure of PMN and PSN at temperaturesT@Tm on the
basis of 93Nb and 45Sc NMR measurements performed a
Larmor frequencynL.93 MHz. The description of the
NMR line shape was given on the basis of analytical form
las, allowing for both homogeneous and inhomogene
mechanisms of line broadening. As a second approach, N
spectra were analyzed using numerical Monte Carlo sim
tions and the point-charge point-dipole approximation for
electric-field gradients. The structural data obtained from
NMR are compared with similar data obtained from x-r
diffractions.

It should be noted that the present approach is differ
from the recently developed spherical random bon
random-field model,15 which is mezoscopic and where info
mation about the details of the local structure is lost.

II. SAMPLES AND EXPERIMENTAL DETAILS

The measurements were carried out on single-cry
samples of PMN and PSN grown on a seed crystal from
melt. Samples had a good optical quality. The sample dim
sions of PSN were (43434) mm3, and PMN—up to (8
3838) mm3 with the surfaces parallel to crystallograph
~001! planes. The degree of 1:1 Sc/Nb ordering in PSN v
ied in the range of 30–40 %. It was measured by using
superstructure~111! diffraction peaks associated to th
Sc-Nb ordering along@111# direction.16

The NMR measurements were performed in a 9.2

FIG. 1. 45Sc NMR spectra in PSN. Points are experimental da
smooth lines correspond to calculated according to Eqs.~6!–~8! line
shapes for~a! and ~b! Bi@001#, ~c! Bi@011#, ~d! Bi@111#. The
diagrams schematically show expected NMR resonances
second-order quadrupole contribution with the EFG axis poin
along^001& directions. Calculated line shapes include contributio
from ideal cubic regions plus axial EFG pointed at~a! ^001& direc-
tions; ~b!, ~c!, and ~d! ^001&, ^011&, and ^111& directions in pro-
portions given by Eq.~8!.
10410
s
in

al

-
s
R

a-
e
e

nt
–

al
e
n-

r-
e

T

superconducting magnet at a45Sc Larmor frequencynL
592.3 MHz (I 57/2) and a 93NbnL592.9 MHz (I 59/2).
Temperature was stabilized in a continuous-flow cryos
with an accuracy of about 0.1 K. The inhomogeneou
broadened spectra of93Nb and 45Sc (1/2↔21/2 transition!
have been obtained using the Fourier transform of the s
echo after a (90x2t)2(90y2t) –acquisition pulse se
quence. The width of the 90° pulse was 2.1ms and 2.4ms
for 93Nb and 45Sc resonances, respectively. The time delat
was usually 40ms for both nuclei.

III. EXPERIMENTAL RESULTS AND INTERPRETATION

A. 93Nb and 45Sc NMR spectra

Since we were mainly interested in the local structure
PMN and PSN in the high-temperature phase, i.e., aT
.Tm , measurements were performed between 420–450
In Fig. 1 we present45Sc NMR spectra measured for thre
characteristic crystal orientations in the external magn
field: Bi@001#, @011#, and @111# . The characteristic feature
of the spectrum forBi@001# and@111# is its strong asymme-
try, while for Bi@011# the spectrum is almost symmetric
Similar spectra of93Nb in PSN and PMN are shown in Figs
2 and 3, respectively. Note that in PMN,93Nb spectrum did
not change either its shape or its width with increasing te
perature up to 700 K, i.e., atT.Td . Let us discuss first the
Sc and Nb spectra in PSN.

;

or
d
s

FIG. 2. 93Nb NMR spectra in PSN. Points are experimen
data; smooth lines correspond to calculated according to Eqs.~6!–
~8! line shapes. The inset shows the93Nb spectrum measured b
sweeping the irradiation frequency.
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NMR STUDY OF LOCAL STRUCTURE AND CHEMICAL . . . PHYSICAL REVIEW B 67, 104106 ~2003!
Both the Sc and Nb spectra have an approximately sim
structure and both contain a narrow component of the w
of 3–4 kHz and a wide component that is different for the
and Nb nuclei. The narrow part of the spectra is well d
scribed by a Gaussian and is completely isotropic. On
contrary, the wide part is essentially anisotropic and can
be precisely described by a simple function. In a rough
proximation, however, it can be also described by a Gaus
~see Ref. 14!. In such an approach, the ratio of the integ
intensity of narrow and wide parts of the spectrum is'40:60
and does not depend on the crystal orientation. Note that
to the large width of the93Nb spectrum, its wide componen
has a very small intensity and, thus, its anisotropy manife
itself much less than that in the45Sc spectrum. However,
measurement of the whole93Nb spectrum in PSN, using th
sweep of the irradiation frequency, indeed showed that
Nb spectrum shape is very close to that of45Sc ~inset to Fig.
2!.

The 93Nb spectrum in PMN is somewhat more comp
cated. In this spectrum we can conditionally separate th
components:~1! a low-intensity isotropic line with the width
of 3 kHz; ~2! a spectrum aroundnL with a width of 15–18
kHz; ~3! a wide and strong anisotropic component like th
in PSN but more intensive. The narrow part withDn
53 kHz accounts only for about 2.5–3 % of the total int
gral intensity of the spectrum. As can be seen from Fig
except for the narrowest component the whole spectrum
strongly anisotropic.

The anisotropy of the spectra as well as their asymme
form with respect tonL for both 93Nb and 45Sc nuclei in
PMN and PSN show that these spectra belong to the 1/↔
21/2 transition, the frequency of which is shifted by th
second-order quadrupolar contributions.17 The very broad
background spread symmetrically around the Larmor
quency is attributed to satellite transitions. Still another c
tribution comes from chemical shifts. The quadrupole con
bution exists only for nuclei with a spinI .1/2 and is related
to the interaction of the nuclear quadrupole moment with
electric-field gradient~EFG!. Large values of quadrupol
moments of 93Nb and 45 Sc nuclei (eQ520.28e
310228 m2 and20.22e310228 m2 for 93Nb and 45 Sc, re-
spectively! usually result in the predominance of the quad
pole contribution to NMR frequency shift with respect
other possible sources, such as chemical shift and mag
dipole-dipole interaction. Therefore, we can conclude t
the main features of93Nb and 45Sc NMR spectra in both
PMN and PSN are related to characteristic features of t
EFG that depend on lattice ions charges and their positi
thus providing information on the local structure of crysta
Covalent contributions to the EFG are important too.

B. Analysis of 45Sc and 93Nb spectra in PSN and determination
of the EFG tensors

The integral intensity ratio 40:60 obtained above for t
narrow and wide parts of the45Sc and93Nb NMR spectra in
PSN is in agreement with the Sc/Nb degree of order
which varied in the studed crystals in the range of 30–40
So, it can be naturally assumed that narrow and wide par
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the spectra belong to the Sc and Nb nuclei situated in
ordered 1:1 and disordered regions of the crystal, resp
tively. Actually, in the ordered regions Sc and Nb ions a
surrounded by a symmetrical ion configuration. Therefore
such sites the electric-field gradients and anisotropic che
cal shift must be close to zero and we can expect an N
line broadened only by the magnetic dipole-dipole inter
tion. Calculation of this dipole-dipole width gives a value
about 3 kHz supporting the origin~ordered 1:1 regions! of
narrow lines in 45Sc and 93Nb NMR spectra mentioned
above.

The broad part of the the central transition NMR spec
belongs to resonances from nuclei located in the disorde
regions of the crystal, where the random distribution of no
equally chargedB8/B9 ions produces random electric-fiel
gradients. Possible ionic shifts give an additional contrib
tion to the EFG tensor components.

The second-order quadrupole shift of the 1/2↔21/2 tran-
sition is proportional to the squared EFG. It can be written

n5anQ
2 , a[

1

6nL
S I ~ I 11!2

3

4D f h~u,w!, ~1!

where nQ53e2qQ/2I (2I 21)h, eq5Vzz, and h5(Vxx
2Vyy)/Vzz.

FIG. 3. 93Nb NMR spectra in PMN. Dashed line shows unr
solved quadrupole satellites.
6-3
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V. V. LAGUTA et al. PHYSICAL REVIEW B 67, 104106 ~2003!
The functionf h(u,w) in Eq. ~1! describes the dependenc
of the frequency shift on relative orientations of the exter
magnetic field and EFG tensor principal axes.nL is the Lar-
mor frequency andx,y,z form the principal EFG tensor ref
erence frame.

The angular variation of the broad part of the NMR spe
tra can be qualitatively understood if one assumes the p
ence of an axial EFG pointed at^001& cubic directions. In
this case, the angular part of expression~1! takes simple
form

f ~u,w!52 3
8 ~12cos2u!~9 cos2u21!. ~2!

The expected resonances for all six^001& directions of the
EFG tensor are shown by histograms in Fig. 1. In our sim
interpretation, we have to take into account that due t
large disorder in the ion positions, the EFG values beco
randomly distributed leading to a strong inhomogene
broadening of NMR lines. As a result, only the shift of th
center of gravity is visible in the experimental spectrum u
der crystal rotation. Due to the nonlinear relation betwe
the resonance frequency shift and the quadrupole freque
the inhomogeneously broadened NMR line acquires es
tially the asymmetrical form, which depends on the orien
tion of the crystal in the external magnetic field. For such
complex spectrum, its decomposition into simple Gauss
components cannot give true values of quadrupole frequ
cies.

We introduce the distribution of the largest EFG comp
nent, which leads to the distribution of quadrupole frequ
ciesnQ . Let us assume that the distribution function can
expressed in Gaussian form, i.e.,

F~nQ!5
1

A2pD
expS 2

~nQ2nQ
0 !2

2D2 D , ~3!

wherenQ
0 is the mean value of the quadrupole frequency a

D is the width of its distribution.
Allowing the nonlinear relation betweenn and nQ @see

Eq. ~1!#, the shape of the inhomogeneously broadened
can be written as~Ref. 18!

P~n!5(
j 51

2
F~nQ5nQ j!

U dn

dnQ
U

nQ5nQ j

, nQ1,2
56An

a
. ~4!

Substitution of Eq.~1! into Eq. ~4! gives

P~n!5
1

A2panD
expS 2

n1a~nQ
0 !2

2aD2 D cosh
a

D2
An

a
. ~5!

To take into account the additional homogeneous bro
ening mechanism with a Gaussian lineshape one has to m
the integration

I ~n!5
1

A2pd
E

2`

`

P~n8!expF2 ln2~n2n8!2

d2 Gdn8, ~6!
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with d being a half of the Gaussian width.
One can see that Eqs.~5! and ~6! give an asymmetrica

line shape which depends also on the parameterf (u,w) that
takes into account the mutual orientations of the EFG and
magnetic fieldB0.

One can expect that in disordered materials, there are
croregions with different ‘‘degree of order’’ and different d
rections~and mean values! of the ion displacements. Obvi
ously, in such a case the NMR line should be composed
the lines ‘‘stemming’’ from these microregions, i.e.,

I q~n!5(
i

I qi~n!, ~7!

where the subscript ‘‘i ’’numerates the microregions.
The results of a simulation on the basis of Eqs.~5!–~7! of

the 45Sc NMR line shape forBi@001# are presented by the
solid line in Figs. 1~a! and 1~b!. Figure 1~a! shows the line
shape for the case of EFG with the largest principal a
pointing in ^001& directions only. The contribution from or
dered regions, wherenQ50 was also included. The best fi
has been achieved forunQ

0 u5755 kHz andD5210 kHz. One
can see that the calculated NMR line has a strongly as
metrical shape, which fits very well the right ‘‘shoulder’’ o
the measured spectrum. The fitting of left shoulder is not
good. This can be expected because for the^001& orientation
of the EFG, only a positive quadrupole shift of the resonan
frequency exists@see Eqs.~1! and ~2! when u590°;0°].
Therefore, to fit the left shoulder of the observed spectru
other orientations of EFG axes are required. The nega
shift is possible for EFG axes pointing along^011& and
^111& directions. The reason for this type of local distortio
can be related to the substitutional disorder in the relaxo

Finally, the experimental line shape of45Sc is well fitted
by the following theoretical curve:

I q~n!5C0I ord~n!1C1I ^001&~n!1C2I ^110&~n!1C3I ^111&~n!
~8!

with C0.0.3,C1.0.45,C2.0.11,C3.0.14; the subscripts
denote the direction of the EFG axes. The result of a co
plete 45Sc spectrum simulation is presented in Fig. 1~b!.

The obtained set of fitting parameters~all of them are
presented in Table I! permits to describe theoretically th
NMR line shapes measured for any other orientation of m
netic field. In particular, in Figs. 1~c! and 1~d!, the observed
and calculated line shapes forBi@011# and Bi@111# are
shown.

Similar simulations performed for the93Nb NMR spectra
are presented in Fig. 2 by solid lines and the correspond
fitting parameters are listed in Table I. The agreement
tween measured and calculated spectra is good. Howe
due to small intensity of the broad part of the spectrum,
obtained parameters contain significantly bigger errors t
for the 45Sc spectra.

C. Analysis of 93Nb NMR spectra in PMN

It can be seen from Fig. 3 that practically the whole93Nb
spectrum in PMN is strongly broadened in comparison w
6-4
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TABLE I. 45Sc and93Nb NMR parameters determined in disordered PSN and PMN atT5450 K.

Compound (e2qQ/h) ~MHz! Distribution Homogeneous uVzzu(1020 V m22) Orientation
D ~MHz! width ~kHz! of Vzz

PbSc1/2Nb1/2O3
45Sc 10.6~5! 2.9~4! 4 20~1! ^001&

9~1! 4.9~5! 17~2! ^011&
8.8~10! 4.9~5! 16~2! ^111&

93Nb 46~3! 15~2! 8 68~5! ^001&
42~6! 20~4! 62~8! ^011&
56~6! 27~4! 83~10! ^111&

PbMg1/3Nb2/3O3
93Nb 46~3! 24~3! 18 68~5! ^001&

60~3! 29~3! 89~6! ^011&
36~3! 29~3! 53~5! ^111&
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the dipole-dipole width that is equal to 2.8–3.6 kHz~as in
the case of PSN!. The portion of the spectrum unbroaden
by the quadrupole mechanism or by an anisotropic chem
shift accounts only for 2–3 % of the total intensity. It is cle
that the Nb nuclei, which contribute to this narrow spectru
are located at positions close to the regular cubic ones.
broad main part of the93Nb spectrum is related to the diso
dered, locally noncubic, regions of the crystal.

The 93Nb spectrum for PMN was fitted assuming loc
distortions alonĝ001&, ^110&, or ^111& directions, i.e., as in
the case of the PSN by Eq.~8!. Since the procedure of th
simulation is similar to that described for PSN, we here p
sented in Table I only the spectral parameters derived. C
paring spectral data for disordered PSN and PMN one
emphasize a similarity in the symmetry and sometimes e
in the values of electric-field gradients at Nb positions. Ho
ever, the homogeneous width of 18 kHz obtained in PMN
much larger than that expected for the93Nb dipole-dipole
width. A reason for this will be discussed in the followin
section. One can also see that the distribution of EFG
PMN is larger than in PSN. This is in agreement with the f
that in PMN local lattice distortions should be much larg
due to bigger differences in the ionic charges ofB8 andB9
cations.

D. Numerical calculation of the EFG tensor and NMR
line shape

In the preceding section, the mean values of quadrup
coupling constants at the Sc and Nb cation positions as
as their dispersions were obtained on the basis of an ana
cal calculation of the shape of the inhomogeneously bro
ened NMR line. The method has allowed to take into acco
only the distribution of the quadrupole frequenciesnQ , but
the presence of random deviations of EFG axes from t
most probable directions, i.e., the fluctuation off h(u,w) @see
Eq. ~1!# was not taken into account to obtaine simple a
lytical formulas. Ignoring these fluctuations has resulted
much too high values of the homogeneous width, 4 kHz a
8 kHz for the45Sc and93Nb in PSN and 18 kHz for the93Nb
in PMN.
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The second reason to undertake numerical calculation
NMR line shape and EFG is related to the attempt to de
mine main sources of the EFG in both relaxor systems
view of the complexity and substantial uncertainty of t
local structure of these compounds, we used the sim
point-charge point-dipole model. However, we also took in
account effects related to partial covalency of bonds in
BO6 octahedron as well as an electronic polarization to ov
come the restrictions of point-charge model.

In the point-charge point-dipole approximation, th
electric-field-gradient components at the site of the nucl
are given by

Vi j 5~12g`!(
k

]2

]xi]xj
Fqk

r k
1

r ikm ik

r k
3 G , ~9!

where qk and mk are the electric point charge and dipo
moment of thekth ion, respectively,r k is the distance be-
tween thekth ion and the observation point, and 12g` is the
antishielding parameter. For93Nb the parameter 12g`516
was taken as in otherABO3 crystals such as KNbO3.19 For
the 45Sc ion, the antishielding parameter is rather uncerta
However, clearly its value has to be smaller in comparis
with 93Nb due to smaller number of electronic orbitals. T
value 12g`59 leads to the best agreement with the expe
mental spectrum.

Three different contributions to the EFG were conside
in the sum~9!. The first contributionVi j

(1) is related to the
random distribution of charges ofB8/B9 ions at lattice points
of the idealAB O3 perovskite structure. Contributions of ion
at a distance up to five lattice constants~2 nm! were summed
up. However, usually the distance up to 1.2–1.5 nm w
sufficient due to the rapid decay ofVi j with the distance. In
the calculations, theB-type ions were randomly distributed a
lattice sites or they were located in the 1:1 or 1:2 orde
regions. The main condition for any ion configuration w
electroneutrality, i.e., the stoichiometric~in average 1:1 for
PSN and 1:2 for PMN! composition in the calculated regio
was conserved.

As an example, the result of the calculation of the larg
componentVzz as a function of polar angleu for PMN is
6-5
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V. V. LAGUTA et al. PHYSICAL REVIEW B 67, 104106 ~2003!
presented in Fig. 4. Here, we took the effective valen
charges of Mg21 and Nb51 as one-half of their forma
charges. It is seen thatVzz lies close or along cubic direc
tions, but is strongly distributed in both the magnitude a
orientation. The mean valueuVzzu50.7831016 V/cm2

(e2qQ/h.15 MHz) is much less than that expected fro
the coupling constant measured. Thus, this contribution
the EFG cannot be responsible for the wide componen
the 93Nb NMR line. It can give only some contribution t
homogeneous broadening of NMR line because it leads
distribution of directions of principal axes of the total EFG
Note that in PbSc1/2Nb1/2O3, this part of EFG is small in
comparison even with the dipole-dipole width due to t
smaller difference between charges of Sc31 and Nb51 and,
in addition, 1:1 type relaxors have a more symmetrical d
tribution of B8/B9 ions.

The second contributionVi j
(2) to the EFG accounts for th

shifts of B8/B9 ions themselves relatively to the nearest
oxygen ions. Possible shifts of Pb21 ions were not taken into
account due to their smaller~10–15 times! contribution to
the EFG for the same values of the shifts. In a general c
for an arbitraryB-type ion shift with respect to the center o
the undistorted oxygen octahedron, the following expr
sions for the EFG tensor components were obtained:

Vii
(2)5~12g`!

21zO
val

b5
~3di

22d2!,

Vi j
(2)52~12g`!

42zO
val

b5
didj , iÞ j , ~10!

FIG. 4. Polar plot of theuVzzu EFG component at Nb sites i
PMN calculated for random distributions Mg21 and Nb51 at lattice
points of the idealABO3 structure.
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where (dx , dy , dz) are vector components of the Nb or S
shift, zO

val is the effective valence charge of the oxygen, a
b5a/2 (a is the lattice constant!. For simplicity, thezO

val was
taken as an average value over all six oxygen ions. Its va
may lay in the range between21.63ueu(BaTiO3) ~Ref. 20!
and20.85ueu (KNbO3).21

The last term in Eq.~9! is related to the induced electri
dipole momentsm i . Assuming that only the electronic po
larization of the nearest six oxygenions gives a marked c
tribution to the EFG~the other ions in the unit cell and th
next-nearest oxygens give contributions that are an orde
magnitude smaller!, the dipole contibution is

Vzz5~12g`!
84m

b5
d, Vxx5Vyy52Vzz/2,

Vi j 52~12g`!
84m i

b5
dj , iÞ j , ~11!

wherem is assumed to be in the direction of theZ axis of the
field gradient.

The electronic dipole moment is usually calculated from
knowledge of the polarization and the internal electric fie
For disordered relaxors, this is not suitable because on
local polarization exists and there is a large uncertainty in
ion positions. Therefore, for the calculation ofVi j we applied
the method of effective dipole moments, where electro
dipole moment can be expressed asm i5ZO* di , andZO* is the
Born effective charge of oxygen. Taking into account t
special role of Pb ions, namely, their strong hybridizati
with oxygen ions, we used the effective charges derived
PbTiO3 where they successfully describe the spontane
polarization.22 For simplicity, the same avarage value ofZO*
524ueu was taken for six oxygenions in the octahedro
One can see that under these conditions, expressions~10!
and~11! become similar but with predominance of electron
part becauseZO* @ZO

val . Note that similar results were ob
tained in KNbO3 ~Ref. 19! and BaTiO3.23

Taking into account that the ion shifts have random valu
due to the disorder of the Mg, Nb, and Sc positions, the
shift distribution function was assumed in the Gaussian fo

f ~d!5
1

s~2p!1/2
expS 2

~d2d0!2

2s2 D , ~12!

whered0 is the mean value of the shift ands is its disper-
sion.

The NMR spectrum intensityI (n) was obtained by sum
ming the contributions of the NMR lines from a large num
ber of clusters~usually, 15 000–20 000!, in which theB-type
ions could be shifted in one of the three directions:^001&,
^011&, or ^111&.

As an example, the results of45Sc spectrum calculation in
PSN and93Nb spectrum calculation in PMN forBi@001# are
presented in Figs. 5~a! and 5~b!, respectively. The individua
contributions that are related to the Sc and Nb shifts in d
ferent directions with respect to oxygen positions are p
sented in the figures as well. Corresponding values of
6-6
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shifts and their distribution are given in Tables II and I
Obtained data clearly show that the dipole moments of
center shifted lattice ions are the main source of large EFG
PMN and disordered PSN. As it follows from Fig. 5~b! such
local noncubic regions occupy practically whole volume
the PMN crystal. In these noncubic regions, lattice ions
randomly shifted away from their cubic lattice sites in one
the directions:̂ 001&, ^011&, or ^111&. The larger part of
ions (;50%) experiences a shift along^001& axes. On the
contrary, in the ordered regions the Sc31, Nb51, and O22

ions occupy completely cubic lattice positions, i.e., they
not shifted.

However, the following two comments should be mad
~i! The values presented in Tables II and III are the re

tive shifts between Nb~Sc! and oxygen ions, i.e.,dNb(Sc)2O .
A larger contribution todNb(Sc)2O values due to oxygen-ion
shift rather than that of Nb~Sc! ions is expected in accor
dance with x-ray data.4

~ii ! The real values of ion shifts can be somewhat differ
from those given in Tables II and III due to simplification
made in the calculations, including the point-charge mod
However, the conclusion about the existence of the displa
ments, their directions and distribution is not related to

TABLE II. Parameters of ionic shifts in PSN atT5420 K de-
rived from NMR data. Estimated error bar of ionic shifts is 25
30 %.

Direction of ions shifts
1:1 Ordered ^001& ^011& ^111&

Portion ~%! 30 35 15 20
dSc-O nm! 0 0.015 0.016 0.017
Distribution s ~nm! 0 0.001 0.001 0.001
dNb-O ~nm! 0 0.016 0.018 0.022
Distribution s ~nm! 0 0.005 0.005 0.005

FIG. 5. Comparison between calculated on the base of E
~9!–~12! and measured45Sc NMR spectrum in PSN~a! and 93Nb
NMR spectrum in PMN~b! at orientationBi@001#. Separate con-
tributions to the NMR spectrum connected with different type
ion shifts are shown in the bottom panels by solid line (di^001&),
dashed line (di^011&), and dotted line (di^111&); contributions
from 1:1 Sc/Nb and 1:2 Mg/Nb ordered regions are shown by
dash-dot lines.
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model of EFG calculation because they follow directly fro
the observed shape and width of45Sc and93Nb NMR lines.

IV. DISCUSSION

The key to understanding the origin of unusual physi
properties of relaxor ferroelectrics is their local structure.
any temperature and even on a micrometric scale, the a
age symmetry of PMN, for instance, is cubic rather than
lower one~see, for instance, Refs. 3 and 24!. In contrast to
PMN, PSN atT,TC (TC'350–360 K) undergoes a trans
tion into theR3m rhombohedral ferroelectric phase.4,25 Note
that the polar long-range order appears not only in per
1:1 Sc/Nb ordered PSN, but even in partially order
crystals.4 The compositional disorder thus does not prev
the establishing of long-range order. This may correspon
a mixed ferroglass phase. It is important to compare the lo
structures of PSN and PMN on the basis of NMR data
cause many of the new models, which describe the beha
of PMN at low temperatures, are based on the existenc
1:1 Mg/Nb ordered microregions similar to 1:1 Sc/Nb r
gions in PSN.

It is clearly seen from Figs. 1 and 2 that for 1:1 order
regions in PSN a distinct narrow lines in both45Sc and93Nb
NMR spectra are obtained. In these regions, Sc and Nb
are located in regular cubic lattice sites, where the to
electric-field gradient is zero or close to zero. The93Nb
NMR spectrum in PMN also exhibits a narrow compone
~Figs. 3 and 5! but its integral intensity is only about 2.5
3 % of the total spectrum intensity~Table III!. Evidently, this
is the reason to ascribe this93Nb resonance to the regular 1:
Mg/Nb ordered regions of the crystal. Note that this res
nance could not belong to 1:1 Mg/Nb ordered regions
cause in agreement with high-resolution electron microsc
study26 the portion of such ordered regions~if they exist!
should be'30%. Thus, if local (;1.5–2.5 nm) 1:1 ordered
clusters exist in PMN, the disagreement between NMR a
electron microscopy data can be overcome only by assum
that in these local regions the niobium and oxygen ions
off-center shifted as in completely disordered regions. T
fact seems to be strange. Let us remind that the Sc and
ions in 1:1 Sc/Nb ordered PSN are situated in correct cu
lattice sites. Taking into account this argument, the mo
based on the alternation of Nb and (Mg2/3Nb1/3) layers which
also explains the observation of 1/2^111& superlattice dif-
fraction peak12,27,28 seems to be more convincing. In th
model local strains induced by the charge disbalance
tween the Nb and Mg/Nb layers can be locally compensa

TABLE III. Parameters of ionic shifts in PMN atT5450 K
derived from NMR data. Estimated error bar of ionic shifts is 2
30 %.

Direction of ions shifts
1:2 Ordered ^001& ^011& ^111&

Portion ~%! 2 56 21 21
dNb-O ~nm! 0 0.016 0.021 0.017
Distribution s ~nm! 0 0.005 0.01 0.01
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by oxygen-ion displacements which will give a contributio
to the electric-field gradient. Additional contributions to EF
are also due to (Mg2/3Nb1/3) layer compositional disorder.

It is important to emphasize that our data relating to
noncubic local structure of PMN clearly demonstrate that
cannot describe the relaxor state in PMN as consisting
static polar nanoregions embedded in a nonpolar cubic
trix as it was assumed in Ref. 10 because even on the N
time scale (1025–1028 s) the cubic symmetry is locally bro
ken practically in whole crystal volume. Consequently, t
relaxor state in PMN has to be considered as polar nan
gions embedded in a nonpolar noncubic matrix.

The above results by themselves cannot exclude the
sibility that ion shifts in one out of three observed directio
may be the result of a ferroelectric phase transition at
Burn’s temperatureTd5640 K. A recent neutron inelastic
scattering measurement of the lowest-energy TO pho
branch in PMN really have shown that aboveTd zone center,
TO mode softens in a manner consistent with that of a fe
electric soft mode.9 Below Td , the soft mode is overdampe
by randomly oriented polar nanoregions which arise atTd .
Obviously, the noncubic local structure of PMN has to
accounted for the temperature behavior of the soft TO m
ar
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e

e

tt

,
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as well. According to a model proposed by some of us s
eral years ago,29 strong random fields existing in noncub
structure completely destroy the ferroelectric long-range
der that could be established atT,Td because the correla
tion radiusr c decreases atT,Td ~here,r c is the correlation
radius of the lattice that should be responsible for the ph
transition atTd). As a result only small movable polar clus
ters would appear belowTd . In such a picture, the stron
dispersion andV-F law, observed in the temperature depe
dence of dielectric permitivity in PMN~see, e.g., Ref. 30
and reference therein! can be considered as a manifestati
of the reentrant of the Burn’s reference phase~like that in
magnetic systems!.31

Note that no anomalousT dependence of the Nb NMR
line shape has been observed by us at Burn’s tempera
but this cannot speak against the possibillity that a ferroe
tric transition occurs atTd because, for example, in PS
93Nb, NMR spectrum does not show any anomaly at
temperature of phase transition as well.32 On the contrary,
207Pb NMR spectrum changes drastically in PSN atT
,TC . Thus, further studies, especially207Pb NMR spectra,
are necessary to clear up all a forementioned questions.
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