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The local structure of the relaxor single crystal PMN has been studied via a measurement of the temperature
dependences of th#’Pb spectra and relaxation times between 450 K and 15 K.?ffkb 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 parametghas been determined together with the random bond coupling and the
random field variance. The results agree with those obtained froiffitieNMR 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*3a0 ° 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 however, to shofta behavior typical of glasses rather than
ferroelectrics in random field.
Lead magnesium niobate, PbigNb, 05 (PMN), is A number of important questions, however, still remain

probably the best investigated perovskite relaxor crystal. AcOPen. The first is, what kind of glass are relaxors? Are they

cording to x-ray studiésit has a cubic perovskite structure Similar to dipolar glasses where elementary dipoles exist on
an atomic scale or is the relaxor state indeed characterized by

with the space groupm3m in the whole investigated tem- he presence of nanosized polar clusters of variable sizes and
perature range between 1000 K and 4 K. Structural refinegrientations? If this last case is correct, relaxors cannot be
ment results have, however, shown that the local structure igescribed by a discrete ordering field of fixed length as in,
different from the average structure. TR®Pb atoms lie on  say, Ising-type dipolar glasses. Rather they represent a new
their ideal cubic perovskite positions only above 925ike.,  kind of glass with a quasicontinuous order parameter field,
in a temperature range where the first-order Raman spectrumhich is related to the polarization of the polar clusters. An-
vanisheg. Burns and Dacol suggested that local and ran-other important open problem is the nature of nonpolar ma-
domly oriented polar regions appear below this temperatur§ix into which polar clusters are assumed to be embedded.
demonstrating a disorder in th@Pb and **Nb position§  Are the polar clusters and the nonpolar matrix dynamic or
which increases with decreasing temperature. The size ¢fatic entities? N . _

these polar regions should be smaller than 500 A so that TO throw some additional light on the above questions we
they cannot be seen on the profile of the x-ray diffractiondecided to perform &”'Pb NMR study of the relaxor tran-
lines3 It has been suggested that th¥Pb atoms shift by sition in a PMN s_mgle crystal at a magnetic field of 9.1 T.
about 0.33 A along the face diagon&l<L0], leading to 12 We particularly wished to check t_he local structure of PMN
disordered ion sites around their special positions. The co2nd the recently proposed Sphe”|ca||, random-bond—raé\dom-
responding®Nb shifts should be about 0.18 A along the "€'d (SRBRF) model of relaxorAB,B; _Os ferroelectric

, . : with a magnetic resonance study of Assite nucleus which
face diagonal$110] or body diagonal$111}, leading to 12 .dPes not exhibit substitutional disorder. The SRBRF model

and eight, respectively, disordered sites around the special. "“poen so far tested onl Bysite ion NMR where we
positions. Recent studies have, on the other hand, S‘howrﬁaveB'HB” cationic substitﬁtional disorder

207bp i iatri
that the °’Pb ions are below 650 K, uniformly distributed "1 o of high magnetic fields is essential for the study
over spherical shells around their special positions. Th%f the 2°Pb NMR spectra. Th&Pb(l = 1/2) nucleus has no
mean radial displacement is of the order of 0.33-0.4 A. _electric quadrupole moment, unlike tf8Nb nucleus, but

_Up to now the microscopic structural changes and ioneyhibits a large chemical shift tensor anisotropy. PR&b
displacements leading to the giant dielectric anomaly, charycleus is thus in contrast to th&Nb(l =9/2) nucleus—
aCteriZing the relaxor freeZing around 0 OC, are still not Comwhich has a |arge quadrupo'e moment and “feels’” the elec-
pletely understood. Until recently it has not been definitelytric field gradient of the surrounding ions—a purely local
known whether the relaxor state in PMN in zero field is aprobe. It is thus mainly sensitive to the loc&Pb displace-
ferroelectric phase broken up into nanodomains under thgents from their cubic special positions. The size of the
constraint of quenched random fieldsor whether it is a NMR frequency shifts reflecting th#Pb ion displacements
kind of a dipolar glass state with randomly interacting polarand thus the sensitivity of the NMR technique is here the
microregions. Recent high-resolution measurements of thehigher the larger the value of the applied external magnetic
temperature dependence of the dielectric nonlinearities seerfield.

0163-1829/2000/62)/02410411)/$15.00 63 024104-1 ©2000 The American Physical Society



R. BLINC et al. PHYSICAL REVIEW B 63 024104

The 2°Pb results are compared with®Nb(I  bution of Nb-rich and Nb-poor layers and/or a random 2:1
=9/2) 1/2-—1/2 quadrupole perturbed NMR spectra distribution of the cations between thé &d B' sites in the
which reflect the changes in the central part of the oxygerNb-poor layers.
octahedron, i.e., at thB sites. The common point of all these models is that we have

more than one chemically different Pband NG site even
in the case of chemical ordering. lon-site disorder will pro-
Il. EXPERIMENT duce additional differences among the cations.

A-NMR Ill. SPHERICAL VECTOR GLASS MODEL AND NMR

The 2°Pb(1=1/2) spin-echo Fourier transform NMR SPECTRA
spectra of an optically pure PMN single crystal have been
measured in a wide bore superconducting magnet at a Lar-
mor frequencyy, (Pb)=79.4 MHz. The width of the 90° Superimposed on the substitutional disorder of tharii
pulse was 4 us. The orientation of the crystal was deter- B" ions is the disorder due to the distribution of a given kind
mined by x rays. The quadrupole perturbdNb 1/2—  of ions between different off-center sites surrounding a given
—1/2 NMR spectra were measuredqat{Nb)=92.9 MHz.  high-symmetry perovskite lattice position. The correlated
The satellite 3/2-1/2, 5/2-3/2, 7/2-5/2, and 9/2-7/2 motion of these ions gives rise to reorientable polar clusters
spectra are not well resolved and contribute to the severalven far above the relaxor transition temperature. The polar
MHz broad background component on which the relativelyclusters are expected to be dynamic entities embedded in a
narrow 1/2-—1/2 component is superimposed. polarizable matrix. They vary both in size and in orientation

The temperature dependences of tA#®b and®*Nb spin-  of the local polarization. Recently the SRBRF model has
lattice relaxation rates were measured with the saturationbeen introducetwhere the order parameter field is described
spin-echo sequence 90 - 905 - - - 905 - - - — 7— 907 —180°.  as a continuous vector of variable length which is associated

20’ph chemical shifts are expressed with respect to thaith the dipole moment of interacting reorientable polar

Pb-nitrate water solution. A 83x2 mn? crystal with clusters. This is quite different from the assumption of a
well-developed faces has been used. fixed length order parameter field typically made for Ising-

type dipolar glasses or quadrupole glasses. Within the SR-
BRF model relaxors thus correspond to a new type of glass,
B. Chemical ordering namely, the spherical vector glass. For such a glase,

Relaxors are materials with more than one kind of ion aftonlinear dielectric anomalg;= X3/ €¢ should increase on
otherwise equivalent positions. The degree of substitutiona?pproaCh_'ng the relaxor freezing temperaf_ﬁrérom aboye,
order and/or disorder clearly affects the NMR spectra as iyvhereas it Sh0U|d decreas_e on approacmngfj we deal with
produces chemically different environments for different@ ferroelectric broken up into nanodomains under the con-
nuclear sites. straint of quenched random fieléi$ere y is the third-order

Annealing of the material at high enough temperaturedionlinear susceptibility ands the static-field-cooled dielec-
induces chemical orderif*3and usually leads to the for- tric constant.
mation of a hybrid phase where chemically ordered and dis- The SRBRF model Hamiltonian of a system of interacting
ordered domains coexist. These domains Birdependent Polar clusters can be written as
and static below 950 °C. As-grown PMN crystals are usually
homogeneously chemically disordered. They may, however, H= _2 Jijg.éj_z h-S, (1)
also show a hybrid behavior with a small amount of an or- 1< [

dered phase. . . .. where theJ;; and ﬁi are random interactions constants and
There are several different models of chemical ordering in

PMN. According to the so called “space charge” random fields, respective%/Hereé is proportional to the

model2—which is by now discarddd—one has a 1:1 cation polar cluster dipole moment and scales with the cluster size.
ordering where Nb-“poor” domains with a cor-nposition Itis in fact a discrete vector of variable length restricted to a

[Pb(Mgy,Nb,/,)Os]%5 are surrounded by an oppositely Ia_rge but finite number of equilibrium orientations. In the
charged, Nb-“rich” disordered matrix. S|mplest case we can assume that each component fluctuates

In the layer type variant of this space charge model Oicontmuously,
chemical ordering the ordered Nb-richPiINb>* 0%~ and <, <+%,  u=XY,z, )
Nb-poor PB* Mg, 2" Nb;,,°" 032~ regions alternate. In the .
disordered version of this model the sequence of Nb-rich an
the Nb-poor regions is random as well as the distribution of _
the M@" and NB* ions among the “cationic” sites in the > $=3N, (©)
Nb-poor layers. !

According to the “charge-balanced” random layer modelwhere N is the total number of reorientable polar clusters.
we have alternating Nb-rich BbNb®" 0,2~ and Nb-poor The J;; couplings are assumed to be infinitely ranged with a
PP Mg,52 Nby5° T 042~ layers. The disordered version of Gaussian distribution characterized by cumulant averages
this model again assumes the existence of a random distfiJ;; ]5,=Jo /N and[Jizj]gszZ/N. The random field distribu-

A. SRBRF model

gubject to the closure relation
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tion is similarly assumed to be Gaussian but with a zeraand the second moment 6fv) is justM,=qa?.
mean value. The variance of the random field distribution is In the bilinear cas¢&|<|\ﬁ||, the line shape is asymmet-

[hihjula= 6ij 8uuA. ric. For
In the fast motion limit the NMR nucleus does not “see”
the instantaneous value of the ordering fi§jdout its time 100
averageﬁi=<§i(t)> which can be replaced by the thermody- B=Byl 0 0 O (128
namic average 00 0
pi=(S). (4)  in particular we find a singularity ifi(») at v=rwy, i.e., at
- =0:
Here p; is the local polarization. P
The local polarization distribution function can be now 1 1 (v—1wyp)
expresseti’® as f(v)=0(v—1vg) exp{ -= ,
V2mqBo(v—1g) 2 0Bo
.1 I
W(p)= 5 2 A(p=P)=W(p)W(p)W(P;).  (5) Bo>0. (12h)
) ] Here®(x) is the unit step function. FgBy,<<0, f(v) is mir-
For J>J, there is no long-range order and one finds rored aroundv= vy

The glass order parameter is here related to the first mo-
63) ment off(v) asM,= Boq. In the slow motion limit(see the
Appendi¥, on the other hand, the inhomogeneous NMR line
shape reflects the instantaneous distribution o&hampli—
tudes and orientations:

A

1
W(pM): \/Z:Trqex;< - 2q

whereas

. 1 p? o
W(p)= —exp( - —) . (6b) vi=vi(§). (13
P am o 2
Hereq is the spherical glass Edwards-Anderson order param- C. *'Pb chemical shift anisotropy and the NMR line shapes
eter. According to the SRBRF modal( 5) is thus Gaussian in a crystal with average cubic symmetry

at all temperatures and its width is determineddoy Let us now apply the SRBRF model to evaluate tA#®b
NMR line shape in PMN in more detail. We assume that the
B. NMR line shapes 20%Pp nuclei are displaced from their high-symmetry perov-

skite sites so that the average cubic symmetry is locally bro-
ken. The?°"Pb chemical shift tensore are thus anisotropic
and can be written as a sum of a scalar pgrtand a trace-
less second-rank tensor parj :

The NMR frequency of a quadrupole or chemical shift
perturbed nucleus at sitelepends in the fast motion limit on
the local polarization

vi=v(p;). (7) o=0ol+ . (14)

This relation can be expanded in a power series We further assume that, possesses cylindrical symmetry

as appropriate for tetragonal or trigonal local distortions and

vi(pi)=vota-pitpi- Bpit--, ®  can be expressed in its eigenframe as
where the coefficients and B depend on the orientation of Y 0 0
- . L (N
the external magnetic field with respect to the principal axes
of the electric field gradientEFG) or chemical shift tensors o= 0 —0a2 0 |. (15)
(see Sec. Il & The inhomogeneous NMR line shape 0 0 oq
1 In the fast-motion limit of the SRBRF model the largest
f(v)= N Z S(v—vi) ©) principal axis ofo, should be parallel to the direction of the
. polarizationﬁi of a given polar clusteir As discussed in Sec.
can be now related t@V(p) as IIl E the chemical shift tensorgr occurring in expressions

(14) and(15) are in the fast-motion limit weighted averages
f(,,):j d*pW(p)S(v—rvy—a-p—p-B-p). (10) Of tensors for a particular set & values.

The largest principal value, ; in such a cluster will gen-
erally depend on the magnitude of the cluster polarization
and the direction of the effective, motionally averaged
nuclear displacement, i.e., the orientation of the correspond-
' (11) ing principal axis with respect to the crystal fixed frame de-

termined by the angle§ and¢: o,=0g,(p, 9, ).

In the linear casd,a|>|| ], the line shape is Gaussian,

(v— Vo)2

1
f(v)=——=exg ———
) V2mqa’ ;{ 2ga?
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The nuclear spin Hamiltonian is in the present case a sum i.) spherical distribution ii.) distribution along [100]
of nuclear Zeeman terrii{; and a chemical shift coupling 2y
term Hg: i [100](|B,
H: Hz+ Hc, (16@ 'l'
110]||B, /
where ] rrol )
2
Hz=—ypifil - By (16b) 5
Ko) 1 1 I
and @ iii.) distribution along [111]
2
k=

For a general orientation of the crystal with respect to the

direction of the magnetic field, specified by{6,$!, the
207Ph NMR transition frequencies will be given by

Vpp= VL[1+UO+UZZ(piﬁi(p101¢)]- (17) T T T T T T
v, is here the unperturbed Pb nuclear Larmor frequengy, -150 —y (()kHz) 150 -150 _y czkHz) 150
the isotropic part of the chemical shift tensor, ang is the t L
component ofe;, along the magnetic field directiow:,, is FIG. 1. Theoretica?®Pb NMR line shapes for the case where

obtained by a double transformation, from the eigenframe Q.= 0,0+ gaup, the magnitudep follows a normal distribution,
the crystal frame, and then from the crystal frame to theand the distribution of the longest principal axes of thetensor
magnetic field fixed laboratory frame: can be described witti) a spherical distribution(ji) a distribution
4 along the[100] directions, or(iii) a distribution along th¢ 111]
_ am directions and a distribution along th&10] directions. The orien-
724 P, %,¢,6,4)=a(p, 3, ¢) 5 tation of the magnetic field is along tfi@00] direction(solid line)
) and[110] direction(dashed ling
sziz Pom(0,#)Pom(9,¢). (18 g here due to displacements from the positions of noncubic
symmetry arising from substitutional disorder. The NMR

Pom are here Legendre polynomials of order2. line shape can be now determined if we know the distribu-
~ 0a(p, Y, ¢) can be expanded in powers of the local polar-tions of the magnitudes and orientations of the local cluster
Ization as polarizationsw(p, %, ¢).
Within the SRBRF model the angular distribution of the
_ 2
Ta(P, %, @) = 0a0( 3, @) + 0a1( D, @) P+ 0aa( ¥, 0) p°+ (19@ polarization vector possesses a spherical symnjetg ex-

o _ . pression(6b)]. The distributionW(p) of the magnitudes of
It is this term which describes the dependence of the coeffithe local polarizations therefore has a Maxwell type profile

cients and B in expression8) on the crystal orientation

{1, ¢} and is thus responsible for the domination of the lin- _ A ) p?

ear term inp over the quadratic ternfor vice versa at a W(p)= ——=——==p ex;{ -5 (21
given orientation as described in Sec. Ill B. Herg), 0,1, V(27q) 24

ando,, can be expanded in terms of cubic harmonics: The model of course allows that the instantaneous value of

— ~(m (m) the local polarization points into certain preferred directions
Tan(¥,¢)=Co™+ C37Ka(COSD, ¢) (e.g., along cubic axésBecause of fast exchange between
+C§3m)K6(cosﬁ,<p)+--~, (19b) many different possible ionic sites, however, the time-
] ) ) averaged valu¢or the thermodynamic expectation valu
wherem=0,1,2. HereK|(cos,¢) is a cubic harmonic of the polarization can point into any direction with equal prob-
orderi. It should be also noted that second-order teims ability.

=2 are absent from this expansion. _ The NMR line shapef(v,6,¢) is now obtained for a
‘The scalar part of the chemical shift tensgy can be, in  given orientation{ 6, ¢} of crystal in the external magnetic
principle, as well a function of the local polarization field as
0= 0ot CoiP+ ot - (20)

It will, however, not contribute to the angular dependence of f(”’ar‘/’):f f f W(p)H{1—-v [1+00(p)
the NMR spectra as it will give the same values of the coef-

N 2
ficient & and B at any orientation of the crystal with respect +0,4p,%,¢,0,4)]}p°dp d(cog ¥ de.
to the magnetic field direction. The polarization dependence (22
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Its is obvious that as soon as local cubic symmetry breaklaxation rate will depend on the local polarizatipralso in
ing takes place, so that, and thus alsar,, are different the more general case of an ion moving in a multisite poten-
from zero, thezo_7Pb NMR line shap;e will be orientation tjal. Since the local polarization distribution functiafi(p)
dependent. In Fig. 1 the theoretic&I’Pb line shapes are s a Gaussian and not&function, we expect a variation of
presented fokr,= 0,0+ 051p and for the following. T, over the spectrunfi(v).

(I) A spherical distribution of the orientations of the Iong— At any given frequency we have here a distribution of
est principal axes of the, tensor with the magnitudes of the spin-lattice relaxation rates
axes following a normal distributiofSRBRB.

(i) The case that the longest principal axes of the 1 . _ 1 1 .
tensor point along[100], [010], [001], [100], [010], F<T—1.v)=fdgpw(p>5[v— v(p)]é[T—l—T—l(p)}.
and [001] directions, whereas the magnitudes of the axes (25
follow a normal distribution. The magnetic field is oriented
along[100] (solid line) and[110] (dashed ling The magnetization recovery will thus be in general nonexpo-

(i) The case that the longest principal axes of the ~nential,
tensor point along 111], [111], [111], [111], [111],
[111], [111], and[111] directions and the magnitudes of M(t)—Monof \7V(Tl‘1)exp(—t/T1)dT1‘1, (26)
the axes follow a normal distribution. The magnetic field is 0

oriented alond 100] (solid line) and[110] (dashed ling ] ] )
(iv) The case that the longest principal axes ofdheerm and will be given by the Laplace transform of the relaxation

point along[110], [1T0], [TlO], [HO], [101], [10?], time distri'bution function W(Til) He.re W(Til) is
[TOl], [TOT], ro11], [01?], [OTl], and[Ol_l] directions F(1/T,,v) integrated over the frequency interval of interest.

and the magnitudes of the axes follow a normal diStribu'timZZﬁnprﬁzigtr:seV\(/)i];I ?hglss;rr;%lxu;n g;‘?gglgmgfe;?:éggfsn
tion. The magnetic field is oriented alofg00] (solid line) P '

and[110] (dashed ling (1) The variation of T, over the inhomogeneous NMR

It should be noted that in case the positions of the line frequency distributiorf (v).

. N 2) The nonexponential magnetization recovery.
as well as the line shape are not dependent on the direction of ( :
the magnetic field, whereas in cag@s, (iii), and (iv) the (8) The asymmetric shape of tfi vs 10001 tempera-

line positions and line shape generally depend on the diredV"® dependence: The slope of thgvs 10001 curve will be

tion of the magnetic field with respect to the crystal axes. different on the hight side of theT, minimum from that on
the low-T side.

It is interesting to compare the above results with the . .
NMR line shape obtained for a simple isotropic distribution. '!'he_ above three ejfects ShOl.Jld oceur in addition 1o the
intrinsic nonexponential magnetization recovery of quadru-

of the orientations of the longest principal axes of uniaxial | lei after th turati fthe 12-1/2 t it
20%pp chemical shift tensors which assumes that all thesBO'a" NUCiel after the saturation ot the ransition.

axes have the same magnitude. In such a case the distribution
of magnitudes becomes E. Effect of local polarization fluctuations

on the NMR line shape

\7V(p)= i(s(p_po), (233 In the fast-motion limit the NMR nucleus in a given po-
4m larized cluster does not see the instantaneous value of the
and the average frequency is orientation independent: ordering field§i but its time averagepiz(é(t)). For the
case of the?’Pb(=1/2) NMR this means that a given
(=v(l+ay). (23b nucleus sees the time average value of the chemical shift

The NMR line shape is here far from Gaussian. It is of thetensors corresponding o the sﬂgs the ion visits in a time
5 X .~ .~ “shorter than the NMR time scale:
well-known'® powderlike shape. The frequency distribution
extends from the singularity at= v o,/2 to the shoulder at
v=—wv 0, and is of course orientation independent. 0,=2, COar, (27)
- :

D. Spin-lattice relaxation . .
where C,= /27 represents the fraction of time the

For an ion jumping in an asymmetric double well in a nycleus spends at site The NMR time scale is here given
polar cluster the spin-lattice relaxation rate will depend onyy the inverse frequency separation between¥Heb Lar-

the magnitude of the local polarization as mor frequencies at two different ionic sites. The expressions
~ in Sec. lll C thus all contain the time-averaged values of the
T-Y(p)er (1-p?) (24) chemical shift tensors. The braces have been omitted there
1 1+ (w7)? ’ for sake of simplicity.

_ When the lifetime of a given cluster becomes longer than
with 7= 71— p? and p=tanh(AU/2kT), whereAU is the the inverse frequency separation between NMR lines belong-
asymmetry of the double potential well. The spin-lattice re-ing to different clusters we come to the slow-motion limit
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T(K) definitely nonexponentiaM (t) =M [ 1—exp(—t/T,)*] be-
, 300 150 10090 80 70 low the relaxor transition, e.g., at 80 K.
0y o The T dependences of thé®Pb(=1/2) and °*Nb
1%"Pb (I=9/2) spin-lattice relaxation times are shown in Fig. 2. In
10' 3 both cases an asymmetiiig minimum is found in the region
] of the relaxor transition between 260 and 270 K. The mini-
mum occurs in the region of the maximum of the imaginary
part of the dielectric susceptibility”.'* The T; minimum is
thus related to electric dipolar reorientations which are pre-
sumably due to polar cluster fluctuations. At thg mini-
] slow motion mum T;(?°Pb),;»~=0.8 s, wheread ;( **Nb),;~0.35 ms
10—2_: 10_13: e Iféqi"'"?l is much shor;er. The two. minima are obviously due to the
] 4 8 12 same relaxation mechanism, i.e., order parameter fluctua-
] 1000/K (K™) tions. The fact that thé*Nb T; minimum is much deeper
107 than the?’Pb one shows that®Nb quadrupolar fluctuations
] are much larger tha”®Pb chemical shift tensor fluctuations.
wr— This is indeed expected.
2 4 6 8 10 12 14 The occurrence of th&; minimum demonstrates that in
1000/T (K" this temperature range, 7~ 1, thus allowing for a determi-
(K) :
nation of the temperature dependence of the mean correla-
FIG. 2. T dependence of th&Pb and®Nb spin-lattice relax- ~ tion time 7 for order parameter fluctuatiorisee the inset of
ation timesT, in PMN. The inset shows the mean correlation time Fig. 2). From the high-temperature part of the slope ofThe
for the order parameter fluctuatiomsextracted from theéPb T,  vs 10001 dependence we obtain the activation energy for
data(solid line) and the?°’Pb inverse rigid lattice linewidttdotted  ionic jumps as~250 meV. The asymmetry of tHE; mini-
line). mum shows that we deal with a broad distribution of corre-
lation times as indeed expected for relaxors. It should be

where the nucleus sees the instantaneous value of the ord@oted that on the high-temperature side of Theminimum
ing field. The NMR line shape for this case is treated in thewhere w 7<1, the distribution ofr values does not affect
Appendix. the T dependence of ; significantly. On the lowF side, on

The situation is somewhat more complicated in the caséhe other hand, the presence of a distributionrofalues is
of quadrupolar nuclei such @Nb(l =9/2). Here we usually ~responsible for the slow increaseTq and the lower appar-
observe the central quadrupole perturbed-1/21/2 transi- ~ €ent activation energy. The description of the dynamical pro-
tion which is shifted in second order only. In the representacess with a single mean correlation timés thus only a very
tion of eigenstates the time-dependent perturbatigrcon-  rough approximation. Nevertheless, it demonstrates the oc-
tains both diagonal and off-diagonal elements. It can beurrence of a glasslike freezing at relaxor transition. It also
showrt® that in such a case the time-dependent perturbatiol/lows one to conclude from the magnitude ofand the
averages out in two steps at two different time scales, thavidth Av of the 2/Pb and®Nb 1/2— —1/2 NMR spectra
Larmor frequency time scale and the much slower line splitthat we are in the fast motion limit whererA v7<1 at least
ting time scale. In the limit of very short correlation times, above 80 K. In this range the nucleus “sees” the time aver-
when the correlation time is much shorter than the invers@ge value of the order parameter field and we can use the
Larmor frequency, the 1/2 —1/2 transition is observed at a local polarization distribution functionw(f)) and the
position which corresponds to the time-averaged HamilEdwards-Anderson order parametpto describe the NMR
tonian. The symmetry-breaking time-dependent perturbatiogpectra.
‘H, is here averaged out. In the limit of intermediate corre-
lation times, when the correlation time is between the inverse B. ?Pb NMR spectra
Iaarmor frequency and the inverse line splitting, the time- — o, temperature dependence of 898®b NMR line shape

ependent perturbation is only partially averaged out. The ) i . o

angular dependence of the shifts will be the one given by th& PMN for the orientatiorf 001]|[B, is shown in Fig. 3. At
perturbation’{,; whereas the line splitting is still averaged high temperatures above 410 K the line shape is approxi-
out. When however the correlation time becomes longer thafatély Gaussian and independent of the orientation of the
the inverse line splitting the resonance spectrum becomes t/fyStal in the magnetic field. Its shape and width are practi-

same as if the time-dependent perturbation were static. cally temperature independent at temperatures above 410 K.
Its half-width is approximately 30 kHz. The width is much

too large to be accounted for by nuclear magnetic dipolar
IV. RESULTS AND DISCUSSION interactions. We believe that the observed width is due to a
distribution of isotropic chemical shifts due to the substitu-
tional disorder. The corresponding local polarization is here
The 2°’Pb magnetization recovery curves are monoexpovery small and corresponds to a value of the Edwards-
nential M(t)=Mg[1—exp(-t/T;)] at 420 K but become Anderson order parameter of abogt=10"2. The local

10° Jfast motion
] regime

1 *ND 107

A. Spin-lattice relaxation
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FIG. 5. NMR 2°Pb line shape at the orientatiof801]||B,
(open circleg and [011]||B, (solid squares at the temperature
15 K.

On lowering the temperature the spectrum becomes
broader and starts to depend on the orientation of the crystal
in the magnetic fieldFig. 5. The spectrum also becomes
slightly asymmetric. It can be decomposed into two slightly
displaced Gaussian componeffsg. 6(a)] with an intensity
ratio 4:1. The weaker component is orientation dependent
and could be due to the chemically ordered part of the crys-
tal. Here the?’Pb displacements are not spherically distrib-
uted but are restricted to certain directidsee Fig. 1ii)],
giving rise to an angular dependence of the NMR line. The
conclusion that the weaker line can be associated with the
chemically ordered part of the crystal is also supported by
the fact that in another sample which is presumably homo-
geneously disordered, this secdmeeakej component is ab-
sent. The stronger component practically does not depend on

structure is thus here approximately cubic. A given nucleughe orientation of the crystal in the magnetic field, though it
spends most of its time in a nonpolar matrix and only a smalkignificantly broadens with decreasing temperature. On cool-

fraction of time in a polar clustdisee expressio(27)]. The

ing from 410 K the centers of gravity of the two components

comparison between the calculated and experimental linérst cross around 350 K and then slowly move apart. The
shapes at 410 K is shown in Fig. 4. The theoretical curve hatemperature dependence of the centers of gravity of the two

been calculated according to E(2) with o,,=0 and a
Gaussian distribution o, so that Eq.(22) becomes

f(v.e,¢>=J S[1-v(1+ o) lp(og)dos,  (28)

where p(og) is a Gaussian distribution with a mea?b
=102 and a second moment 0460 6.

“’Pb at T=410 K

intensity (arb. units)

T T T
-200 -100 0 100 200
vy, (kHz)

FIG. 4. Comparison between the theoretigallid line) and ex-

components is shown in Fig(l® and the temperature depen-
dence of the corresponding widths in Figcp

The observed line shape at 410(Kig. 4) and 15 K(Fig.
5) has been compared with the predictions of two theoretical
models. According to the firdFig. 1(i)], all possible polar-

50

a.) o “Pb|lm 1P,

2 E ]

0) = %
.E i
=]
o -50—_
Eu, —
2> — 97c)
5 < 6_"\\“%
£ e 1™

T 2SN, <. 3 \Dﬂ

I N T T T 1
-200 -100 0 100 200

— T T T 7
0 100 200 300 400
v, (KHz) T (K)

2 (

FIG. 6. (a) Decomposition of thé’Pb NMR line shape in two
components(b) temperature dependence of the centers of gravity

perimental(open circle 2°Pb line shape in PMN at 410 K at of the two components, ar{d) the second momentd , of the two

orientation[ 001]|| B,,.

components.
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FIG. 8. Temperature dependence of the Edwards-Anderson or-

FIG. 7. TheT dependence of the FWHM of tH8’Pb NMR line  der parameteq as determined from th&Pb NMR line shape in
shape in PMN at orientatiof001]| B,. The inset shows the plot of PMN for the orientatiorf 001]|B,.
the FWHM temperature dependence for the case of a simple mo-
tional transition as described by E8') of Abragam(Ref. 17 - o . .
using the value of the mean correlation timaletermined by the [ 00l[Bo is shown in Fig. 7. The width varies between 30
20%ph T, minimum. kHz at 400 K and 150 kHz at 80 K. A comparison with the
S o data of Lagutaet al obtained at lower magnetic fields
ization directions—and thus directions of the largest princi-shows that the width of thé®Pb spectrum increases with
pal axes of the anisotropic chemical shift tensors—argncreasing magnetic field as indeed expected for the case that
equally probable and the local polarization distribution func-ihe width is determined by the chemical shift interactions.
tion is the one _predlcted by the SRBRF mo@bkprgsswns As can be seen from Figs. 7 antththe widthA v of the
(5) and (6)]. This model corresponds to the spherlcrcll—shell-zmpb NMR spectrum—as well as the widths of the two com-

type distribution of the™Pb ionic shifts from their high- OPonents at those orientations where they can be resolved—

symmetry perovsklte_ positions. According 1o the secon start to increase sharply with decreasing temperature below
[Fig. 1(ii)] one the shifts are discrete and allowed along th S : v )
00 K, i.e., in the region of the relaxor transition. The in-

directions of the cubic axd4.00], [010], and[001]. As can . .
be seen the spherical shell SRBRF model gives a somewh%?ase i width occurs above the teTperaturg of the
better agreement with the experiment. Here we assumed that P2 T1 minimum; i.e., it occurs in the “fast-motion re-
the distribution of the isotropic part of the chemical shift 9ime” wherew 7<1 as well as ZZAv7<1. This definitely

tensor is of the same form as at high temperatures, i.e., @cludes the possibility that the above increase in width—
Gaussian distribution with a mean value 1000 ppm and &nd in second moment—is a motional effect. If we would
second moment 0.2610° ppn?. The anisotropic part of the deal with a motional averaging effect taking place at the
chemical shift tensor was assumed to depend linearly on th&ansition from the fast- to the slow-motion regime, the width
local polarizationo,= o,0p, Whereo,o=—10> ppm. Only  would be temperature independent down to 120 K where a
the zeroth-order term in the expansi@®b) has been taken sharp increase in the FWHM would take place. This case—
into account. It should be mentioned that similar calculationsvhich obviously does not correspond to the physical situa-
have been also made for the case that the ion shifts and thi®n in PMN—is illustrated in the inset to Fig. 7 where the
directions of the largest principal axes of the chemical shiftdotted line is calculated for the case of a motional transition
tensor are pointing along the cubic body diagonalsaccording to Eq(68') of Abragant’ using the mean value of

[111], [111], [111], and[111] as well as along the face the correlation timer deduced from thé®’Pb T; minimum.
diagonals [110], [110], [101], [101], [011] and  The observed temperature dependence of*tfiegb FWHM

h ith . h s well as of the corresponding second moment and its in-
[011]. The agreement with experiment was here not as goog e ase with decreasing temperature in the fast-motion regime
as in the spherical shef®Pb displacement modél.

: ) __is, however, typical for glassy ordering and demonstrates the
It should be mentioned that the spectral shape is def'”'bresence of a kind of a glass transition in PMN. The ob-

. . 5 . .
F;vely not ;I)é)v;/]der like andlhasl no sgguladr!tle_sba; eXpFT:'Ctﬁdserved Gaussian line shape of each of the two components
I we would have a completely random distribution of the i reflects the local polarization distribution function

orientations of theo, tensors of equal magnitude. ThiS \y ) is of the type predicted by the SRBRF model. It is
means that at any given instant of time we have a distributiony o tically different from the one observed in proton or deu-
of polar clus.ters pharaptenzed by a Iopal polar|zat|on W.h'(?hteron glasses, demonstrating that PMN is a “spherical glass”
varies poth in orientation as well as in magnitude. This iSziher than an Ising-type dipolar glass. The temperature de-
compatible with the SRBRF model. pendence of the second moment shown in Fig. 7 as well
agrees with the temperature dependence of the Edwards-
Anderson order parametgmredicted by the SRBRF model.
One should also note that the glass transition in PMN is not

The temperature dependence of the full width at halfsharp; i.e., we do not hawe=0, T>T; andg+#0, T<T;.
maximum (FWHM) of the total ?°°Pb NMR spectrum at This is due to the presence of random fields.

C. Temperature dependence of*Pb
and **Nb second moments
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1.0 premp— o clusters with variable orientations and magnitudes of the lo-
cal polarizations. The clusters are dynamic entities which
exist for a certain amount of time, then disappear, and reap-
pear in a different form. The exchange is only local so that
different frequency components arise from different parts of
] the crystal and the total NMR spectrum is an inhomogeneous
°04_ AN o TN ———— frequency distribution. On a longer time scale the effects
' Re. " Totm® partially average out leading to the appearance of polar clus-

) ters embedded in a nonpolar matrix.
0.2+ (2) The observed orientation independence of the NMR
1 line shape in the homogeneously disordered part of PMN
both above and below the relaxor transition agrees with the
SRBRF model. The angular dependence of the line arising
from the presumably chemically ordered part of the crystal

FIG. 9. Temperature dependencequds derived from thé3Np ~ ¢an be, on the oth(_ar hand, understobid). 1(”)_] by th_e fact
NMR for the component (solid circles and componenB (open  that the longest principal axes of the chemical shift tensors
circles and fit with the SRBRF modésolid line) with parameters ~ Nere point along discrete directions.

J/k=230 K andA/J2=0.05. The inset shows the decomposition ~ (3) At T=15 K we may not anymore be in the fast-

of the *Nb line shape in two central transition components and amnotion regime so that the nuclei do not “see” the time-

background due to satellite transitions. averaged value of the local ordering field but rather its in-
stantaneous value. The NMR spectru{»), which

It is important to mention that the total second moment ofmeasures the number of nuclei in a given frequency interval,
the 29Pb frequency distribution is the sum of a temperature-here does not reflect the local polarization distribution func-
independent contribution due to substitutional disordetion W(p) but is rather given by
which determines the NMR line shape at high temperatures
and a temperature-dependent distribution due to polar clus- 1 ;{ (v—1vg)?

exg ————

component B

0.8

satellites

intensity (arb. units)

0.6 o

T T T T T T T T y
0 100 200 300 400 500
T(K)

ters which is related to the Edwards-Anderson order param- f(v)= > o’ (30

ma 2

2«

eter and which dominates the NMR line shape at lower tem-

peratures: if v is linear inS, (see the Appendix The fact thatf(») is
substitutional, y 5 polar clusters continuous and Gaussian also in the slow-motion limit and
M,=M; +M; ' (29) not discrete—as in the case of deuteron glasses—as well

The contribution toM, due to the substitutional disorder in supports the basic assumption of the SRBRF model.

this PMN crystal is obtained from the limiting high-
temperature line shape &,=90 kHZ. V. CONCLUSIONS
The T dependences of the two separate Gaussian compo- On, the basis of the above data the following conclusions
nents of the?“Pb NMR spectra shown in Fig. 6 can be can be made.
described by the SRBRF model with/k=230 K and (1) Both theA-site °’Pb) andB-site (*3Nb) NMR spec-
A/J?=0.05. The correspondingl dependence of the tra of a PMN single crystal are frequency distributicifs)
Edwards-Anderson order parametgidescribing the relaxor hich can be well described by the SRBRF model reflecting
transition in PMN, is shown in Fig. 8. the existence of polar clusters. The local polarization distri-
It is important to note that the fit parametedk  pytion function in particular is Gaussian in agreement with
=230 K andA/J*=0.05 used to describe th&'Pb spec- the SRBRF model. The temperature dependence of the sec-
trum located at ar\-type mixed perovskite site are identical gnd moment off(v) and of the Edwards-Anderson order
to the ones obtained from the correspondBgite 1/2-  parametel can be as well described by the SRBRF model.
—1/2 *Nb NMR spectra(Fig. 9). Here too the central Thus PMN is a “spherical glass” rather than an Ising-type
1/2+ —1/2 transition af 001]|B, can be decomposed into dipolar glass.
two components with an intensity ratio 4:1. The 4/2 (2) The second momentM, of both 2Pb and **Nb
—1/2 spectrum is here superimposed on the broad backNMR spectra start to increase rapidly with decreasing tem-

ground due to 1/2:3/2,3/2-5/2, ... satellite transitions, perature below the relaxor transition in the region of the
which are absent in the Pb¢ 1/2) NMR spectrum. 20’Ph and®Nb T, minima, i.e., in the fast-motion regime,
Three other important facts should be stressed. where 2rAvr<<1. This shows that the increase Mdf, with

(1) No strong shar@-independent line at the Larmor fre- decreasind in the region of the relaxor transition in PMN is
quency corresponding to the nonpolar cubic matrix has beeconnected to a glass transition involving a change in the
found in PMN either in thé®’Pb or the®>Nb NMR spectra. local polarization distribution functioW(p) and is not a
This means that on the NMR time scale the system cannot baotional transitiort>
considered as consisting of static polar clusters embedded in (3) The 2°Pb(l =1/2) NMR spectra are reflecting the dis-
a static nonpolar cubic matrix, but that at any given instant otribution of the anisotropic®’Pb chemical shift tensors ac-
time the NMR snapshot picture reveals a distribution of polarcording to the spherical shell model of tR&Pb ion shifts.
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The ®Nb(1=9/2) NMR spectra, on the other hand, are IntroducingN-dimensional spherical coordinates we have
mainly reflecting the corresponding distributions of the off-
center shifts of the®>Nb ions. Both2°Pb and®*Nb NMR
spectra yield identicall dependences af. The correspond-
ing random bond coupling i$=230 K and the random field
variance isA/J%=0.05. where Qy=27V2/T'(N/2) is theN-dimensional solid angle

(4) The fact that in PMN no separat&independent andI’(x) represents the gamma function. Equatié#) then
s-function-like central NMR line has been observed either inyields
the 2°Pb or ®*Nb NMR spectra at the Larmor frequencies
demonstrates that on the NMR time scale we cannot describe B 2
the relaxor as consisting of static polar nanoregions embed- AN_W' (AS)
ded in a nonpolar cubic matrix. At any given instant of time N
we have a dynamic distribution of polar clusters with vari- Returning to Eq.(A2), we note that each term in the sum
able orientation and magnitude of the local polarizationoverj yields the same contribution. Choosing N we then
which varies in time so that the observed NMR spectrum isarry out the integration ovesy and find
an average over the NMR time scale. The clusters and ionic
shifts are static on the neutron scattering time scale'dG Ay ([N N-1

f(")ZFHiHl ds)b‘( )

A§l=QNf:dS F15(SP—N), (A4)

but are dynamic entities on the NMR time scale Z S*—N+ 1% a?
10 4-10° s which exist for a certain amount of time, dis- =1 (A6)
appear, and then reappear in a different form.

We now introduce N—1)-dimensional spherical coordi-

APPENDIX: NMR LINE SHAPE IN THE nates and rewrite EQA6) as
SLOW-MOTION LIMIT AT T—0
A ©
For simplicity we consider here the uniaxial caser f(v)z;NQN_lf dS $25(S>—N+1v?/a?). (A7)
0

<S§;<x, where the scalar variabl&} satisfy the spherical
condition=L;S?=N. We further assume that the NMR fre- The integral is easily evaluated, yielding
guency at a given site is linearly related to the instantaneous

value of the ordering field; : F( N) (N= v/ a2y N2
~ — Vi
e—1/2

vi=vota§. (A1) f(v)= = (A8)
A generalization to the vector model is easily made. Vma F( )NN/21
In the slow-motion limit the NMR nucleus “sees” the 2

C v the.same probabilty the mhomoGenous e shapiice N=1 we can apply the Stiing. formulal (x
p y g PE e~**=12,/277 and obtain

is given by
N 1 , f - 1 _1/2(N—v2/a2)(N73)’2 N |\ Y2
f(v)zANf i1:[1o|s N; 5(u—asj)5(2i SI—N). (v)= ra® NCESTE N—1

(A2) (A9)
Here we have replaceg— vy by v and introduced a normal- In the limit N—o we use the standard relation

ization constanf\y, which is determined by the relation limy_,.(1—2/N)N=exp(—2), and after replacing— v— vq
we arrive at the resulg30). The same result is obtained if
A—lzf H ds|s E Siz—N . (A3) instead of a uniform distribution d values one assumes a

N i i Gaussian distribution of arbitrary width.
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