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207Pb NMR study of the relaxor behavior in PbMg1Õ3Nb2Õ3O3
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The local structure of the relaxor single crystal PMN has been studied via a measurement of the temperature
dependences of the207Pb spectra and relaxation times between 450 K and 15 K. The207Pb NMR spectra are
frequency distributions which reflect the existence of polar nanoclusters and which can be well described by
the recently proposed spherical random-bond–random-field model. The temperature dependence of the
Edwards-Anderson order parameterq has been determined together with the random bond coupling and the
random field variance. The results agree with those obtained from the93Nb NMR spectra and show that at any
given instant of time the crystal consists of polar clusters with variable orientation and magnitude of the local
polarization. The polar clusters are on the NMR time scale 1024–1025 s, dynamic entities which exist for a
certain amount of time, disappear, and then reappear in a different form.
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I. INTRODUCTION

Lead magnesium niobate, PbMg1/3Nb2/3O3 ~PMN!, is
probably the best investigated perovskite relaxor crystal.
cording to x-ray studies1 it has a cubic perovskite structur

with the space groupPm3̄m in the whole investigated tem
perature range between 1000 K and 4 K. Structural refi
ment results have, however, shown that the local structur
different from the average structure. The207Pb atoms lie on
their ideal cubic perovskite positions only above 925 K,1 i.e.,
in a temperature range where the first-order Raman spec
vanishes.2 Burns and Dacol suggested that local and r
domly oriented polar regions appear below this tempera
demonstrating a disorder in the207Pb and 93Nb positions3

which increases with decreasing temperature. The size
these polar regions should be smaller than 500 Å so
they cannot be seen on the profile of the x-ray diffract
lines.1,3 It has been suggested that the207Pb atoms shift by
about 0.33 Å along the face diagonals@110#, leading to 12
disordered ion sites around their special positions. The
responding93Nb shifts should be about 0.18 Å along th
face diagonals@110# or body diagonals@111#, leading to 12
and eight, respectively, disordered sites around the spe
positions. Recent studies have, on the other hand, sho4

that the 207Pb ions are below 650 K, uniformly distribute
over spherical shells around their special positions. T
mean radial displacement is of the order of 0.33–0.4 Å.

Up to now the microscopic structural changes and
displacements leading to the giant dielectric anomaly, ch
acterizing the relaxor freezing around 0 °C, are still not co
pletely understood. Until recently it has not been definit
known whether the relaxor state in PMN in zero field is
ferroelectric phase broken up into nanodomains under
constraint of quenched random fields5,6 or whether it is a
kind of a dipolar glass state with randomly interacting po
microregions.7 Recent high-resolution measurements of
temperature dependence of the dielectric nonlinearities se
0163-1829/2000/63~2!/024104~11!/$15.00 63 0241
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however, to show8 a behavior typical of glasses rather tha
ferroelectrics in random field.

A number of important questions, however, still rema
open. The first is, what kind of glass are relaxors? Are th
similar to dipolar glasses where elementary dipoles exist
an atomic scale or is the relaxor state indeed characterize
the presence of nanosized polar clusters of variable sizes
orientations? If this last case is correct, relaxors cannot
described by a discrete ordering field of fixed length as
say, Ising-type dipolar glasses. Rather they represent a
kind of glass with a quasicontinuous order parameter fie9

which is related to the polarization of the polar clusters. A
other important open problem is the nature of nonpolar m
trix into which polar clusters are assumed to be embedd
Are the polar clusters and the nonpolar matrix dynamic
static entities?

To throw some additional light on the above questions
decided to perform a207Pb NMR study of the relaxor tran
sition in a PMN single crystal at a magnetic field of 9.1
We particularly wished to check the local structure of PM
and the recently proposed spherical random-bond–rand
field ~SRBRF! model of relaxorABx

I B12x
II O3 ferroelectrics9

with a magnetic resonance study of anA-site nucleus which
does not exhibit substitutional disorder. The SRBRF mo
has been so far tested only byB-site ion NMR where we
haveBI↔BII cationic substitutional disorder.

The use of high magnetic fields is essential for the stu
of the 207Pb NMR spectra. The207Pb(I 51/2) nucleus has no
electric quadrupole moment, unlike the93Nb nucleus, but
exhibits a large chemical shift tensor anisotropy. The207Pb
nucleus is thus in contrast to the93Nb(I 59/2) nucleus—
which has a large quadrupole moment and ‘‘feels’’ the el
tric field gradient of the surrounding ions—a purely loc
probe. It is thus mainly sensitive to the local207Pb displace-
ments from their cubic special positions. The size of t
NMR frequency shifts reflecting the207Pb ion displacements
and thus the sensitivity of the NMR technique is here
higher the larger the value of the applied external magn
field.
©2000 The American Physical Society04-1
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The 207Pb results are compared with93Nb(I
59/2) 1/2↔21/2 quadrupole perturbed NMR spect
which reflect the changes in the central part of the oxyg
octahedron, i.e., at theB sites.

II. EXPERIMENT

A. NMR

The 207Pb(I 51/2) spin-echo Fourier transform NMR
spectra of an optically pure PMN single crystal have be
measured in a wide bore superconducting magnet at a
mor frequencynL(Pb)579.4 MHz. The width of the 90°
pulse was 4ms. The orientation of the crystal was dete
mined by x rays. The quadrupole perturbed93Nb 1/2↔
21/2 NMR spectra were measured atnL(Nb)592.9 MHz.
The satellite 3/2↔1/2, 5/2↔3/2, 7/2↔5/2, and 9/2↔7/2
spectra are not well resolved and contribute to the sev
MHz broad background component on which the relativ
narrow 1/2↔21/2 component is superimposed.

The temperature dependences of the207Pb and93Nb spin-
lattice relaxation rates were measured with the saturati
spin-echo sequence 90x°•••90x°•••90x°•••2t290y°2180°.

207Pb chemical shifts are expressed with respect to
Pb-nitrate water solution. A 33332 mm3 crystal with
well-developed faces has been used.

B. Chemical ordering

Relaxors are materials with more than one kind of ion
otherwise equivalent positions. The degree of substitutio
order and/or disorder clearly affects the NMR spectra a
produces chemically different environments for differe
nuclear sites.

Annealing of the material at high enough temperatu
induces chemical ordering11–13 and usually leads to the for
mation of a hybrid phase where chemically ordered and
ordered domains coexist. These domains areT independent
and static below 950 °C. As-grown PMN crystals are usua
homogeneously chemically disordered. They may, howe
also show a hybrid behavior with a small amount of an
dered phase.

There are several different models of chemical ordering
PMN. According to the so called ‘‘space charge
model12—which is by now discarded13—one has a 1:1 cation
ordering where Nb-‘‘poor’’ domains with a compositio
@Pb(Mg1/2Nb1/2)O3#0.52 are surrounded by an opposite
charged, Nb-‘‘rich’’ disordered matrix.

In the layer type variant of this space charge model
chemical ordering the ordered Nb-rich Pb21Nb51O3

22 and
Nb-poor Pb21Mg1/2

21Nb1/2
51O3

22 regions alternate. In the
disordered version of this model the sequence of Nb-rich
the Nb-poor regions is random as well as the distribution
the Mg21 and Nb51 ions among the ‘‘cationic’’ sites in the
Nb-poor layers.

According to the ‘‘charge-balanced’’ random layer mod
we have alternating Nb-rich Pb21Nb51O3

22 and Nb-poor
Pb21Mg2/3

21Nb1/3
51O3

22 layers. The disordered version o
this model again assumes the existence of a random d
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bution of Nb-rich and Nb-poor layers and/or a random 2
distribution of the cations between the BI and BII sites in the
Nb-poor layers.

The common point of all these models is that we ha
more than one chemically different Pb21 and Nb51 site even
in the case of chemical ordering. Ion-site disorder will pr
duce additional differences among the cations.

III. SPHERICAL VECTOR GLASS MODEL AND NMR
SPECTRA

A. SRBRF model

Superimposed on the substitutional disorder of the BI and
BII ions is the disorder due to the distribution of a given ki
of ions between different off-center sites surrounding a giv
high-symmetry perovskite lattice position. The correlat
motion of these ions gives rise to reorientable polar clus
even far above the relaxor transition temperature. The p
clusters are expected to be dynamic entities embedded
polarizable matrix. They vary both in size and in orientati
of the local polarization. Recently the SRBRF model h
been introduced9 where the order parameter field is describ
as a continuous vector of variable length which is associa
with the dipole moment of interacting reorientable po
clusters. This is quite different from the assumption of
fixed length order parameter field typically made for Isin
type dipolar glasses or quadrupole glasses. Within the
BRF model relaxors thus correspond to a new type of gla
namely, the spherical vector glass. For such a glass,9 the
nonlinear dielectric anomalya35x3 /eS

4 should increase on
approaching the relaxor freezing temperatureTf from above,
whereas it should decrease on approachingTf if we deal with
a ferroelectric broken up into nanodomains under the c
straint of quenched random fields.9 Herex3 is the third-order
nonlinear susceptibility andeS the static-field-cooled dielec
tric constant.

The SRBRF model Hamiltonian of a system of interacti
polar clusters can be written as

H52(
i , j

Ji j SW i•SW j2(
i

hW i•SW i , ~1!

where theJi j and hW i are random interactions constants a
random fields, respectively.9 Here SW i is proportional to the
polar cluster dipole moment and scales with the cluster s
It is in fact a discrete vector of variable length restricted to
large but finite number of equilibrium orientations. In th
simplest case we can assume that each component fluct
continuously,

2`,Sim,1`, m5x,y,z, ~2!

subject to the closure relation

(
i

SW i
253N, ~3!

where N is the total number of reorientable polar cluste
The Ji j couplings are assumed to be infinitely ranged with
Gaussian distribution characterized by cumulant avera
@Ji j #av

c 5J0 /N and@Ji j
2 #av

c 5J2/N. The random field distribu-
4-2



er
i

’’

y-

w

am

if
n

f
xe

t-

mo-

ne

the
v-
ro-

y
nd

st
e
.

s

n
ed
nd-
e-

207Pb NMR STUDY OF THE RELAXOR BEHAVIOR IN . . . PHYSICAL REVIEW B 63 024104
tion is similarly assumed to be Gaussian but with a z
mean value. The variance of the random field distribution
@himhj n#av

c 5d i j dmnD.
In the fast motion limit the NMR nucleus does not ‘‘see

the instantaneous value of the ordering fieldSW i but its time
averagepW i5^SW i(t)& which can be replaced by the thermod
namic average

pW i5^SW i&. ~4!

HerepW i is the local polarization.
The local polarization distribution function can be no

expressed9,10 as

W~pW !5
1

N (
i

d~pW 2pW i !5w~px!w~py!w~pz!. ~5!

For J.J0 there is no long-range order and one finds

w~pm!5
1

A2pq
expS 2

pm
2

2qD , ~6a!

whereas

W~pW !5
1

A~2pq!3
expS 2

pW 2

2q
D . ~6b!

Hereq is the spherical glass Edwards-Anderson order par
eter. According to the SRBRF modelW(pW ) is thus Gaussian
at all temperatures and its width is determined byq.

B. NMR line shapes

The NMR frequency of a quadrupole or chemical sh
perturbed nucleus at sitei depends in the fast motion limit o
the local polarization

n i5n~pW i !. ~7!

This relation can be expanded in a power series

n i~pW i !5n01aW •pW i1pW i•b•pW i1•••, ~8!

where the coefficientsaW andb depend on the orientation o
the external magnetic field with respect to the principal a
of the electric field gradient~EFG! or chemical shift tensors
~see Sec. III C!. The inhomogeneous NMR line shape

f ~n!5
1

N (
i

d~n2n i ! ~9!

can be now related toW(pW ) as

f ~n!5E d3pW~pW !d~n2n02aW •pW 2pW •b•pW !. ~10!

In the linear case,uaW u@ibi , the line shape is Gaussian,

f ~n!5
1

A2pqa2
expF2

~n2n0!2

2qa2 G , ~11!
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and the second moment off (n) is just M25qa2.
In the bilinear caseuaW u!ibi , the line shape is asymme

ric. For

b5b0S 1 0 0

0 0 0

0 0 0
D ~12a!

in particular we find a singularity inf (n) at n5n0, i.e., at
p50:

f ~n!5Q~n2n0!
1

A2pqb0~n2n0!
expF2

1

2

~n2n0!

qb0
G ,

b0.0. ~12b!

HereQ(x) is the unit step function. Forb0,0, f (n) is mir-
rored aroundn5n0.

The glass order parameter is here related to the first
ment of f (n) asM15b0q. In the slow motion limit~see the
Appendix!, on the other hand, the inhomogeneous NMR li
shape reflects the instantaneous distribution of theSW j ampli-
tudes and orientations:

n i5n i~SW j !. ~13!

C. 207Pb chemical shift anisotropy and the NMR line shapes
in a crystal with average cubic symmetry

Let us now apply the SRBRF model to evaluate the207Pb
NMR line shape in PMN in more detail. We assume that
207Pb nuclei are displaced from their high-symmetry pero
skite sites so that the average cubic symmetry is locally b
ken. The207Pb chemical shift tensorss are thus anisotropic
and can be written as a sum of a scalar parts0 and a trace-
less second-rank tensor partsa :

s5s011sa . ~14!

We further assume thatsa possesses cylindrical symmetr
as appropriate for tetragonal or trigonal local distortions a
can be expressed in its eigenframe as

sa5S 2sa/2 0 0

0 2sa/2 0

0 0 sa

D . ~15!

In the fast-motion limit of the SRBRF model the large
principal axis ofsa should be parallel to the direction of th
polarizationpW i of a given polar clusteri. As discussed in Sec
III E the chemical shift tensorss occurring in expressions
~14! and ~15! are in the fast-motion limit weighted average
of tensors for a particular set ofSW i values.

The largest principal valuesa,i in such a cluster will gen-
erally depend on the magnitude of the cluster polarizatiop
and the direction of the effective, motionally averag
nuclear displacement, i.e., the orientation of the correspo
ing principal axis with respect to the crystal fixed frame d
termined by the anglesq andw: sa5sa(p,q,w).
4-3
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The nuclear spin Hamiltonian is in the present case a s
of nuclear Zeeman termHZ and a chemical shift coupling
term HC :

H5HZ1HC, ~16a!

where

HZ52gPb\ IW•BW 0 ~16b!

and

HC52gPb\ IW•s•BW 0 . ~16c!

For a general orientation of the crystal with respect to
direction of the magnetic fieldBW 0 specified by$u,f%, the
207Pb NMR transition frequencies will be given by

nPb5nL@11s01szz~p,q,w,u,f!#. ~17!

nL is here the unperturbed Pb nuclear Larmor frequency,s0
the isotropic part of the chemical shift tensor, andszz is the
component ofsa along the magnetic field direction.szz is
obtained by a double transformation, from the eigenframe
the crystal frame, and then from the crystal frame to
magnetic field fixed laboratory frame:

szz~p,q,w,u,f!5sa~p,q,w!
4p

5

3 (
m522

2

P2m~u,f!P2m~q,w!. ~18!

P2m are here Legendre polynomials of orderl 52.
sa(p,q,w) can be expanded in powers of the local pol

ization as

sa~p,q,w!5sa0~q,w!1sa1~q,w!p1sa2~q,w!p21••• .
~19a!

It is this term which describes the dependence of the co
cientsaW and b in expression~8! on the crystal orientation
$q,w% and is thus responsible for the domination of the l
ear term inp over the quadratic term~or vice versa! at a
given orientation as described in Sec. III B. Heresa0 , sa1 ,
andsa2 can be expanded in terms of cubic harmonics:

sam~q,w!5C0
(m)1C4

(m)K4~cosq,w!

1C6
(m)K6~cosq,w!1•••, ~19b!

where m50,1,2. HereKi(cosq,w) is a cubic harmonic of
order i. It should be also noted that second-order termi
52 are absent from this expansion.

The scalar part of the chemical shift tensors0 can be, in
principle, as well a function of the local polarization

s05s001s01p1s02p
21••• . ~20!

It will, however, not contribute to the angular dependence
the NMR spectra as it will give the same values of the co
ficient aW andb at any orientation of the crystal with respe
to the magnetic field direction. The polarization depende
02410
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is here due to displacements from the positions of noncu
symmetry arising from substitutional disorder. The NM
line shape can be now determined if we know the distrib
tions of the magnitudes and orientations of the local clus
polarizationsW(p,q,w).

Within the SRBRF model the angular distribution of th
polarization vector possesses a spherical symmetry@see ex-
pression~6b!#. The distributionW̃(p) of the magnitudes of
the local polarizations therefore has a Maxwell type profi

W̃~p!5
4p

A~2pq!3
p2 expS 2

p2

2qD . ~21!

The model of course allows that the instantaneous value
the local polarization points into certain preferred directio
~e.g., along cubic axes!. Because of fast exchange betwe
many different possible ionic sites, however, the tim
averaged value~or the thermodynamic expectation value! of
the polarization can point into any direction with equal pro
ability.

The NMR line shapef (n,u,f) is now obtained for a
given orientation$u,f% of crystal in the external magneti
field as

f ~n,u,f!5E E E W~pW !d$12nL@11s0~p!

1szz~p,q,w,u,f!#%p2dp d~cos!q dw.

~22!

FIG. 1. Theoretical207Pb NMR line shapes for the case whe
sa5sa01sa1p, the magnitudep follows a normal distribution,
and the distribution of the longest principal axes of thesa tensor
can be described with~i! a spherical distribution,~ii ! a distribution
along the@100# directions, or~iii ! a distribution along the@111#
directions and a distribution along the@110# directions. The orien-
tation of the magnetic field is along the@100# direction~solid line!
and @110# direction ~dashed line!.
4-4
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Its is obvious that as soon as local cubic symmetry bre
ing takes place, so thatsa and thus alsoszz are different
from zero, the 207Pb NMR line shape will be orientation
dependent. In Fig. 1 the theoretical207Pb line shapes are
presented forsa5sa01sa1p and for the following.

~i! A spherical distribution of the orientations of the lon
est principal axes of thesa tensor with the magnitudes of th
axes following a normal distribution~SRBRF!.

~ii ! The case that the longest principal axes of thesa

tensor point along@100#, @010#, @001#, @ 1̄00#, @01̄0#,
and @001̄# directions, whereas the magnitudes of the a
follow a normal distribution. The magnetic field is oriente
along @100# ~solid line! and @110# ~dashed line!.

~iii ! The case that the longest principal axes of thesa

tensor point along@111#, @111̄#, @11̄1#, @11̄1̄#, @ 1̄11#,

@ 1̄11̄#, @ 1̄1̄1#, and@ 1̄1̄1̄# directions and the magnitudes o
the axes follow a normal distribution. The magnetic field
oriented along@100# ~solid line! and @110# ~dashed line!.

~iv! The case that the longest principal axes of thesa term
point along @110#, @11̄0#, @ 1̄10#, @ 1̄1̄0#, @101#, @101̄#,

@ 1̄01#, @ 1̄01̄#, @011#, @011̄#, @01̄1#, and @01̄1̄# directions
and the magnitudes of the axes follow a normal distrib
tion. The magnetic field is oriented along@100# ~solid line!
and @110# ~dashed line!.

It should be noted that in case~i! the positions of the line
as well as the line shape are not dependent on the directio
the magnetic field, whereas in cases~ii !, ~iii !, and ~iv! the
line positions and line shape generally depend on the di
tion of the magnetic field with respect to the crystal axes

It is interesting to compare the above results with
NMR line shape obtained for a simple isotropic distributi
of the orientations of the longest principal axes of uniax
207Pb chemical shift tensors which assumes that all th
axes have the same magnitude. In such a case the distrib
of magnitudes becomes

W̃~p!5
1

4p
d~p2p0!, ~23a!

and the average frequency is orientation independent:

^n&5nL~11s0!. ~23b!

The NMR line shape is here far from Gaussian. It is of t
well-known15 powderlike shape. The frequency distributio
extends from the singularity atn5nLsa/2 to the shoulder a
n52nLsa and is of course orientation independent.

D. Spin-lattice relaxation

For an ion jumping in an asymmetric double well in
polar cluster the spin-lattice relaxation rate will depend
the magnitude of the local polarization as

T1
21~p!}

t̃

11~vt̃ !2
~12p2!, ~24!

with t̃5tA12p2 and p5tanh(DU/2kT), whereDU is the
asymmetry of the double potential well. The spin-lattice
02410
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laxation rate will depend on the local polarizationp also in
the more general case of an ion moving in a multisite pot
tial. Since the local polarization distribution functionW(pW )
is a Gaussian and not ad function, we expect a variation o
T1 over the spectrumf (n).

At any given frequency we have here a distribution
spin-lattice relaxation rates

FS 1

T1
,n D5E d3pW~pW !d @n2n~pW !#d F 1

T1
2

1

T1
~pW !G .

~25!

The magnetization recovery will thus be in general nonex
nential,

M ~ t !2M05M0E
0

`

Ŵ~T1
21!exp~2t/T1!dT1

21 , ~26!

and will be given by the Laplace transform of the relaxati
time distribution function Ŵ(T1

21). Here Ŵ(T1
21) is

F(1/T1 ,n) integrated over the frequency interval of intere
The presence of a distribution of spin-lattice relaxati

times in relaxors will thus show up in three different effec
~1! The variation ofT1 over the inhomogeneous NMR

frequency distributionf (n).
~2! The nonexponential magnetization recovery.
~3! The asymmetric shape of theT1 vs 1000/T tempera-

ture dependence: The slope of theT1 vs 1000/T curve will be
different on the high-T side of theT1 minimum from that on
the low-T side.

The above three effects should occur in addition to
intrinsic nonexponential magnetization recovery of quad
polar nuclei after the saturation of the 1/2↔21/2 transition.

E. Effect of local polarization fluctuations
on the NMR line shape

In the fast-motion limit the NMR nucleus in a given po
larized cluster does not see the instantaneous value of
ordering fieldSW i but its time averagepi5^SW i(t)&. For the
case of the207Pb(I 51/2) NMR this means that a give
nucleus sees the time average value of the chemical
tensors corresponding to the sites the ion visits in a ti
shorter than the NMR time scale:

s̄a5(
k

Cksa,k , ~27!

where Ck5tk /(ktk represents the fraction of time th
nucleus spends at sitek. The NMR time scale is here give
by the inverse frequency separation between the207Pb Lar-
mor frequencies at two different ionic sites. The expressi
in Sec. III C thus all contain the time-averaged values of
chemical shift tensors. The braces have been omitted t
for sake of simplicity.

When the lifetime of a given cluster becomes longer th
the inverse frequency separation between NMR lines belo
ing to different clusters we come to the slow-motion lim
4-5
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where the nucleus sees the instantaneous value of the o
ing field. The NMR line shape for this case is treated in
Appendix.

The situation is somewhat more complicated in the c
of quadrupolar nuclei such as93Nb(I 59/2). Here we usually
observe the central quadrupole perturbed 1/2↔21/2 transi-
tion which is shifted in second order only. In the represen
tion of eigenstates the time-dependent perturbationH1 con-
tains both diagonal and off-diagonal elements. It can
shown16 that in such a case the time-dependent perturba
averages out in two steps at two different time scales,
Larmor frequency time scale and the much slower line sp
ting time scale. In the limit of very short correlation time
when the correlation time is much shorter than the inve
Larmor frequency, the 1/2↔21/2 transition is observed at
position which corresponds to the time-averaged Ham
tonian. The symmetry-breaking time-dependent perturba
H1 is here averaged out. In the limit of intermediate cor
lation times, when the correlation time is between the inve
Larmor frequency and the inverse line splitting, the tim
dependent perturbation is only partially averaged out. T
angular dependence of the shifts will be the one given by
perturbationH1 whereas the line splitting is still average
out. When however the correlation time becomes longer t
the inverse line splitting the resonance spectrum become
same as if the time-dependent perturbation were static.

IV. RESULTS AND DISCUSSION

A. Spin-lattice relaxation

The 207Pb magnetization recovery curves are monoex
nential M (t)5M0@12exp(2t/T1)# at 420 K but become

FIG. 2. T dependence of the207Pb and93Nb spin-lattice relax-
ation timesT1 in PMN. The inset shows the mean correlation tim
for the order parameter fluctuationst extracted from the207Pb T1

data~solid line! and the207Pb inverse rigid lattice linewidth~dotted
line!.
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definitely nonexponentialM (t)5M0@12exp(2t/T1)
a# be-

low the relaxor transition, e.g., at 80 K.
The T dependences of the207Pb(I 51/2) and 93Nb

(I 59/2) spin-lattice relaxation times are shown in Fig. 2.
both cases an asymmetricT1 minimum is found in the region
of the relaxor transition between 260 and 270 K. The mi
mum occurs in the region of the maximum of the imagina
part of the dielectric susceptibilityx9.14 TheT1 minimum is
thus related to electric dipolar reorientations which are p
sumably due to polar cluster fluctuations. At theT1 mini-
mum T1( 207Pb)min'0.8 s, whereasT1( 93Nb)min'0.35 ms
is much shorter. The two minima are obviously due to t
same relaxation mechanism, i.e., order parameter fluc
tions. The fact that the93Nb T1 minimum is much deepe
than the207Pb one shows that93Nb quadrupolar fluctuations
are much larger than207Pb chemical shift tensor fluctuations
This is indeed expected.

The occurrence of theT1 minimum demonstrates that i
this temperature rangevLt'1, thus allowing for a determi-
nation of the temperature dependence of the mean cor
tion time t for order parameter fluctuations~see the inset of
Fig. 2!. From the high-temperature part of the slope of theT1
vs 1000/T dependence we obtain the activation energy
ionic jumps as'250 meV. The asymmetry of theT1 mini-
mum shows that we deal with a broad distribution of cor
lation times as indeed expected for relaxors. It should
noted that on the high-temperature side of theT1 minimum
wherevLt!1, the distribution oft values does not affec
the T dependence ofT1 significantly. On the low-T side, on
the other hand, the presence of a distribution oft values is
responsible for the slow increase inT1 and the lower appar-
ent activation energy. The description of the dynamical p
cess with a single mean correlation timet is thus only a very
rough approximation. Nevertheless, it demonstrates the
currence of a glasslike freezing at relaxor transition. It a
allows one to conclude from the magnitude oft and the
width Dn of the 207Pb and93Nb 1/2↔21/2 NMR spectra
that we are in the fast motion limit where 2pDnt<1 at least
above 80 K. In this range the nucleus ‘‘sees’’ the time av
age value of the order parameter field and we can use
local polarization distribution functionW(pW ) and the
Edwards-Anderson order parameterq to describe the NMR
spectra.

B. 207Pb NMR spectra

The temperature dependence of the207Pb NMR line shape
in PMN for the orientation@001#iBW 0 is shown in Fig. 3. At
high temperatures above 410 K the line shape is appr
mately Gaussian and independent of the orientation of
crystal in the magnetic field. Its shape and width are pra
cally temperature independent at temperatures above 41
Its half-width is approximately 30 kHz. The width is muc
too large to be accounted for by nuclear magnetic dipo
interactions. We believe that the observed width is due t
distribution of isotropic chemical shifts due to the substi
tional disorder. The corresponding local polarization is h
very small and corresponds to a value of the Edwar
Anderson order parameter of aboutq'1022. The local
4-6
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structure is thus here approximately cubic. A given nucle
spends most of its time in a nonpolar matrix and only a sm
fraction of time in a polar cluster@see expression~27!#. The
comparison between the calculated and experimental
shapes at 410 K is shown in Fig. 4. The theoretical curve
been calculated according to Eq.~22! with szz50 and a
Gaussian distribution ofs0 so that Eq.~22! becomes

f ~n,u,f!5E d @12nL~11s0!#r~s0!ds0 , ~28!

where r(s0) is a Gaussian distribution with a means̄0
51023 and a second moment 0.1631026.

FIG. 3. Temperature dependence of207Pb NMR lineshape in

PMN for the orientation@001#iBW 0.

FIG. 4. Comparison between the theoretical~solid line! and ex-
perimental~open circles! 207Pb line shape in PMN at 410 K a
orientation@001#uuB0.
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On lowering the temperature the spectrum becom
broader and starts to depend on the orientation of the cry
in the magnetic field~Fig. 5!. The spectrum also become
slightly asymmetric. It can be decomposed into two sligh
displaced Gaussian components@Fig. 6~a!# with an intensity
ratio 4:1. The weaker component is orientation depend
and could be due to the chemically ordered part of the cr
tal. Here the207Pb displacements are not spherically distr
uted but are restricted to certain directions@see Fig. 1~ii !#,
giving rise to an angular dependence of the NMR line. T
conclusion that the weaker line can be associated with
chemically ordered part of the crystal is also supported
the fact that in another sample which is presumably hom
geneously disordered, this second~weaker! component is ab-
sent. The stronger component practically does not depen
the orientation of the crystal in the magnetic field, though
significantly broadens with decreasing temperature. On c
ing from 410 K the centers of gravity of the two componen
first cross around 350 K and then slowly move apart. T
temperature dependence of the centers of gravity of the
components is shown in Fig. 6~b! and the temperature depen
dence of the corresponding widths in Fig. 6~c!.

The observed line shape at 410 K~Fig. 4! and 15 K~Fig.
5! has been compared with the predictions of two theoret
models. According to the first@Fig. 1~i!#, all possible polar-

FIG. 5. NMR 207Pb line shape at the orientations@001#uuB0

~open circles! and @011#uuB0 ~solid squares! at the temperature
15 K.

FIG. 6. ~a! Decomposition of the207Pb NMR line shape in two
components,~b! temperature dependence of the centers of gra
of the two components, and~c! the second momentsM2 of the two
components.
4-7
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ization directions—and thus directions of the largest prin
pal axes of the anisotropic chemical shift tensors—
equally probable and the local polarization distribution fun
tion is the one predicted by the SRBRF model@expressions
~5! and ~6!#. This model corresponds to the spherical-she
type distribution of the207Pb ionic shifts from their high-
symmetry perovskite positions. According to the seco
@Fig. 1~ii !# one the shifts are discrete and allowed along
directions of the cubic axes@100#, @010#, and@001#. As can
be seen the spherical shell SRBRF model gives a some
better agreement with the experiment. Here we assumed
the distribution of the isotropic part of the chemical sh
tensor is of the same form as at high temperatures, i.e
Gaussian distribution with a mean value 1000 ppm an
second moment 0.163106 ppm2. The anisotropic part of the
chemical shift tensor was assumed to depend linearly on
local polarizationsa5sa0p, wheresa052103 ppm. Only
the zeroth-order term in the expansion~19b! has been taken
into account. It should be mentioned that similar calculatio
have been also made for the case that the ion shifts and
directions of the largest principal axes of the chemical s
tensor are pointing along the cubic body diagon

@111#, @111̄#, @11̄1#, and@11̄1̄# as well as along the fac
diagonals @110#, @11̄0#, @101#, @101̄#, @011#, and

@011̄#. The agreement with experiment was here not as g
as in the spherical shell207Pb displacement model.4

It should be mentioned that the spectral shape is de
tively not powder like15 and has no singularities as expect
if we would have a completely random distribution of th
orientations of thesa tensors of equal magnitude. Th
means that at any given instant of time we have a distribu
of polar clusters characterized by a local polarization wh
varies both in orientation as well as in magnitude. This
compatible with the SRBRF model.

C. Temperature dependence of207Pb
and 93Nb second moments

The temperature dependence of the full width at h
maximum ~FWHM! of the total 207Pb NMR spectrum at

FIG. 7. TheT dependence of the FWHM of the207Pb NMR line

shape in PMN at orientation@001#iBW 0. The inset shows the plot o
the FWHM temperature dependence for the case of a simple
tional transition as described by Eq.~688! of Abragam~Ref. 17!
using the value of the mean correlation timet determined by the
207Pb T1 minimum.
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@001#iBW 0 is shown in Fig. 7. The width varies between 3
kHz at 400 K and 150 kHz at 80 K. A comparison with th
data of Lagutaet al.14 obtained at lower magnetic field
shows that the width of the207Pb spectrum increases wit
increasing magnetic field as indeed expected for the case
the width is determined by the chemical shift interactions

As can be seen from Figs. 7 and 6~c! the widthDn of the
207Pb NMR spectrum—as well as the widths of the two co
ponents at those orientations where they can be resolve
start to increase sharply with decreasing temperature be
300 K, i.e., in the region of the relaxor transition. The i
crease in width occurs above the temperature of
207Pb T1 minimum; i.e., it occurs in the ‘‘fast-motion re
gime’’ wherevLt!1 as well as 2pDnt!1. This definitely
excludes the possibility that the above increase in width
and in second moment—is a motional effect. If we wou
deal with a motional averaging effect taking place at t
transition from the fast- to the slow-motion regime, the wid
would be temperature independent down to 120 K wher
sharp increase in the FWHM would take place. This cas
which obviously does not correspond to the physical sit
tion in PMN—is illustrated in the inset to Fig. 7 where th
dotted line is calculated for the case of a motional transit
according to Eq.~688! of Abragam17 using the mean value o
the correlation timet deduced from the207Pb T1 minimum.
The observed temperature dependence of the207Pb FWHM
as well as of the corresponding second moment and its
crease with decreasing temperature in the fast-motion reg
is, however, typical for glassy ordering and demonstrates
presence of a kind of a glass transition in PMN. The o
served Gaussian line shape of each of the two compon
which reflects the local polarization distribution functio
W(p) is of the type predicted by the SRBRF model. It
drastically different from the one observed in proton or de
teron glasses, demonstrating that PMN is a ‘‘spherical gla
rather than an Ising-type dipolar glass. The temperature
pendence of the second moment shown in Fig. 7 as w
agrees with the temperature dependence of the Edwa
Anderson order parameterq predicted by the SRBRF mode
One should also note that the glass transition in PMN is
sharp; i.e., we do not haveq50, T.Tf andqÞ0, T,Tf .
This is due to the presence of random fields.

o-

FIG. 8. Temperature dependence of the Edwards-Anderson
der parameterq as determined from the207Pb NMR line shape in

PMN for the orientation@001#iBW 0.
4-8
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It is important to mention that the total second moment
the 207Pb frequency distribution is the sum of a temperatu
independent contribution due to substitutional disor
which determines the NMR line shape at high temperatu
and a temperature-dependent distribution due to polar c
ters which is related to the Edwards-Anderson order par
eter and which dominates the NMR line shape at lower te
peratures:

M25M2
substitutional1M2

polar clusters. ~29!

The contribution toM2 due to the substitutional disorder i
this PMN crystal is obtained from the limiting high
temperature line shape asM2590 kHz2.

The T dependences of the two separate Gaussian com
nents of the207Pb NMR spectra shown in Fig. 6 can b
described by the SRBRF model withJ/k5230 K and
D/J250.05. The correspondingT dependence of the
Edwards-Anderson order parameterq, describing the relaxor
transition in PMN, is shown in Fig. 8.

It is important to note that the fit parametersJ/k
5230 K andD/J250.05 used to describe the207Pb spec-
trum located at anA-type mixed perovskite site are identic
to the ones obtained from the correspondingB-site 1/2↔
21/2 93Nb NMR spectra~Fig. 9!. Here too the centra
1/2↔21/2 transition at@001#iBW 0 can be decomposed int
two components with an intensity ratio 4:1. The 1/2↔
21/2 spectrum is here superimposed on the broad b
ground due to 1/2↔3/2,3/2↔5/2, . . . satellite transitions,
which are absent in the Pb(I 51/2) NMR spectrum.

Three other important facts should be stressed.
~1! No strong sharpT-independent line at the Larmor fre

quency corresponding to the nonpolar cubic matrix has b
found in PMN either in the207Pb or the93Nb NMR spectra.
This means that on the NMR time scale the system canno
considered as consisting of static polar clusters embedde
a static nonpolar cubic matrix, but that at any given instan
time the NMR snapshot picture reveals a distribution of po

FIG. 9. Temperature dependence ofq as derived from the93Nb
NMR for the componentA ~solid circles! and componentB ~open
circles! and fit with the SRBRF model~solid line! with parameters
J/k5230 K andD/J250.05. The inset shows the decompositi
of the 93Nb line shape in two central transition components an
background due to satellite transitions.
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clusters with variable orientations and magnitudes of the
cal polarizations. The clusters are dynamic entities wh
exist for a certain amount of time, then disappear, and re
pear in a different form. The exchange is only local so th
different frequency components arise from different parts
the crystal and the total NMR spectrum is an inhomogene
frequency distribution. On a longer time scale the effe
partially average out leading to the appearance of polar c
ters embedded in a nonpolar matrix.

~2! The observed orientation independence of the NM
line shape in the homogeneously disordered part of P
both above and below the relaxor transition agrees with
SRBRF model. The angular dependence of the line aris
from the presumably chemically ordered part of the crys
can be, on the other hand, understood@Fig. 1~ii !# by the fact
that the longest principal axes of the chemical shift tens
here point along discrete directions.

~3! At T515 K we may not anymore be in the fas
motion regime so that the nuclei do not ‘‘see’’ the tim
averaged value of the local ordering field but rather its
stantaneous value. The NMR spectrumf (n), which
measures the number of nuclei in a given frequency inter
here does not reflect the local polarization distribution fun
tion W(pW ) but is rather given by

f ~n!5
1

A2pa2
expF2

~n2n0!2

2a2 G ~30!

if n is linear inSW i ~see the Appendix!. The fact thatf (n) is
continuous and Gaussian also in the slow-motion limit a
not discrete—as in the case of deuteron glasses—as
supports the basic assumption of the SRBRF model.

V. CONCLUSIONS

On the basis of the above data the following conclusio
can be made.

~1! Both theA-site (207Pb) andB-site (93Nb) NMR spec-
tra of a PMN single crystal are frequency distributionsf (n)
which can be well described by the SRBRF model reflect
the existence of polar clusters. The local polarization dis
bution function in particular is Gaussian in agreement w
the SRBRF model. The temperature dependence of the
ond moment off (n) and of the Edwards-Anderson orde
parameterq can be as well described by the SRBRF mod
Thus PMN is a ‘‘spherical glass’’ rather than an Ising-ty
dipolar glass.

~2! The second momentsM2 of both 207Pb and 93Nb
NMR spectra start to increase rapidly with decreasing te
perature below the relaxor transition in the region of t
207Pb and93Nb T1 minima, i.e., in the fast-motion regime
where 2pDnt!1. This shows that the increase ofM2 with
decreasingT in the region of the relaxor transition in PMN i
connected to a glass transition involving a change in
local polarization distribution functionW(p) and is not a
motional transition.15

~3! The 207Pb(I 51/2) NMR spectra are reflecting the dis
tribution of the anisotropic207Pb chemical shift tensors ac
cording to the spherical shell model of the207Pb ion shifts.

a

4-9
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R. BLINC et al. PHYSICAL REVIEW B 63 024104
The 93Nb(I 59/2) NMR spectra, on the other hand, a
mainly reflecting the corresponding distributions of the o
center shifts of the93Nb ions. Both 207Pb and 93Nb NMR
spectra yield identicalT dependences ofq. The correspond-
ing random bond coupling isJ5230 K and the random field
variance isD/J250.05.

~4! The fact that in PMN no separateT-independent
d-function-like central NMR line has been observed either
the 207Pb or 93Nb NMR spectra at the Larmor frequencie
demonstrates that on the NMR time scale we cannot desc
the relaxor as consisting of static polar nanoregions emb
ded in a nonpolar cubic matrix. At any given instant of tim
we have a dynamic distribution of polar clusters with va
able orientation and magnitude of the local polarizatio
which varies in time so that the observed NMR spectrum
an average over the NMR time scale. The clusters and io
shifts are static on the neutron scattering time scale 10212 s
but are dynamic entities on the NMR time sca
1024–1025 s which exist for a certain amount of time, di
appear, and then reappear in a different form.

APPENDIX: NMR LINE SHAPE IN THE
SLOW-MOTION LIMIT AT T\0

For simplicity we consider here the uniaxial case2`
,Si,`, where the scalar variablesSi satisfy the spherica
condition( i 51

N Si
25N. We further assume that the NMR fre

quency at a given site is linearly related to the instantane
value of the ordering fieldSi :

n i5n01aSi . ~A1!

A generalization to the vector model is easily made.
In the slow-motion limit the NMR nucleus ‘‘sees’’ th

instantaneous value of the fieldSi . Assuming that all values
Si have the same probability the inhomogeneous line sh
is given by

f ~n!5ANE S )
i 51

N

dSi D 1

N (
j

d~n2aSj !dS (
i

Si
22ND .

~A2!

Here we have replacedn2n0 by n and introduced a normal
ization constantAN , which is determined by the relation

AN
215E S)

i
dSi D dS (

i
Si

22ND . ~A3!
, A

, J

tt
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IntroducingN-dimensional spherical coordinates we have

AN
215VNE

0

`

dS SN21d~S22N!, ~A4!

whereVN52pN/2/G(N/2) is theN-dimensional solid angle
andG(x) represents the gamma function. Equation~A4! then
yields

AN5
2

VNN(n22)/2
. ~A5!

Returning to Eq.~A2!, we note that each term in the su
over j yields the same contribution. Choosingj 5N we then
carry out the integration overSN and find

f ~n!5
AN

a E S )
i 51

N21

dSi D dS (
i 51

N21

Si
22N1n2/a2D .

~A6!

We now introduce (N21)-dimensional spherical coordi
nates and rewrite Eq.~A6! as

f ~n!5
AN

a
VN21E

0

`

dS SN22d~S22N1n2/a2!. ~A7!

The integral is easily evaluated, yielding

f ~n!5
1

Apa
e21/2

GS N

2 D ~N2n2/a2!(N23)/2

GS N21

2 DNN/221

. ~A8!

Since N@1 we can apply the Stirling formulaG(x)
'e2xxx21/2A2p and obtain

f ~n!5
1

A2pa
e21/2

~N2n2/a2!(N23)/2

N(N23)/2 S N

N21D 1/2

.

~A9!

In the limit N→` we use the standard relatio
limN→`(12z/N)N5exp(2z), and after replacingn→n2n0
we arrive at the result~30!. The same result is obtained
instead of a uniform distribution ofSi values one assumes
Gaussian distribution of arbitrary width.
pl.
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