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93Nb magic angle spinning NMR study of perovskite relaxor ferroelectrics
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93Nb NMR has been used to investigate the local structure and cation order/disorder in solid solutions of
(12x)Pb(Mg1/3Nb2/3)O32xPb(Sc1/2Nb1/2)O3, as a function of concentrationx. These relaxor ferroelectric
solid solutions have been well characterized by x-ray diffraction, transmission electron microscopy, and di-
electric response measurements. NMR magic angle spinning~MAS! spectra are presented for93Nb at 14.0 and
19.6 T. Seven narrow peaks and two broad components are observed. Narrow peaks are assigned to configu-
rations of 93Nb nuclei with only Mg21 and/or Sc31 ~no Nb51) cations occupying the six nearest B neighbor
sites (nBn); and are designated 0–6 according to the number of Mg21 cations in thenBn configuration. The
two broad components are assigned to configurations with more than one Nb51 cation in the nearestB sites. In
order to fit the MAS line shapes it is necessary to include distributions of the electric-field gradient parameters
and dispersions in isotropic chemical shifts; these have been obtained from the data. The relative intensities of
each spectral component are analyzed and the data strongly support a modified random site model ofB-site
order. Monte Carlo simulations ofB cation ordering are presented to explain the observed NMR intensities and
to validate the model.

DOI: 10.1103/PhysRevB.66.224103 PACS number~s!: 77.84.Dy, 82.56.Dj, 82.56.Ub
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I. INTRODUCTION

The large piezoelectric and electromechanical respon
of lead based perovskite relaxor ferroelectrics have resu
in their use in a variety of important technical application
capacitors, sensors, actuators, and transducers.1–4 These re-
laxor ferroelectrics show a characteristic diffuse, frequen
dependent para- to ferroelectric phase transition.1 The micro-
scopic origin of this relaxor behavior is still not we
understood. For lead basedABO3 perovskites to exhibit re-
laxor behavior, at least one of theA- or B-sites should have
variable composition. The complexB-site solid solutions
have been studied most extensively.1,5–7 Detailed fundamen-
tal understanding of the role ofB-site order/disorder is cru
cial for design and fabrication of the next generation of te
nologically useful ferroelectric materials.

Initially in Pb(Mg1/3Nb2/3)O3 ~PMN!, the Mg21 and
Nb51 ions were considered to be distributed completely r
domly ~CR model! on theB lattice.8,9 However, selected-are
electron diffraction and high-resolution electron microsco
~HREM! studies of PMN reveal NaCl-type nanodomai
~2–5 nm! dispersed in a disordered matrix.5–7 These nan-
odomains consist of alternating planes ofb8 and b9 sites
along the@111# direction. The nonstoichiometric 1:1 orderin
is believed to be the result of interplay between long-ran
Coulomb interactions and short-range interactions relate
the covalency of the Pb-O bonds.10 These effects have bee
investigated using several computational models.11–14 The
b9 sites are assumed to be exclusively occupied by Nb51;
unfortunately, there is no direct experimental information
the composition of theb8 sites. This leads to several com
peting B-site ordering models which differ in theb8 site
0163-1829/2002/66~22!/224103~13!/$20.00 66 2241
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composition.7 For example in PMN, in the space charg
model ~SC!, the ferroelectrically ‘‘inactive’’ Mg21, and fer-
roelectrically ‘‘active’’ Nb51 layers are interleaved.7 While
in the random site model~RS!, pure Nb51 layers and mixed
layers ~of randomly distributed Mg21 and the remaining
Nb51) are interleaved.7 In the SC model, charges are unba
anced, this should inhibit the growth of large ordered d
mains. Indeed for PMN, extended thermal treatment does
result in any increase in the domain size or degree of ord
ing. This absence of increase has been used to support th
model.7 However, in solid solutions of Pb(Mg1/3Ta2/3)O3
~PMT! and 5–25 mol % PbZrO3 ~PZ!, Akbas et al. report
that extended thermal treatment at elevated tempera
causes the domain size and degree of ordering to incr
substantially~from 20% volume in small ordered domains
2–3 nm, to 95% volume in large domains of size about 1
nm!.15 Such pronounced domain coarsening contradicts
SC model and supports the random site model, where ch
neutrality is maintained regardless of domain size. Akb
et al. further suggest that in PMN, the absence of increas
domain size is the result of the order-disorder transition te
perature being too low for kinetic activity.16,17

The aim of this study is to investigate theB-site order/
disorder quantitatively and thus obtain a more accurate
scription of local cation order. Solid state NMR is an exc
lent tool for this purpose, however, if NMR is to provid
meaningful insights intoB-site order it is essential to us
carefully prepared samples whose bulk properties have b
well characterized by standard methods. This paper descr
a systematic investigation of solid solutions of PMN a
Pb(Sc1/2Nb1/2)O3 @(12x)PMN-xPSN#. The PMN-PSN ce-
ramics were synthesized by Davieset al. who characterized
them using x-ray diffraction~XRD!, transmission electron
©2002 The American Physical Society03-1
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microscopy ~TEM!, and frequency-dependent dielectr
measurements.16 Measurements were performed on two s
of materials: ‘‘disordered,’’ which were simply the as
sintered samples, and ‘‘ordered,’’ which were obtain
through prolonged annealing~24 h, 1250 °C) followed by a
slow cooling (10 °C/h to 900 °C). In the TEM, the diso
dered samples show very limited cation order; small doma
~2–3 nm! for all concentrationsx. For x.0.1, slow, high-
temperature annealing promotes the degree of order an
creases domain size; the largest ordered domains~200 nm!
are observed atx;0.5. The increased compositional order
attributed to the size, charge, and electronegativity diff
ences of the Nb51 and Mg21/Sc31 ions. Dielectric results
indicate that relaxor ferroelectric behavior is observed for
compositions in the disordered samples and forx,0.5 in
well-ordered samples. Ordered samples with high scand
concentrations exhibit normal ferroelectric behavior, with t
crossover from relaxor to normal ferroelectric behavior o
curring at concentrations 0.5,x,0.6.

There are only a few NMR studies of PMN based relax
ferroelectrics.18–21 Glinchuk et al. have studied the PMN
PSN system using stationary samples at low magnetic fi
~5.7 and 7 T! where the low spectral resolution preclud
definitive conclusions onB-site ordering.18 Cruz et al. have
performed magic-angle spinning~MAS! and three-quantum
MAS ~3QMAS! 93Nb NMR on PMN at 9.4-T field.19 Shore
and co-workers present nutation experiments on PMN,
nutation~at 9.4 T! and MAS~at 14 T! on PMN-PT (PbTiO3)
solid solutions.20,21 All 93Nb MAS spectra reported fo
PMN-PT have one narrow and one broad line. The bro
peak is believed to arise from at least two overlapping l
shapes. Shoreet al. associate these three components w
cubic, axial, and rhombic symmetry of nearestB-site neigh-
bor environments, respectively.21

In solid-state NMR, high speed magic-angle spinning
moves broadening arising from second rank tensor inte
tions, including the chemical shift, dipolar, and first-ord
quadrupolar anisotropies; it also reduces broadenings du
fourth rank tensor interactions, including second-order q
drupolar, and second-order dipolar interactions.22 In 93Nb
MAS experiments on PMN-PSN, the dominant interactio
are the isotropic chemical shift and second-order quadrup
coupling. When expressed in ppm, the former (d iso

CS) is inde-
pendent of magnetic field, while both the isotropic sh
(d iso

2Q) and linewidth (D2Q) of the latter are inversely propor
tional to the square of the magnetic field. This means t
higher magnetic fields result in better spectral resolution
an attempt to optimize the spectral resolution, experime
have been performed at high magnetic fields~14 and 19.6 T!
using MAS probes capable of fast spinning (nR
530–35 kHz). For the PMN-PSN solid solutions, sev
narrow lines and two broad features are resolved; more l
are observed than for PMN-PT system.21 This allows the
assignment of specific nearestB neighbor configurations an
quantitative comparison of experimental results with pred
tions of competingB-site ordering models.

Following the experimental details in Sec. II, the MA
spectra are presented and analyzed in the result section~Sec.
III !. Spectral components are assigned to nearestB cation
22410
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neighbor configurations in Sec. IV. The assignment allo
the prediction of MAS spectra by severalB-site ordering
models, these are compared with experimental results in
V. The implications of the results for cation ordering and t
consistency of PMN NMR parameters with existing liter
ture are discussed in Sec. VI. Finally Sec. VII contains
conclusions onB cation disorder in these relaxor ferroelectr
solid solutions.

II. EXPERIMENT

The (12x)PMN-xPSN ceramics were were available
the following concentration;x50, 0.2, 0.6, 0.7, 0.9 for dis-
ordered samples andx50.1, 0.2, 0.6, 0.7, 0.9 for ordered
samples.16

Single pulse93Nb MAS spectra were collected at thre
magnetic fields, 9.4, 14, and 19.6 T~proton frequencies of
400, 600, and 833 MHz, respectively!. Spectral resolution a
9.4 T was not satisfactory and only MAS spectra collected
14 and 19.6 T were analyzed in detail. For the experiment
9.4 T, the 93Nb Larmor frequencynL597.95 MHz, rotor
diameter was 4 mm, sample spinning speednR512 kHz, rf
field strengthn1550 kHz, pulse durationtp51 ms, and re-
laxation delay d550 ms. For experiments at 14 T,nL
5146.9 MHz, rotor diameter was 2.5 mm,nR534 kHz, n1
550 kHz, tp51 ms, and d5200 ms. For experiments a
19.6 T, nL5203.0 MHz, rotor diameter was 2 mm,nR
535 kHz, n1571 kHz, tp50.7 ms, andd5100 ms. Typi-
cally the number of scans acquired was 3000, the full sp
tral width was 1 MHz~dwell time 1 ms), 4096 complex data
points were collected, and NbCl5 in acetonitrile was used a
the chemical shift reference (d iso

CS50 ppm).
Spectra collected at 14 T were processed using Bru

XWIN software, with 100 Hz exponential multiplication, Fou
rier transformation, and phase correction of both zeroth
first order. Spectra collected at 19.6 T were processed u
NMRPIPE,23 with three points left shift, ten points backwar
linear prediction, followed by 100-Hz exponential multipl
cation, Fourier transformation, and zeroth order phase
rection. Both sets of spectra were then imported in
DMFIT,24 base line corrected using cubic splines method, a
the central transition (11/2↔21/2) was systematically de
convoluted into component lines.

III. RESULTS

At both 14 and 19.6 T, the central transition of the93Nb
MAS spectra of PMN consists of one sharp and one br
peak ~Fig. 1!, in agreement with the literature.19,21 Field-
dependent shifts are observed for both peaks and the
width of the broad peak is substantially narrower at t
higher field. These two phenomena result from the inve
square dependence on field strength of both the second-o
quadrupolar isotropic shift (d iso

2Q) and the second-order qua
drupolar linewidth (D2Q). 93Nb is a quadrupolar nucleu
with spin I 59/2, and therefore interacts with the loc
electric-field gradient~EFG!, as well as the internal and ex
ternal magnetic fields. Under magic-angle spinning, the c
tral transition (11/2↔21/2) frequency is influenced by
3-2
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three terms: isotropic chemical shiftd iso
CS, isotropic second-

order quadrupolar shiftd iso
2Q, and anisotropic second-orde

quadrupolar broadening, respectively.25 When expressed in
ppm, the observed central (11/2↔21/2) transition fre-
quency is

d1/25d iso
CS2APQ

21APQ
2F~u,f,h!, ~1!

where (u,f) define the crystallite orientation,F is an orien-
tation dependent function which averages to zero and is
sponsible for the powder pattern line shape, the factor is

A[
33105@ I ~ I 11!23/4#

@2I ~2I 21!#2nL
2

,

and the quadrupolar product isPQ[CQA11h2/3. The qua-
drupolar coupling constant is defined asCQ5e2qzzQ/h,
where h is the Planck’s constant,e is the electron charge
~magnitude!, qzz is the principle component of the EFG te
sor, andh is the EFG asymmetry parameter. The ‘‘position
or the ‘‘mass center’’ of the line shape is determined
^d1/2&5d iso

CS2APQ
2, where^ & means averaging over all or

entations. Both parts of the second-order quadrupolar in
action are inversely proportional to the square of the Larm
frequency, and thus magnetic-field strength~or if expressed
in Hz, inversely proportional to the field!. Thus from the
field-dependent shift,PQ may be estimated. For exampl
between 14 and 19.6 T the observed 5-ppm shift of the sh
peak in PMN spectra yields an crude estimate of the qu
rupole productPQ513 MHz.

At both field strengths, manifolds of spinning side ban
are observed in the MAS spectra~not shown! because of
first-order quadrupolar contributions of satellite transitio
~ST’s!. Each sideband has similar line shape as that of
central transition (1/2↔21/2); one narrow and one broa
peak. The sidebands arise mainly from the63/2↔61/2
transitions. No separate sidebands due to outer transition
observed. This could be either because of their low inte
ties or the broad line shapes, which cause the overlappin
different sets of sidebands. The span of the side band m

FIG. 1. 93Nb MAS spectra of PMN collected at 14 T, wit
magic angle spinning speednR534 kHz ~A!, and at 19.6 T with
nR535 kHz ~B!.
22410
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fold is approximately 2nQ , which is the width of the powder
pattern for the first satellite transitions of half integralI
.1) spins,26 with definition

nQ[
3CQ

2I ~2I 21!
. ~2!

The ST sidebands of the broad peak extend well beyond
1-MHz spectral width at both fields, indicating a very larg
CQ . At 19.6 T the ST sideband manifold of the narrow pe
also persists over the entire 1-MHz spectral window, givi
an estimatedCQ>12 MHz. This agrees well with the valu
PQ513 MHz derived from the field-dependent shift. At 14
the manifold of the sharp peak covers only about 700 kH
giving an estimatedCQ>8.4 MHz. However, the higher
field estimate,CQ>12 MHz, is probably more accurat
since the narrower spectral coverage at 14 T could be in
enced either by any slight misset in the magic angle or b
higher probeQ factor.

Varying the magnetic field from 14 to 19.6 T causes t
MAS line shape of the broad peak to change appreciably;
former has a slanted top, while the latter is more square. T
suggests that the broad peak has at least two compon
The overall line shape of the broad peak can only be rep
duced if distributions of both chemical shift and quadrupo
parameters are used. Presumably these result from ran
local environments. At the present resolution, it is only po
sible to distinguish two broad components, one at lower f
quency (D1) and the other at higher frequency (D2).

The central transitions of93Nb MAS spectra are shown in
Fig. 2 for several PSN concentrations. Careful comparison
the spectra at all concentrations at both fields reveals se
narrow peaks in addition to the two distributions. The po
tions of these narrow peaks change very little with conc
tration, and their positions are separated by about 14 p
They are labeled from low to high frequencies as 0–6~as-
signments are presented in Sec. IV!.

The programDMFIT ~Ref. 24! was used to deconvolute th
central transition MAS line shapes. The seven narrow pe

FIG. 2. The seven narrow peaks in93Nb MAS spectra for (1
2x)PMN-xPSN separated by 14 ppm approximately. Spectra
collected at at 19.6 T, with sample spinning speed 35 kHz. From
to bottom, concentrationsx50, 0.2, 0.7, and 0.9. The last thre
samples are ordered materials.
3-3
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TABLE I. Deconvolution parameters of MAS spectra for (12x)PMN-xPSN solid solutions.

Disordered, 14 T Disordered, 19.6 T Ordered, 19.6 T

x 0 0.2 0.6 0.7 0.9 0 0.2 0.6 0.7 0.9 0.1 0.2 0.6 0.7 0.9

center~ppm! 2983.3 2982.2 2978.8 2975.1 2975.1 2971.4 2975.4 2974.2 2971.5

0 a FWHM ~ppm! 14.0 18.1 22.0 16.0 13.0 16.0 13.0 13.0 13.0

I ~%! 6.3 12.8 37.4 6.3 6.4 27.7 8.4 16.9 52.5

center~ppm! 2968.5 2966.8 2964.5 2960.3 2960.2 2957.0 2960.6 2959.2 2956.7

1 FWHM ~ppm! 17.6 21.3 20.0 16.0 17.9 16.0 14.3 14.3 14.3

I ~%! 19.4 29.7 10.9 17.5 23.7 15.0 21.7 31.5 25.4

center~ppm! 2952.2 2950.8 2948.5 2945.1 2944.3 2942.0 2945.1 2943.6 2941.7

2 FWHM ~ppm! 19.9 18.9 18.0 17.8 18.6 16.0 15.7 15.7 15.7

I ~%! 25.9 19.7 3.3 23.2 22.4 7.0 24.8 23.6 5.0

center~ppm! 2936.5 2936.0 2930.0 2928.9 2929.6 2928.9

3 FWHM ~ppm! 17.4 20.4 19.3 17.0 17.0 17.0

I ~%! 13.2 10.3 19.1 9.2 18.2 10.9

center~ppm! 2924.1 2921.9 2921.3 2918.0 2915.0 2915.0 2919.0 2917.5 2915.1 2914.1

4 FWHM ~ppm! 14.4 15.6 15.0 15.7 15.7 15.7 15.3 15.3 15.3 15.3

I ~%! 5.4 5.4 2.5 6.3 6.4 2.7 2.4 7.0 7.0 2.9

center~ppm! 2911.0 2908.0 2908.0 2904.2 2902.0 2902.0 2904.9 2903.5 2901.2 2901.2

5 FWHM ~ppm! 14.9 16.0 17.8 15.2 15.2 14.3 13.7 13.7 13.7 13.7

I ~%! 10.3 1.4 1.2 10.6 2.9 0.5 8.5 11.3 2.7 0.7

center~ppm! 2895.5 2896.3 2891.0 2890.0 2887.0 2890.6 2890.0 2887.4 2887.4

6 FWHM ~ppm! 12.0 17.0 12.0 15.5 15.5 12.0 12.0 12.0 12.0

I ~%! 13.0 9.0 14.8 7.3 1.4 11.7 7.7 1.2 0.3

D1
b I ~%! 48.4 39.8 28.4 23.9 48.4 39.9 42.8 23.2 35.1 50.3 44.8 45.4 16.0 13.1 1

D2
c I ~%! 38.6 35.6 45.3 33.0 32.6 28.6

aNarrow components 0–6 are simple superpositons of 50% Gaussian and 50% Lorentzian. Error limits for both peak centers an
~full width at half maximum! are estimated to be60.5 ppm.

bD1 is the first broad component with Gaussian distributions of bothd iso
CS andnQ . The meanm(d iso

CS) is allowed to vary between2953 and
2951 ppm, standard deviations(d iso

CS)510.9 ppm,m(nQ)51190 kHz, s(nQ)5163 kHz, and the asymmetry parameter is fixed ath
50.4.

cD2 is the second broad component with distributions.m(d iso
CS) is from 2922 to 2919.5 ppm,s(d iso

CS)512.9 ppm,m(nQ)51015 kHz,
s(nQ)5214 kHz, and the asymmetry parameter is fixed ath50.
a
th
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o
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T
-

er-
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were simulated by simple line shapes; 50% Gaussian
50% Lorentzian. Depending on the concentration of
sample, one (D1, high x) or two broad lines (D1 and D2,
low x) were necessary to represent the intensities that are
reproduced by the Gaussian/Lorentzian lines. In the dec
volution, these broad lines include Gaussian distributions
both isotropic chemical shifts and quadrupolar coupling c
stants~see Table I!.

The deconvolutions of PMN MAS spectra at both 14 a
19.6 T are shown in Fig. 3. Considerable care has been ta
to obtain consistent parameters at both magnetic fields.
distributionD1 has meanm(d iso

CS)52953 ppm, standard de
viation s(d iso

CS)510.9 ppm, m(nQ)51190 kHz, s(nQ)
22410
nd
e

ot
n-
f
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5163 kHz, and its asymmetry parameter is set toh50.4
which gives good fits for both spectra.D2 has m(d iso

CS)
52919.5 ppm, s(d iso

CS)512.9 ppm, m(nQ)51015 kHz,
s(nQ)5214 kHz, andh50.

For PMN-PSN solid solutions, deconvolutions were p
formed on three sets of MAS spectra: disordered sample
14 T, disordered samples at 19.6 T, and ordered sample
19.6 T. The parameters for broad components are very s
lar to those derived for PMN; very small adjustment of t
mean values of the isotropic chemical shift,m(d iso

CS), is al-
lowed, which varies from2953 to 2951 ppm forD1, and
from 2922 to2919.5 ppm forD2. Examples of the decon
volutions are shown in Fig. 4 for concentrationsx50.2 and
3-4
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0.7. Very good fits are achieved for all spectra with deviat
being greatest for the spectrum of thex50.2 disordered
sample at 14 T@Fig. 4~a!#. It is necessary to use both broa
componentsD1 andD2 for low PSN concentrations (x50,
0.1, and 0.2!, but onlyD1 is needed for high concentration
(x50.6, 0.7, and 0.9!. The quantitative results of the con
strained deconvolution are summarized in Table I. We de
detailed discussion of the NMR parameters and the dec
volution results to Sec. VI.

FIG. 3. Constrained deconvolution of PMN MAS spectra at
T ~a! and 19.6 T~b!. Bold solid lines are the experimental MA
spectrum, the thin solid lines are deconvoluted components 6,D1,
and D2, and the dashed line is the sum of all components~see
fitting parameters in Table I!.

FIG. 4. Deconvolution of MAS spectra for (12x)PMN-xPSN
solid solutions.~a! x50.2 disordered sample at 14 T.~b! x50.2
disordered sample at 19.6 T.~c! x50.2 ordered sample at 19.6 T
~d! x50.7 disordered sample at 14 T.~e! x50.7 disordered sample
at 19.6 T.~f! x50.7 ordered sample at 19.6 T. In each of~a!–~f!, the
bold solid line is the experimental spectrum, the thin solid lines
decomposed components 0–6,D1, and D2, and the dashed line
is the sum of all components. The dashed line in several gra
is barely visible because of the good fit. Parameters are give
Table I.
22410
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IV. ASSIGNMENTS

We assign components of93Nb MAS spectra according to
the nearestB-site neighbor~nBn! configurations. This pro-
vides a very detailed description of local cation ordering
relaxor ferroelectrics. The solid solutions PMN-PSN ha
perovskite structureABO3 ~Fig. 5!, with A on the cube cen-
ter, B on the eight corners, and O22 in the middle of the
edges. Pb21 cations sit onA sites, whileB sites are occupied
by three types of cations, Mg21, Sc31, and Nb51. For a
central Nb51 B cation, the nearest neighbors are six oxyg
ions ~octahedral!, next-nearest neighbors are eight Pb21

~hexahedral!, and the next-next-nearest neighbors are
otherB cations~octahedral! that we call nearestB neighbors
(nBn). The first two shells are the same for each centraB
cation. However, the composition of the third shell vari
(B5Mg21, Sc31, and Nb51). The valence charge, size, an
electronegativity are different for theseB cations: Mg21

~ionic radius 0.72 Å, Pauling scale electronegativity 1.3!,
Sc31 ~0.745 Å, 1.36!, and Nb51 ~0.64 Å, 1.60!.27,28 The B6
cations interact with the central Nb51 cation by electrostatic
interactions, and can also modify the orientation, size, a
shape of O6 octahedra and Pb8 hexahedra by electrostatic
covalent and steric effects. Coulombic repulsion and bo
covalencies with O22 tend to cooperate the displacements
Pb21 and theB cations; on the other hand, the steric effe
tends to break the cooperation between Pb21 and smallerB
cations (Nb51), by inducing Pb21 to move toward the large
B cations (Mg21 and Sc31).29 It is also reported that, in
several lead based perovskite relaxor ferroelectrics, size
match of B cations combined with the strong Pb21 off-
centering~up to 0.2 Å againstB6 octahedra and up to 0.5 Å
against O12 icosahedra! causes O6 octahedra to rotate or til
by as much as 18°.30 As a result, the precise configuratio
and ordering of the three types of cations strongly affect
electron density and electric-field gradient at the location
the central93Nb nuclei. These are manifested in the NM
chemical shift and quadrupolar coupling parameters. Thu

e

hs
in

FIG. 5. Perovskite structure andB lattice for PMN-PSN. Only
one complete perovskite cube and oneBO6 octahedron are dis-
played, so as to highlight theB-site lattice. RandomB-site ordering
in the @111# direction consists of alternating pure~Nb! and mixed
~Mg, Sc, and Nb at random! planes.
3-5
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HOATSON, ZHOU, FAYON, MASSIOT, AND VOLD PHYSICAL REVIEW B66, 224103 ~2002!
is reasonable to assign93Nb MAS spectral components ac
cording to thenBn configurations. The feasibility of this
interpretation is strengthened by the fact that it gives con
tent and sensible results for the concentration dependenc
the relative integrated peak intensities.

NearestB neighbor configurations will be designated b
the numbers of Mg, Sc, and Nb cations, (NMg ,NSc,NNb);
each number can range from 0 to 6 with the requirement
their sum is 6. In Fig. 6, each of the 28nBn configurations is
represented by a point on a triangular grid. For a given g
point, the three vectors pointing to the axes indicate the n
bers of each type of cation, and thus the triplet coordin
(NMg ,NSc,NNb).

We assign the seven narrow components of the spe
~lines 6–0, see Fig. 2! to the sevennBn configurations con-
sisting of no Nb51. They are designated by (NMg,6
2NMg,0), with NMg56,5,•••0 and represented by the sev
grid points on the bottom of the triangle in Fig. 6. Only f
the concentrationsx50.6, 0.7 are there minor deviations; fo
good quantitative agreement with the intensities of the f
narrow lines 3, 2, 1 and 0, the probabilities~predicted by
random site model, see Sec. V! of configurations~3,2,1!,
~2,3,1!, ~1,4,1!, and ~0,5,1! are added to those of~3,3,0!,
~2,4,0!, ~1,5,0!, and ~0,6,0!, respectively. The assignmen
are reasonable given that in strong contrast with Nb51 cat-
ions, Mg21 and Sc31 cations have similar size and electron
gativity. The nBn configurations with only Mg21 and/or
Sc31 cation have closest to cubic symmetry, and thus sm
EFG’s; consistent with the observed narrow linewidths.

On the other hand, size and electronegativity misma
resulting from substituting Nb51 for Mg21/Sc31 severely
distorts the cubic symmetry, leading to larger EFG’s, con

FIG. 6. The 28nBn configurations of Nb51 cations and their
assignments. For a given grid point, the three vectors pointing to
axes indicate the numbers of each cation, and thus the triplet c
dinate (NMg ,NSc,NNb). The 18 configurations in the dotted trap
ezoid are assigned to broad distribution componentD1. The three
configurations in the dotted triangle are assigned to broad distr
tion componentD2. The seven configurations on the bottom lin
are assigned to the narrow resonance lines. Only for concentra
x50.6 and 0.7 do the four narrow lines~0,6,0!, ~1,5,0!, ~2,4,0!, and
~3,3,0! also include contributions from~0,5,1!, ~1,4,1!, ~2,3,1!, and
~3,2,1!, respectively.
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quently greater linewidths. These broad lines, which are
sociated withnBn configurations containing Nb51, cannot
be resolved and they contribute to the two broad distributi
D1 andD2. The three grid points~5,0,1!, ~4,1,1!, and~4,0,2!
in the dotted triangle are assigned to the second broad c
ponentD2 ~Fig. 6!. The remaining 18 grid points in the do
ted trapezoid contribute to the broad distribution compon
D1 ~Fig. 6!. Similar to the case of the narrow lines, sma
adjustment is made forD1 at concentrationsx50.6, 0.7;D1
now consists of only 14nBn configurations, excluding the
four configurations on the bottom line of the trapezoid.

In agreement with Fitzgeraldet al.21 the all-magnesium
nBn configuration~6,0,0! corresponds to the high-frequenc
narrow peak 6~around 2900 ppm). Moreover, the all-
niobium nBn configuration~0,0,6! contributes to the low-
frequency broad peakD1 ~centered around2980 ppm at 14
T, and21020 ppm at 9.4 T!. The all-scandium configuration
~0,6,0! is assigned to the low-frequency narrow peak
~around2980 ppm). These assignments are based on
experimental results and data from studies of t
niobates.19,31 First, the all-magnesium configuration can b
identified by comparing the MAS spectrum of PMN~Mg:Nb
5 1:2! to that of pyrochlore (Pb1.83@Mg0.29Nb1.71#O6.39,
Mg:Nb;1:6), seeFig. 7.19 In both crystalline materials
each Nb51 is surrounded by six Mg21 and/or Nb51 cations;
one notable difference, however, is that the pyrochlore
substantially lower Mg21 content. Thus the population of th
all-magnesium configuration~6,0,0! is predicted to be much
lower in pyrochlore than that in PMN. It is obvious from Fig
7 that the narrow peak of PMN around2907 ppm must be
attributed to the all-magnesium configuration~6,0,0!, since
no corresponding peak is present for pyrochlore. Second
above analysis also leads to the conclusion that in pyroch
the broad peak~around21020 ppm) consists of93Nb spe-
cies with Nb51 as the majority in theirnBn configurations;
~0,0,6!, ~1,0,5!, and ~2,0,4!. This hypothesis is further sup
ported by the fact that four lead niobates (Pb2Nb2O7,
Pb3Nb4O13, Pb5Nb4O15, and Pb3Nb2O8) consisting of cor-
ner sharing NbO6 octahedra haved iso

CS ranging from21003
to 2951 ppm andPQ ranging from 13.6 to 20.6 MHz~or
d iso

2Q from 227 to 262 ppm at 9.4 T!.31 This confirms that
the 93Nb species surrounded by six Nb51 cations resonate on

e
or-

u-

ns

FIG. 7. Comparison of MAS spectra of PMN~A! and Pyro-
chlore ~B!. Spectra were acquired at 9.4 T with sample spinn
speed 32 kHz. Figure is modified from the work of Cruzet al. ~Ref.
19!. The chemical shift was referred to Nb2O5 originally; and has
been recalibrated to make NbCl5 /MeCN as zero ppm reference.~In
our PMN spectrum at 9.4 T and spinning speed 12 kHz, the sh
peak occurs at2907 ppm.!
3-6
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93Nb MAGIC ANGLE SPINNING NMR STUDY OF . . . PHYSICAL REVIEW B 66, 224103 ~2002!
the low-frequency side~from 2978 to21065 ppm at 9.4 T!.
Third, the lowest frequency narrow peak 0 is assigned to
all-scandium configuration~0,6,0!. This is supported by the
concentration dependence; the intensity of this peak
creases monotonically withx. The largest intensity is ob
served in thex50.9 spectrum~0.1 PMN– 0.9 PSN!, where
the concentration of scandium is largest~Fig. 2!.

V. MODELS OF CATION DISORDER

We have assigned the components of MAS NMR spe
to the nearestB neighbor cation configurations, and esta
lished a relation between the integrated spectral intens
and the population of Nb51 species with particularnBn con-
figurations. Thus the experimental NMR results can be u
to differentiate between various theoretical models ofB-site
order/disorder in perovskite ferroelectric solid solutions. T
B-site ordering models can be used to predict the NMR sp
tral intensities, which can be directly compared to the NM
observations for all compositionsx. The two most relevan
models are considered in detail: the completely random~CR!
model8 and the random site~RS! model.16

A. Completely random model

In this simple model allB sites are assumed to b
randomly occupied by Mg21, Sc31, and Nb51, and the
stoichiometry depends on the concentrationx;
Pb@Mg(12x)/3Scx/2Nb(42x)/6#O3. Assume that the three type
of B cations have partial concentrationsCMg ,CSc, andCNb
such thatCMg1CSc1CNb51. Thus the partial concentra
tions areCMg5(12x)/3, CSc5x/2, andCNb5(42x)/6. For
a given central Nb51 ion the probability that it has anBn
configuration (NMg ,NSc,NNb) is

PCR~NMg ,NSc,x!5
6!

NMg!NSc!NNb!
~CMg!NMg

3~CSc!
NSc~CNb!

NNb. ~3!

In our assignments the narrow lines are configurations w
no Nb51 nearestB neighbors. The probabilities are thus

PCR~NMg,62NMg ,x!

5
6!

NMg! ~62NMg!! S 12x

3 D NMgS x

2D 62NMg

. ~4!

This formula gives negligible values (,1.6%) for all narrow
lines at all PSN concentrations. Since typical NMR inten
ties for the narrow lines are on the order of 10%~Table I!,
this model fails to account for the observed NMR intensit
and is an inappropriate description ofB-site ordering. More-
over, it is important to appreciate that even in the disorde
samples the NMR MAS spectral intensities cannot be
scribed by the CR model~Table I!. This implies that there
is significant short-range order even in the as sinte
materials.
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B. Random site

This model assumes that along the@111# direction the
layers ofB cations alternate between pure Nb51 and a ran-
dom mixture of Mg21, Sc21 and the remaining Nb51 ~Fig.
5!. The alternation occurs along all four body diagonals. T
name ‘‘random site’’16 is used instead of the previous ‘‘ran
dom layer’’15 since the word ‘‘layer’’ might suggest that th
1:1 ordering is only in one direction. The stoichiometric fo
mula is Pb(b1/28 b1/29 )O3, with b85random mixture
@Mg2(12x)/3ScxNb(12x)/3# andb95Nb. Half of theB cations
are onb8 sites, and half are onb9 sites, i.e.,pb851/2,pb9
51/2. Within the mixed layer, the concentrations a
Cb8Mg52(12x)/3,Cb8Sc5x,Cb8Nb5(12x)/3. The total
Nb51 concentrationCNb5(42x)/6 is restored by calculat
ing pb8Cb8Nb1pb9 .

Each Nb51 cation in the mixture layer (b8) has six Nb51

nearest B-site neighbors in the two adjacent pure Nb51 lay-
ers (b9). Therefore the probability of having aB-cation
which is b8-type Nb51 with nBn configuration
(NMg ,NSc,NNb) is

Pb8Nb~NMg ,NSc,x!5pb8Cb8Nbd~NMg ,NSc!, ~5!

where d51 for NMg50 and NSc50, 0 otherwise. Each
Nb51 cation in the pure layer (b9) has 28 possible configu
rations of nearestB neighbors from the two adjacent mixtur
layers (b8). The probability of having aB cation which is
b9-type Nb51 with nBn configuration (NMg ,NSc,NNb) is

Pb9Nb~NMg ,NSc,x!5pb9

6!

NMg!NSc!NNb!
~Cb8Mg!NMg

3~Cb8Sc!
NSc~Cb8Nb!

NNb. ~6!

The probability of having aB-cation which is Nb51 with
nBn configuration (NMg ,NSc,NNb) is the simply sum of Eqs.
~5! and ~6!,

PNb~NMg ,NSc,x!5Pb8Nb~NMg ,NSc,x!

1Pb9Nb~NMg ,NSc,x!. ~7!

The summation of the probability overNMg andNSc is, not
surprisingly,CNb5(42x)/6. Thus normalization of Eq.~7!
gives the probability of having a Nb51 cation withnBn con-
figuration (NMg ,NSc,NNb),

PRS~NMg ,NSc,x!5
6

42x
PNb~NMg ,NSc,x!. ~8!

For the narrow lines whereNNb50, the RS prediction is
found to be related to the completely random prediction@Eq.
~4!# by

PRS~NMg,62NMg ,x!5
192

42x
PCR~NMg,62NMg ,x!. ~9!

Therefore, for MAS spectral components assigned
(NMg ,62NMg ,0) configurations, it is obvious that the R
model yields much larger intensities than the CR model~48
times atx50, and 64 times atx51).
3-7
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TABLE II. Random site prediction and experimental results of PMN and five ordered PMN-PSN
solutions at 19.6 T. Contributions of 28 configurations are arranged according to (NMgNScNNb) ~see Fig. 6!.
The predicted line intensities~for the seven narrow lines and two broad distributions! are compared with
experimental intensities which are in parentheses.
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The random site model is in very good qualitative agr
ment with the experimental MAS line intensities~Table II!.
The RS probabilities of the 28 configurations can be use
predict the integrated MAS intensities for all concentrationx.
In Table II, the 28 probabilities for each concentration a
arranged on triangular grid, as in Fig. 6. Theoretical inten
ties of the seven narrow lines and two broad lines are der
and compared with the experimental intensities~in parenthe-
ses! obtained by deconvolution of the MAS spectra obtain
at 19.6 T.

Although the NMR results strongly support the RS mod
we would prefer to achieve quantitative agreement. Clo
inspection of the overall line shapes reveals that RS pred
intensities too low for the narrow lines with relatively larg
numbers of Mg21 cations (>3) in the nBn configuration.
For quantitative comparison, we predict the MAS line sha
by using RS populations~from Table II! and compare them
with experimental spectra~Fig. 8!. For high concentrations
x50.7 and 0.9, the agreement is very good. However, for
lower scandium concentrations, peak intensities correspo
ing to configurations~6,0,0!, ~5,1,0!, ~4,2,0!, and~3,3,0! are
consistently underestimated. As illustrated in Fig. 8, su
deficiencies cause a dramatic mismatch in the appearan
the spectra. This is particularly demonstrated in the sh
peak of the PMN associated with six Mg21 neighbors,
Nb~6,0,0!. These comparisons attest the high specificity
NMR and its unique ability to probe local order and disord
in solids.
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C. Modified RS model

We believe that the primary limitation of the RS mod
lies in its assumption that within the mixed layers all thr

FIG. 8. Random site predictions of line components~thin solid!
and total intensities~dotted line!, compared with MAS spectra
~solid bold! at 19.6 T for (12x)PMN-xPSN samples.~a! PMN;
~b!–~f! ordered samples with PSN concentrationx50.1, 0.2, 0.6,
0.7, and 0.9, respectively.
3-8



ce
riv
rs
g
te

nt
S

t

b
e
he

u
s

w
th

o
em
is

r
8
l
is
to

de
-
in

us

he

6%

w
he

on
e

n

po-
s
in-
po-
in-

ng

o-
oci-
re.

ted
k

-
ect

m-
eri-

a-
w

ar
and

are

ift

t

93Nb MAGIC ANGLE SPINNING NMR STUDY OF . . . PHYSICAL REVIEW B 66, 224103 ~2002!
types of cations (Mg21, Sc31, and Nb51) are distributed
completely randomly. In fact their differences in valen
charge, ionic size, and electronegativity are all possible d
ing forces for cation preference within the mixture laye
Pragmatically, it appears that there is some degree of M21

clustering on the mixture layers, so as to enhance the in
sities for the niobiums with relatively large number of Mg21

in the nearestB neighbor configuration.
This hypothesis can be most simply examined by Mo

Carlo simulation on PMN, because the deviation of R
model is most serious at this concentration (x50), it is sim-
plest to simulate, and there is only one unlike-pair energy
consider~between Mg21 and Nb51). The B-site lattice is
initialized according to the random site model, that is,@111#
planes alternate between pure Nb51 (b9) and random mix-
ture of the Mg21 and the remaining Nb51 (b8). The lattice
size (30330330) is large enough to ensure that the 28nBn
probabilities predicted by the RS model are reproduced
counting the nearestB configurations on the lattice. Th
@111#1:1 ordering, which is the compromise between t
long-range electrostatic interactions amongB cations and the
local effect of large Pb21 covalency,10–14 should be main-
tained throughout the simulation. For this purpose, the p
B sublattice (b9) is fixed and the Monte Carlo algorithm i
only applied on the mixedB sublattice (b8). Since swapping
two cations of the same type does not change energy,
may set like-pair energies to zero and only consider
unlike-pair energy between Mg21 and Nb51. Thus the
Monte Carlo algorithm is: randomly pick a nearest-neighb
pair on the mixture sublattice and then attempt to swap th
If the total energy decreases, accept the swap; otherw
accept with probability exp(2DE/RT), whereDE is the en-
ergy difference resulting from the swap,R is the universal
gas constant, andT is temperature. Repeat the process fo
large number of times (8.13108) and then evaluate the 2
nBn probabilities over the wholeB lattice. The experimenta
intensity ~14%! of the all-magnesium (6,0,0) narrow line
reproduced when the unlike-pair energy is adjusted
21.3RT. At room temperature~300 K! this energy is
23.25 kJ/mole, which is interestingly close to23.14 kJ/
mole, the enthalpy change associated with the RS or
disorder transition.16 Whatever their origin, whether differ
ences in charge, size, or electronegativity, these driv
forces bring theB lattice to the@111#1:1 ordering. They also
result in the mixture layers exhibiting some degree of cl
tering, rather than complete randomness.

The Monte Carlo simulation produces intensities for t
two distributions, 50.0% forD1 and 35.2% forD2. These
agree very well with experimental values 48.4% and 38.
at 14 T. At 19.6 T, the values are 39.9% and 45.3% forD1
and D2, respectively. The inconsistency between the t
fields results from the uncertainties in the partition of t
overlappingD1 andD2 Gaussian distributions in PMN MAS
spectra. In the Appendix it is shown that, at both fields, c
sistentD1 andD2 intensities for the PMN broad peak can b
achieved by using the Czjzek distribution function ofnQ and
h.32–34 The Czjzek scheme, however, does not affect a
intensities of the narrow components (NNb50) significantly.
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It represents another way of partitioning the broad com
nents arising fromNNbÞ0. Moreover, for concentration
other thanx50, the Gaussian functions give consistent
tensities at both magnetic fields for the two broad com
nents. Because of overall consistency and more intuitive
terpretation, we report quantitative results from fits usi
Gaussian distribution functions.

VI. DISCUSSION

A. PMN

Assignment of the MAS spectra of PMN remains contr
versial: the number of nonequivalent sites and their ass
ated NMR parameters differ considerably in the literatu
For instance, Cruzet al. analyzed a 3QMAS experiment~at
9.4 T! to obtain CQ58.5 MHz, h50.5 (PQ58.8 MHz)
for the sharp peak, which is comparable to our estima
value PQ 5 13 MHz. They simply assign the broad pea
to a single site with CQ521.5 MHz, h50.8
(PQ523.7 MHz).19 Using nutation NMR~at 9.4 T! Prasad
et al., claimed to observe three sites, with estimatedCQ
,1.2, ;17, and.62 MHz.20 In their 14-T MAS study, they
associated theCQ,1.2-MHz nutation site with the sharp
MAS peak, and bothCQ;17- andCQ.62-MHz sites with
the broad peak near2980 ppm.21 However, these assign
ments are inconsistent with our results. First, our dir
analyses of MAS spectra showCQ.12 MHz for the sharp
peak. Second, the broad peak cannot haveCQ.62 MHz for
the following reasons. The line shapes simulated with para
eters from Refs. 20 and 21 are compared with our exp
mental MAS spectrum of PMN at 14 T~Fig. 9!. The line
with small CQ51.2 MHz has negligible second-order qu
drupolar linewidth; it is far too narrow to match the narro

FIG. 9. Experimental PMN MAS spectrum with quadrupol
line shapes simulated according to parameters given by Shore
co-workers~Refs. 20 and 21!. ~A! 93Nb PMN MAS spectrum col-
lected at 14 T, sample spinning speed 34 kHz; sidebands
marked by stars.~B! Simulated line withCQ51.2 MHz, h50.5,
d iso

CS52896 ppm.~C! Simulated line shape withCQ517 MHz, h
50.5, d iso

CS52960 ppm. The isotropic second quadrupolar sh
d iso

2Q5220 ppm, the bary center (d iso
CS1d iso

2Q) of this line is at
2980 ppm.~D! Simulated line shape withCQ562 MHz, h50.5,
d iso

CS52709 ppm.d iso
2Q52271 ppm, and the bary center is also a

2980 ppm.
3-9
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HOATSON, ZHOU, FAYON, MASSIOT, AND VOLD PHYSICAL REVIEW B66, 224103 ~2002!
peak of the experimental spectra. On the other hand,
enormously largeCQ562 MHz yields a line shape muc
wider than the broad experimental MAS peak. Moreover,
large second-order isotropic shiftd iso

2Q52271 ppm has to be
compensated for by settingd iso

CS52709 ppm in order to keep
the bary center (̂d1/2&5d iso

CS1d iso
2Q) near 2980 ppm. How-

ever, such ad iso
CS value does not fit with the21113–

2951-ppm range observed in studies on eight crystalline
kali and lead niobates.31

Regardless of these inconsistencies, it is certain that
sharp peak has aCQ much larger than 1.2 MHz. Any site
with CQ,1.2 MHz would be easily observed in MAS spe
tra; the RF excitation is efficient, and the intensity is stron
enhanced by such narrow linewidth. It should also be cl
that the broad peak consists of at least two contributions,
both haveCQ!62 MHz.

To further confirm these conclusions we simulated
efficiency of various MAS pulse sequences used here an
the literature, the results are shown in Fig. 10. The efficie
is averaged over all orientations, thus it is proportional to
integrated spectral intensity. In our experiments~curves A
and B! the single pulse has a flip angle of 18°. These e
ciencies decay monotonically with increasingPQ ~e.g., for
curve A, the efficiency is 1.54 forPQ51.2 MHz, 1.49 for
PQ513 MHz, 1.33 for PQ530 MHz, and 1.10 forPQ
562 MHz). Uniform but very low efficiency~0.25! was ob-
tained by using the sequence used by Fitzgeraldet al. with a
small flip angle of 2.9°~curve C!.21 If there is a site with
large PQ.62 MHz, it should be easier to detect under t
conditions of our MAS experiments. However, we did n
observe such a site. Compared with the MAS spectrum
Fitzgeraldet al.,21 the sharp peak in our PMN spectrum h
lower intensity. This contradicts the higher sensitivity
small PQ in our experiments. It is likely that the intensit
differences in the sharp peak and~potential! disagreement
regarding the existence of a largeCQ site (PQ.62 MHz) are

FIG. 10. Pulse sequence efficiency as a function of quadru
product (PQ). Results are obtained from numerical simulation a
suming infinite sample spinning speed. Vertical axis is in arbitr
units. ~A! Pulse conditions used in MAS experiments at 19.6
n1571 kHz, tp50.7 ms. ~B! Conditions used in MAS experiment
at 14 T;n1550 kHz, tp51 ms. ~C! Conditions used by Fitzgerald
et al. in MAS experiments at 14 T;n1532.5 kHz, tp50.25ms
~Ref. 21!. (C8) Same as~C! except fortp51.54ms. A, B, and C8
have flip angle of 18°; C has flip angle of 2.9°.
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the results of different samples used in the two studies.
properties of these ceramics are known to be highly dep
dent on preparation and ordering procedures.

In passing, the calculations illustrated in Fig. 10 show t
under our experimental conditions, the excitation efficien
is relatively even for both sharp peaks (PQ;13 MHz) and
broad peaks (PQ;30 MHz). Thus for all our PMN-PSN
MAS spectra, corrections to intensities listed in Table I a
small (,2%) and have been omitted.

According to our MAS results, the observedCQ values in
PMN are all between 12 and 35 MHz. A perfect perovsk
crystal would have cubic symmetry, and thus zero EFG. T
relatively largeCQ values are not surprising, since significa
lattice distortions~positional disorder! have been reported
in PMN.35

B. PMN-PSN

For the PMN-PSN MAS spectra and their deconvoluti
results, several observations can be made as follows. Firs
any given concentration and field~see Fig. 4!, the spectra of
disordered and ordered samples are qualitatively similar.
samples are disordered in the sense that their XRD patt
lack the (1/2,1/2,1/2) supercell reflection associated with
chemical order in the@111# direction.16 However, it is impor-
tant to appreciate that XRD detects long or intermedia
range order, while NMR probes local environments. In t
disordered samples the ordered domains are on the nano
~2–5 nm! making them difficult to detect by XRD. The simi
larity in NMR spectra leads to the conclusion thatlocally, the
B-site ~chemical! ordering in the disordered and ordere
samples are very similar.

Second, the combined intensity of the distributionsD1
andD2 is plotted against PSN concentrationx in Fig. 11. For
low x, the intensities for ordered and disordered samples
fairly similar; difference between them becomes appar
only after x.0.6. Frequency-dependent dielectric measu
ments reveal that forx<0.5 relaxor behavior is observed i
both ordered and disordered materials; forx>0.6, relaxor
behavior is observed in disordered materials, but norm
ferroelectric behavior is seen in ordered materials.16 Thus
there appears to be a correlation between the integrated
tensity of the distributions and the dielectric response. T

le
-
y
;

FIG. 11. The combined intensity ofD1 andD2 as a function of
PSN concentrationx. Disordered samples at 14 T~diamond!, disor-
dered samples at 19.6 T~square!, ordered samples at 19.6 T~tri-
angle!.
3-10
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93Nb MAGIC ANGLE SPINNING NMR STUDY OF . . . PHYSICAL REVIEW B 66, 224103 ~2002!
combined intensity may be used as an indicator of whe
the sample is a relaxor or normal ferroelectric. Empirically
appears that when the distribution intensity is above 20
the material behaves as a relaxor, while below this, a
normal ferroelectric, regardless of the domain size de
mined by TEM or the degree of order characteriz
by XRD.16

Third, the position of each narrow line shifts slightly
higher frequency as the PSN concentrationx increases. The
components with intensity below 1% do not have relia
position parameters, thus they are neglected in the follow
analysis. For ordered samples at 19.6 T~Table I!, linear fit-
ting shows that the shifts are 1.3, 1.3, 1.1, 0.7, 0.7, 0.7,
0.6 ppm withx increment of 0.1, for narrow lines 0–6, re
spectively. We attribute these shifts to the slight increase
the lattice constant resulting from adding PSN; the aver
B-cation radius 0.69 Å @(RSc1RNb)/2,RSc50.745,RNb
50.64#, which is larger than the 0.67 Å for PMN@(RMg
12RNb)/3,RMg50.72#. de Dioset al. reported positive shift
derivative with respect to bond extension ranging from 4
2784 ppm/Å in most cases.36 It is further supported by the
pattern that the shift increases with the number of Sc innBn.
The unit cells expand most around the93Nb having six Sc
nBn ~line 0!, and the least around those having zero ScnBn
~line 6!. For disordered samples, the shifts are 1.3, 1.2,
1.1, 0.64, 0.47, and 0.68 ppm at 19.6 T; and 1.5, 1.3, 1.2,
0.6, 0.6, and20.4 ppm at 14 T.

Fourth, for the ordered samples, the linewidths of
seven narrow lines (NNb50) do not change noticeably wit
x. In the simulation, they are set constant for each nar
line. Specifically, they are 13, 14.3, 15.7, 17.0, 15.3, 13
and 12 ppm for lines 0–6 respectively. These values co
late interestingly with the ‘‘purity’’ of thenBn configuration,
that is, theNSc56 ~line 0! and NMg56 ~line 6! lines are
narrowest, and theNMg5NSc53 ~line 3! is widest. This is
because the five (NMg51,2,•••5) ‘‘mixed’’ configurations
have lower symmetry than the two ‘‘pure’’ configuration
Moreover, each of the three ‘‘mixed’’ configurations wit
NMg52, 3, and 4 have two different spatial arrangeme
among the sixnBn sites. ForNMg52, the two Mg21 ions
can occupy both ends of one of the three orthogonal axe
each of them occupy one end of two different axes;
NMg53, each of them may occupy one end of the three a
or two Mg21 ions are on one axis, while the other Mg21 is
on a different axis; and theNMg54 case hasNSc52, which
is similar to theNMg52 case. The different spatial arrang
ments result in slightly different NMR parameters, whi
result in broadening of the line shape.

Finally, in disordered samples there is concentration
pendence of the linewidth for narrow lines. Moreover, t
linewidths for the disordered samples are typically 0.3
ppm wider than those for the ordered samples. The w
linewidths reveal that the disordered samples have more
torted local environments and/or a wider range of spatia
different but topologically identical environments.

VII. CONCLUSIONS

93Nb MAS NMR experiments have been performed
perovskite relaxor ferroelectric PMN-PSN solid solutions
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high magnetic fields and fast sample spinning speeds.
resolution of the experiments is sufficient to allow assig
ments of MAS spectral components to93Nb sites in 28 near-
estB neighbor configurations. Seven narrow peaks and
broad components have been identified. The seven na
peaks have been assigned to the seven configurations de
of Nb51; and are labeled 0–6 according to the number
Mg21 in the configurations. The two broad componentsD1

andD2 have been respectively assigned to 18 and 3 confi
rations containing Nb51. These spectral assignments faci
tate quantitative evaluation of, and differentiation betwe
different models of B-site~chemical! disorder. The com-
pletely random model was ruled out and the random
model is shown to be in qualitative agreement with the NM
experiments. However, at compositions with low PSN co
centration, the RS model underestimates intensities for
narrow spectral components corresponding to nearesB
neighbor configurations with large Mg21 number (NMg
.3). This remaining small discrepancy from predictions
the RS model is most probably the result of its assumption
complete compositional randomness within the mixed laye
To explain this observation and obtain quantitative agr
ment with observed NMR intensities, we propose an enth
pic contribution which promotes clustering of Mg21 cations
on the mixedB sublattice. Monte Carlo simulations on PM
confirm that when the unlike-pair energy between Nb51 and
Mg21 is 23.2 kJ/mole, quantitative agreement of intensit
are achieved.

The seven narrow peaks have small quadrupole coup
constants (CQ;12 MHz) presumably because the Mg21 and
Sc31 are similar in terms of charge, size, and electronega
ity. These peaks are separated by around 14 ppm. Em
cally it appears that the isotropic chemical shift decreases
about 14 ppm when each Mg21 is replaced by Sc31 in the
nearestB neighbor configuration. The broad componen
have distributions of both chemical shifts and quadrup
coupling constants. ForD1, the meanm(d iso

CS) ranges from
2953 to 2951 ppm, standard deviation s(d iso

CS)
510.9 ppm, m(CQ)528.6 MHz, and s(CQ)53.9 MHz;
for D2, the mean m(d iso

CS) varies from 2922 to
2919.5 ppm, standard deviations(d iso

CS)512.9 ppm,
m(CQ)524.4 MHz, ands(CQ)55.1 MHz. The large quad-
rupole coupling constants, which are about double theCQ for
narrow peaks, result from distortion due to the mismatch
charge, size, and electronegativity of Nb51 containingnBn
configurations. A doubledCQ means a four fold increasing in
linewidth due second-order quadrupole broadening. The
fore the line shapes corresponding to these Nb51 containing
configurations severely overlap and result in broad com
nents. Two-dimensional93Nb 3QMAS spectra have bee
collected and are currently being analyzed. 3QMAS spe
provide site-specific chemical shift and quadrupolar para
eters. To date these results are consistent with MAS res
described in the paper.

Spectra of ordered and disordered samples are qua
tively similar. This indicates thatlocally the B-site ~chemi-
cal! ordering in ordered~heat treated! and disordered~as sin-
tered! samples are similar. The combined intensity
3-11
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HOATSON, ZHOU, FAYON, MASSIOT, AND VOLD PHYSICAL REVIEW B66, 224103 ~2002!
distributionsD1 and D2 correlates with dielectric respons
Empirically, the material is a relaxor ferroelectric if the in
tensity is above 20%, and a normal ferroelectric if the inte
sity is below this, regardless of the domain size or degre
order.

To provide comprehensive studies on these complex
tems,45Sc MAS and 3QMAS spectra, and variable tempe
ture 207Pb MAS and 2D-PASS~Ref. 37! spectra are also
being analyzed. In conclusion, multinuclei NMR studies,
have been demonstrated by the93Nb MAS results, can pro-
vide a wealth of detailed information on cation order a
dynamics in complex relaxor ferroelectric solid solutions.
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APPENDIX: CZJZEK DISTRIBUTION SCHEME
FOR QUADRUPOLAR PARAMETERS

The analysis described in the result section~Sec. III! uses
Gaussian distributions of NMR spectral parameters to fit
MAS line shapes. ForD1 andD2, we used the simple Gauss
ian distribution of parametersd iso

CS andnQ , and chose unique
h values~0.4 for D1 and 0 forD2) by optimizing line fitting
for spectra at allx at both 14 and 19.6 T. Another choice
the Czjzek function, which has been successfully used
describe distributions of quadrupole parameters in am
phous fluorides by Czjzeket al. and Bureauet al.32–34 This
function allows for simultaneous variations ofh as well as
nQ ,

P~nQ ,h!5
1

A2psd
nQ

d21hS 12
h2

9 DexpF2
nQ

2 ~11h2/3!

2s2 G ,

~A1!

wheres controls both width and most probable value ofnQ
distribution at a givenh, andd is related to the number o
independent random components of the EFG tensord
<5). A decreased value ofd reflects local geometrical con
straints.

For PMN spectra at both 14 and 19.6 T,d53, 4, and 5
are all able to fit the spectra, but onlyd54 gives consisten
D1 and D2 intensities. We thus pickd54 and use this to
deconvolute all MAS spectra~see Fig. 12!. The fit quality is
comparable to the Gaussian scheme reported in the text.
parameters~position and FWHM! of narrow components ar
the same as in the Gaussian scheme~Table I!, and their in-
tensities change only slightly.D1 has a Czjzek distribution o
quadrupolar parameters (s5450 kHz,d54) and a Gaussian
distribution of isotropic chemical shift@meanm(d iso

CS) ranges
22410
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of
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s
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n
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between2970 and2965 ppm at 14 T, or from2963 to

2960 at 19.6 T, standard deviations(d iso
CS)515.9 ppm].D2

has a Czjzek distribution of quadrupolar parameterss
5750 kHz, d54) and a Gaussian distribution of isotrop
chemical shift @mean m(d iso

CS) ranges from 2923 to
2922 ppm at 14 T, or from2920 to2915 at 19.6 T, stan-
dard deviations(d iso

CS)511.6 ppm]. The integrated intens
ties of the distributionsD1 andD2 obtained from the Czjzek
deconvolution are listed in Table III.

The Czjzek functions give consistent integrated intensi
for D1 andD2 at both fields. However, except for PMN, th

FIG. 12. Deconvolution with Czjzek distribution of quadrupol
parameters. MAS spectra, which are represented by bold solid li
are collected at 14 T~left column! and 19.6 T~right column! for
disordered samples with concentrationsx50, 0.2, and 0.7~from
top to bottom!. Thin solid lines are deconvoluted lines, of whic
026 are simple Gaussian/Lorentzian, andD1 and D2 consist
Czjzek distribution of quadrupolar parameters and Gaussian di
bution of isotropic chemical shift. Dashed lines are sum of th
solid lines.

TABLE III. Integrated intensities~%! of broad peak distribution
components with Czjzek deconvolution scheme.

x 0 0.1 0.2 0.6 0.7 0.9

Disorder D1 24.2 29.2 34.0 28.9 63.4
14 T D2 62.8 46.2

Disorder D1 25.4 32.7 27.9 41.0 58.6
19.6 T D2 60.3 43.6

Ordered D1 35.6 37.4 16.9 15.1 19.3
19.6 T D2 43.5 39.0
3-12
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consistency is similar to that using Gaussian distribut
functions~cf. Table I!. The Gaussian function offers straigh
forward interpretation of the mean and standard deviation
the distribution of NMR parameters. Moreover, the Czjz
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