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Local structure in perovskite relaxor ferroelectrics by 207Pb NMR
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The 207Pb static, magic-angle spinning~MAS!, and two-dimensional phase-adjusted spinning sidebands
~2D-PASS! NMR experiments have been performed on (12x)PMN/xPSN @where PMN stands for
Pb(Mg1/3Nb2/3)O3 and PSN stands for Pb(Sc1/2Nb1/2)O3] relaxor ferroelectrics. These materials have inherent
chemical and positional disorder that results in very low-resolution static and MAS spectra. Only in 2D-PASS
spectra can isotropic and anisotropic chemical shifts be separated. The isotropic chemical shiftd iso ranges from
21800 to2900 ppm and the anisotropic chemical shiftdaniso ranges from2700 to 2230 ppm with asym-
metry parameterh ranging from 0.5 to 1. Strong linear correlations between isotropic and anisotropic chemical
shifts show that Pb-O bonds vary from more ionic to more covalent environments. The isotropic chemical shift
measures the shortest Pb-O bond length and its distribution is quantitatively described. Such distribution is
used to examine two competing models of Pb displacements; the direction of displacement is random in the
spherical model but specific in the unique direction model. The spherical model is unable to yield the observed
distribution of the shortest Pb-O bond length. The unique direction model may fit the observed distribution, but
it is unable to discern the direction of the Pb displacement. This model fits experiments equally well with any
given direction. However, the distribution parameters strongly depend on the direction; for PMN at 27 °C,
r 0(s)50.455(0.039), 0.302~0.023!, and 0.381~0.030! Å for @001#, @011#, and@111#, respectively, wherer 0 and
s are, respectively, the mean and standard deviation of the Gaussian distribution of the Pb displacement from
the ideal position.

DOI: 10.1103/PhysRevB.69.134104 PACS number~s!: 77.84.Dy, 82.56.Dj, 82.56.Ub
er
re
so

a
ou

s
ha
at
P

he

ing

ca
ov

pi

id
a

h
e
m
el
ly

ws

d

-
. In

e
pa-
I. INTRODUCTION

Lead based perovskite relaxor ferroelectrics have v
large dielectric, piezoelectric, and electromechanical
sponses and are important materials for capacitors, sen
actuators, and transducers.1–4 The microscopic origin of their
macroscopic properties is still not well understood. The le
ion has large covalency and lone-pair electrons and sh
play an important role. For example inA(B1/38 B2/39 )O3

perovskites (A5Ba21,Pb21; B85Mg21,Ca21,Zn21; B9
5Nb51,Ta51), 1:2 ordering of the twoB cations is found
along the@111# direction when theA ion is Ba21, while 1:1
ordering occurs whenA is Pb21.5 The Pb-based perovskite
also have lower order-disorder transition temperatures t
the Ba-based perovskites.5 These phenomena have been
tributed to the enhanced Pb-O hybridization between the
6s and O 2p states of the underbonded oxygens in t
B21-O-B21 andB21-O-B51 environments.5,6 Similarly, the
large covalency of Pb21 compared to Ba21 has been mod-
eled by an environment-dependent effectiveA-site charge
and it is able to explain the observed different order
behaviors.7

It is clear from numerous experimental and theoreti
investigations that there is an intimate connection in per
skite ceramics betweenA-site displacement andB-site disor-
der and distortion, with intriguing consequences for bulk
ezoelectric and ferroelectric behavior.8 Multinuclear NMR
studies of one particular series of solid solutions can prov
one piece of a complex puzzle. In order to accommod
0163-1829/2004/69~13!/134104~10!/$22.50 69 1341
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their lone-pair electrons, Pb21 ions usually shift from high-
symmetry positions. An x-ray-diffraction~XRD! study of
Pb(Mg1/3Nb2/3)O3 ~PMN! shows that even at relatively hig
temperatures (;300 °C) lead ions are displaced from th
perovskite cubic center.9 The displacements may be rando
in both length and direction, but a spherical layer mod
~radius 0.285 and 0.259 Å for 20 and 300 °C, respective!
adequately describes the observed data.9 However in
Pb(Sc1/2Ta1/2)O3 ~PST!, pair distribution function analysis
~PDF! using neutron scattering and x-ray scattering sho
that Pb21 ions move~by 0.2 Å! in the @100# direction rather
than the macroscopic polarization direction@111#.10 These
results are very different and we hope this207Pb NMR study
may shed some light on this issue.

We have studied local structures and quantitativeB-site
ordering of the solid solutions of PMN an
Pb~Sc1/2Nb1/2)O3 ~PSN! using 93Nb NMR.11,12 In this work,
the 207Pb NMR of these solid solutions (12x)PMN/xPSN is
used to investigate the important role of Pb21 ion. The
chemical shielding tensor of207Pb measures the local mag
netic fields created by molecular or crystal surroundings
the principal-axis system~PAS!, only the diagonal compo-
nents d11, d22, and d33 are nonzero. Conventionally, th
chemical shielding tensor may be characterized by three
rameters: the isotropic chemical shiftd iso, the anisotropic
shift daniso, and the asymmetry parameterh. They are de-
fined as

d iso5
1
3 ~d111d221d33!,
©2004 The American Physical Society04-1
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daniso5d332d iso,

h5
d222d11

daniso
, ~1!

where the principal components of the shielding tensor
arranged asud332d isou>ud112d isou>ud222d isou.

13 This or-
dering placesd22 betweend11 and d33, and closer tod11.
The parameterh ranges from 0 to 1 and measures the dev
tion from axial symmetry. The chemical shift anisotrop
daniso is a function of the relative orientation between t
PAS and the laboratory frame. In powder samples, this
entation dependence produces a characteristic anisot
line shape, from which the shielding tensor elements are
tracted. However for these relaxor ferroelectric materials,
Pb21 ions are in a variety of local environments due toB-site
disorder, therefore there are large distributions of both i
tropic and anisotropic207Pb chemical shifts. The distribu
tions of chemical shifts obscure the characteristic anisotro
line shape and result in a broad and featureless NMR
shape; this has been observed for PMN-PSN.14

In solid-state NMR, the magic-angle spinning techniq
~MAS! is usually used to improve the spectral resolution.15,16

However, for disordered materials such as PMN-PSN,
separate the distribution of isotropic shifts from anisotro
shifts, inaccessibly high sample spinning speeds~;50 kHz!
would be required. But in effect the two-dimensional pha
adjusted spinning sidebands~2D-PASS! technique is able to
achieve ‘‘infinite spinning speed’’ spectra in the sense of i
lating isotropic chemical shift information in one dimensio
while preserving valuable anisotropic chemical shift info
mation in the second dimension.17 The 2D-PASS technique
has been successfully applied to study chemical bondin
lead in P2O5-PbO glasses.18 This technique is also able t
provide valuable insight on the lead chemical bonding a
displacements of PMN-PSN perovskites.

II. EXPERIMENT

The samples (12x)PMN/xPSN (x50, 0.1, 0.2, 0.6, 0.7,
and 0.9! have been described in previous studies.11,12 NMR
experiments were carried out on a TECMAG APOLLO co
sole with a 7 T OXFORD magnet. A 0.5 M aqueo
Pb(NO3)2 solution was used to tune the spectrometer~Lar-
mor frequency of 62.589 MHz!, and then the carrier fre
quency was increased by 100 kHz before working on
PMN-PSN samples. The duration of ap/2 pulse was 3ms
and the spectral width was6100 kHz. Depending on the
amount of sample, 1000–4000 scans were collected. L
chemical shifts are reported referenced to tetramethyl l
@Pb(CH3)4# at 0 ppm; this was done by using the 0.5
aqueous Pb(NO3)2 solution as the working reference samp
@22941 ppm on the Pb(CH3)4 scale#.13

A Varian-Chemagnetics triple-resonance MAS probe w
a spinning control module enables the achievement of s
ning speeds up to 12 kHz within62 Hz error. The spinning
speeds werenR510 and 5 kHz for MAS and 2D-PASS
experiments, respectively. Teflon spacers were placed
both sides of the rotor to keep the samples in the mid
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since the amount of samples was not enough to fill the 5
rotor. Boil-off from high-pressure liquid-nitrogen dewa
was used for bearing and driving gas as well as for temp
ture control. Lakeshore temperature controller~model DRC-
91CA! and a Varian-Chemagnetics variable temperat
~VT! stack, which sat on top of the probe, were used
control sample temperatures; the temperature sensor
located near the lower end of the VT stack. In MAS a
2D-PASS experiments, viscous drag by the driving g
causes sample heating. Temperature calibration was
formed making use of the sensitive chemical shifts and n
row linewidth of lead nitrate Pb(NO3)2.19 The corrections
were T(°C)53(63)10.95(60.1)Tread°C and T (°C)
515(63)10.93(60.1)Tread°C for nR55 and 10 kHz, re-
spectively. This calibration has been implicitly performe
and all temperatures reported in this paper are actual
rected values.

Longitudinal relaxation timesT1 were measured on stati
samples using a saturation-recovery sequence; the satur
was created by a comb consisting of 20p/2 pulses separate
by 100 ms.20 A refocusingp pulse was applied before dete
tion to shift the signal by 200ms so as to acquire the ful
echo. The intensity at the top of echo,I (t), wheret was the
recovery time, was fit to the equationI (t)5I 0@12exp
(2t/T1)# using a least-squares algorithm. The relaxation
the broad frequency-domain line shapes is anisotropic
the error of theT1 values was estimated to be60.5 s.

For MAS experiments atnR510 kHz, Hahn-echo se
quence was used witht5200 ms separating thep/2 and the
p pulses.

In a 2D-PASS pulse sequence, fivep pulses follow the
initial p/2 pulse.17 We used a modified version with a shifte
echo since the free induction decay~FID! died out extremely
fast (T2* ,20 ms);18 a duration of two rotor periods~with
rotor periodTR5200 ms) was added to the delay before th
lastp pulse, and a duration of one rotor period was added
the delay after that pulse. Sixteen pitches were used to cr
16 t1 increments; the 16-pitch timing table is available
both Refs. 17 and 18.~However, be reminded that Table I i
Ref. 18 contains a typo: the entry in row 5, column 3 sho
have been 0.11573, not 0.15737.! The spinning speed of 5
kHz was sufficiently low to obtain enough spinning sid
bands for reliable extraction of anisotropy parameters, ye
must be sufficiently large so that 16nR covers all spinning
sidebands. Instead of phase cycling each of the fivep pulses
independently by increment of 120 °,17 which results in 243
steps, a simplified phase-cycling scheme consisting of o
three steps was used~Table I!. The phases of thep pulses
were cycled in such a correlated manner thatf12f21f3
2f41f550° ~or 360°), wheref i ( i 51,2, . . . ,5) is the

TABLE I. Three-step phase cycling for the fivep pulses of
PASS sequence.

f1 (°) f2 (°) f3 (°) f4 (°) f5 (°)

0 0 0 0 0
120 240 120 120 120
240 120 240 240 240
4-2
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LOCAL STRUCTURE IN PEROVSKITE RELAXOR . . . PHYSICAL REVIEW B 69, 134104 ~2004!
phase of the five rfp pulses. The phase of thep/2 pulse and
the receiver reference phase were conventionally cycle
four steps. The same coherence transfer pathway@(0)
→(11)→(21)→(11)→(21)→(11)→(21)# is se-
lected by both the original and this simplified phase-cycl
schemes. The new phase-cycling scheme was tested on
talline PbSO4; a clean 2D-PASS spectrum was obtained a
the extracted chemical shift parameters were in agreem
with literature values.21 Thus it seems artifacts are well su
pressed using this scheme. The recycle delays were at
3T1 for all 2D-PASS experiments.

III. RESULTS

Static and MAS spectra are shown in Fig. 1 for the
dered sample ofx50.7. The static spectrum is very broa
@full width at half height~FWHH! 800 ppm, or 50 kHz at 7
T#. Unlike a simple crystalline sample~e.g., PbSO4), whose
asymmetric line shape of chemical shielding anisotro
shows characteristic features, this relaxor ferroelectric ha
nearly symmetric line shape due to its disordered nat
Magic-angle spinning does significantly narrow the lin
width ~reducing it to FWHH of 500 ppm!; spinning side-
bands with spacing of 10 kHz rotor speed may also be id
tified as inflections on the line shape. Due to the complex
of the system, there is a distribution of chemical shift anis
ropy parameters. MAS speeds of 50 kHz, which exceed
limit of current technology, would be required to complete
separate the sidebands from the center band.

The 207Pb longitudinal relaxation timesT1 in (1
2x)PMN/xPSN are shown in Fig. 2. For PMN within th
temperature range investigated (240 to 60 °C), T1 de-
creases with temperature@Fig. 2~a!#; the variation becomes
very slow around the temperature for dielectric maximu
(210 °C).22 For the ordered samples,T1 has a linear depen

FIG. 1. Static and MAS~10 kHz! 207Pb spectra at 25 °C fo
ordered 0.3PMN-0.7PSN. Actual sample temperature in MAS
periment was 38 °C due to frictional heating~see Sec. II!. Gaussian
line broadening of 1 kHz was applied to both before Fourier tra
form.
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dence on concentrationx; T1(s)50.8(60.4)16.7(60.7)x
~with correlation coefficientR50.985, number of data point
n55) @Fig. 2~b!#. For disordered samples with availab
concentrations,T1 is constant, 2.4 s, at low concentration
(x,0.5) and grows rapidly at higher concentrations;T1(s)
528.4(60.3)118.9(0.9)x (R50.999,n53) @Fig. 2~b!#.

A. 2D-PASS: Isotropic chemical shift

In the 2D-PASS spectrum, the chemical shift isotropy a
anisotropy are separated into horizontal and vertical dim
sions, respectively. The spectrum of PMN at 27 °C~Fig. 3!
reveals a continuous distribution of chemical shift para
eters; the projection onto the isotropic dimension offers
distribution of isotropic chemical shifts, which may be fit b
a Gaussian line shape with meanm(d iso)521343 ppm and
standard deviation s(d iso)5206 ppm ~or FWHH
5484 ppm, which is much narrower than the MAS lin
width FWHH'700 ppm). Based on 21 crystalline com
pounds, Fayonet al. have established empirical correlation
between isotropic chemical shift and structural paramete

d iso ~ppm!52085428669.0r Pb-O ~Å!,

d iso ~ppm!5622.82349.7 CN, ~2!

-

-

FIG. 2. Lead relaxation timeT1 of (12x)PMN/xPSN. Tem-
perature dependence for PMN~a!; concentration dependence
25 °C ~b!. Circles are data from ordered samples and squares f
disordered materials. The lines in~b! are to guide the eye. Deviation
may be60.5 s due to relaxation anisotropy.
4-3
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ZHOU, HOATSON, VOLD, AND FAYON PHYSICAL REVIEW B69, 134104 ~2004!
wherer Pb-O is the effective Pb-O bond length and CN is t
effective coordination number.24 The linear dependence o
CN has been observed only for CN>7 while d iso is more
scattered for materials with lower coordination numbe24

However, for the PMN-PSN solid solutions, all of whic
have perovskite structure, the effective coordination num
thus calculated should be reasonable. For the isotropic
jection of PMN at 27 °C, m(d iso)521343 ppm and
s(d iso)5206 ppm of the Gaussian fit can be translated@Eq.
~2!# into distributions of effective bond lengths and coord
nation numbers;m(r Pb-O)52.56 Å, s(r Pb-O)50.02 Å and
m(CN)55.6, s(CN)50.6.

The isotropic projections of the 2D-PASS spectra
shown in Fig. 4 for PMN at235, 26.5, 27, and 60°C, for

FIG. 3. 207Pb 2D-PASS spectrum of PMN at 27 °C. Gaussi
line broadening of 500 Hz was applied in the isotropic dimensi
Ten contour levels start with 80% and decrease by factor 0.8.
projection ~solid line! onto the isotropic dimension~P! is plotted
with a Gaussian fit~dotted line! with center 21343 ppm and
FWHH 484 ppm. Three slices along the anisotropic dimension (S1 ,
S2, andS3 at d iso521100,21300, and21500 ppm, respectively!
are plotted with fits~in dotted lines! to the spinning sidebands usin
programDMFIT ~Ref. 23!; the anisotropic chemical shift paramete
are daniso52574, 2455, and2367 ppm andh50.6, 0.65, and
0.85 forS1 , S2, andS3, respectively.
13410
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x50.2 both ordered and disordered at 60 °C, and fox
50.7 ordered at 27 °C. There are small inflections indicat
more structural detail. If these features are ignored, all
one projection may be fit with one Gaussian line shape; o
for PMN at 235 °C is a second Gaussian line shape nee
to simulate the broad underlying distribution. The fit para
eters are listed in Table II. For PMN at temperatures fro
26.5 to 60 °C, the mean isotropic chemical shift has a te
perature coefficient of10.15 ppm/°C. Similar temperatur
coefficient of10.126 ppm/°C for PbTiO3 has been reported
~over the range2150 to 60 °C); this is attributed to a ver
small volume expansion that results in the slight change
Pb-O distance.25 The standard deviations(d iso) has a tem-
perature coefficient of10.18 ppm/°C over the range26.5
to 60 °C. Lowering the temperature results in larger me
effective Pb-O distancem(r Pb-O) @and effective coordination
numberm(CN)] but smaller distribution widths(r Pb-O) @and
s(CN)]. For PMN at235 °C, the distribution curve has t
be fit with two components, each with about 50% integ
intensity. Both components have the samem(d iso)
521347 ppm, which is very close to21348 ppm deter-
mined at26.5 °C; this agrees with the fact that the pero
skite unit-cell parameters of PMN barely change below ro
temperature.26 ComponentA is narrow and hass(d iso)
5192 ppm, while componentB is broad and hass(d iso)
5425 ppm. The broad componentB at 235 °C does not
relate to paraelectric to ferroelectric phase transition
PMN, which happens around 210 K.27 But PMN has a di-

.
e

FIG. 4. Isotropic projections of207Pb 2D-PASS spectra for (1
2x)PMN/xPSN solid solutions. Experiments were performed w
spinning speed 5 kHz at235, 26.5, 27, and 60 °C for PMN, at
60 °C for ordered and disordered samples ofx50.2, and at 27 °C
for ordered sample ofx50.7; temperatures have been calibrated
stated in Sec. II. The two axes on top are for conversions to
effective Pb-O distance and coordination number according to
~2!.
4-4
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TABLE II. Gaussian fit parameters for the isotropic projections of 2D-PASS spectra for
2x)PMN/xPSN ~see Fig. 4, for example!.

Sample and d iso (ppm) a r Pb-O (Å) b CN b

temperature (°C) m s m s m s

0.7O and 27 21265 169 2.5515 0.0195 5.40 0.48
0.2D and 60 21279 206 2.5531 0.0238 5.44 0.59
0.2O and 60 21273 199 2.5524 0.0230 5.42 0.57
0D and 60 21338 213 2.5599 0.0246 5.61 0.61
0D and 27 21343 206 2.5605 0.0238 5.62 0.59
0D and26.5 21348 201 2.5611 0.0232 5.64 0.58
0D and235 c A 21347 192 2.5610 0.0221 5.63 0.55

B 21347 425 2.5610 0.0490 5.63 1.22

aError for d iso is estimated as 5 ppm, which propagates to 631024 Å for r Pb-O and 0.01 for CN, according
to Eq. ~2!.

bThe meanm(d iso) and standard deviations(d iso) for isotropic chemical shift distribution are translated in
distribution parameters of effective Pb-O bond lengthr Pb-O and effective coordination number CN using E
~2!.

cOnly PMN at235 °C needs two components; 49%A151% B.
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electric maxima around210 °C,22 which is attributed to in-
teractions and/or dynamics of nanoclusters.28,29It is thus pos-
sible that componentB arises from chemically ordere
nanoclusters.

We emphasize that the variation of the mean isotro
chemical shiftm(d iso) is only 210 ppm over the range160
to 26.5 °C, and the empirical correlation is not accura
enough to estimate the real variation of bond length co
sponding to a 10 ppm shift. The correlation is probably go
enough to be used for larger chemical shift variations
served in the concentration dependence.

The concentration dependence may be found by com
ing isotropic projections at identical temperatures; PMN a
x50.2 at 60 °C, and PMN andx50.7 at 25 °C. Both mean
m(r Pb-O) and distributions(r Pb-O) decrease as the PSN co
centrationx increases. This means that the Pb-O length d
not scale in proportion to the perovskite cell parame
which increases withx ~perovskite cell parameters are 4.05
and 4.075 Å for PMN and PSN, respectively!.10,26 This tells
us that as the perovskite cell becomes larger, the Pb21 shifts
further away from the ideal position, reflecting an increase
the local polar character due to the Mg21/Sc31 substitution
~which results in shortening the shortest Pb-O bond leng
and increasing the longest Pb-O bond lengths!.

The parameters for ordered and disordered samplesx
50.2 are close. Disorder seems to result in slight increa
by around 0.001 Å in both the meanm(r Pb-O) and distribu-
tion s(r Pb-O) of bond lengths.

B. 2D-PASS: Anisotropic chemical shift

To retrieve chemical shift anisotropy~CSA! from a 2D-
PASS spectrum, slices are taken along the anisotropic dim
sion and catenated with zeros to give spinning sidebands
intensities of sidebands are then fit with the Herzfeld a
Berger algorithm.30 For example for PMN at 27 °C in Fig. 3
the fitted CSA parameters (daniso, h) are (2574 ppm, 0.6),
(2455 ppm, 0.65), and (2367 ppm, 0.85) for slices take
13410
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at d iso521100, 21300, and 21500 ppm, respectively
With increasingd iso, that is, decreasing bond lengthr Pb-O
@Eq. ~2!#, the chemical shift anisotropyudanisou increases.
This correlation implies that the Pb-O bonds vary from
more ionic environment~longer bond length, lower anisot
ropy! to a more covalent environment~shorter bond length,
higher anisotropy!.18 Thus the chemical shift tensor provide
detailed information on electronic bonding.

The principal values of the CSA tensor for PMN are c
culated using Eq.~1! and plotted with respect tod iso in
Fig. 5. Very good linear correlations are found betwe
the individual tensor componentsd i i , i 51,2,3 and the
isotropic chemical shift d iso; regression analyses giv
d115940(660)11.42(60.05)d iso, d225300(630)11.17
(60.02)d iso, and d33521230(670)10.41(60.05)d iso
with R50.99 ford11 andd22 andR50.97 ford33.

For PMN at26.5, 27, and 60 °C, the CSA principal com
ponentsd11 andd22 increase whiled33 decreases as temper

FIG. 5. Correlation between anisotropic and isotropic chem
shifts. Data are sampled every 100 ppm fromd iso521700
to 21000 ppm from the 2D-PASS spectrum of PMN
27 °C ~Fig. 3!. Errors are about the size of symbol. The r
gressions ared115940(660)11.42(60.05)d iso , d225300(630)
11.17(60.02)d iso , andd33521230(670)10.41(60.05)d iso.
4-5
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ZHOU, HOATSON, VOLD, AND FAYON PHYSICAL REVIEW B69, 134104 ~2004!
ture increases; the maximum difference is around 80 p
The principal components at235 °C are between those a
26.5 and 27 °C. In Fig. 6 the temperature dependence o
d22 component is shown.

However, no clear concentration dependence is seen.
principal components at 60 °C for PMN are larger at so
d iso values but smaller at other values than those forx50.2
~both ordered and disordered!. The same pattern is see
when comparing PMN at 27 °C andx50.7 ~ordered!.

IV. DISCUSSION

A. Pb-O bonding environments

For PMN-PSN, the measured isotropic and anisotro
chemical shifts suggest that the Pb-O bonds in the system
not strongly covalent. For ionic compounds, weak chem
shift anisotropies and large negative207Pb isotropic shifts in
the range from22000 to23500 ppm are observed. In con
trast, a more covalent bonding state~for example, oxides and
silicates! gives rise to more positive isotropic shifts in th
range from2500 to11500 ppm associated with very larg
chemical shift anisotropiesdaniso;22000 ppm, which re-
flect the steric effect of the Pb21 lone-pair electrons which
preclude a~spherical! symmetric environment with shor
Pb-O bond lengths.24 Thus for PMN-PSN, thed iso range
from 21800 to 2900 ppm and thedaniso range2700 to
2230 ppm indicate that the Pb-O bonding environments
midway between typical ionic and typical covalent.

The asymmetry parameterh in PMN-PSN ranges from
0.5 to 1; this also supports the above statement concer
Pb-O bonding environments. For example, in lead oxi
and silicates~typical covalent compounds!, Pb lies at the
apex of a PbO4 pyramid ~one-sided coordination! and the
shielding tensor is close to axially symmetric (h'0). On the
other hand, in lead nitrate~a typical ionic compound!, Pb is
12-fold coordinated by oxygen atoms with large Pb-O bo
lengths but the shielding tensor is also axially symmetric

FIG. 6. The temperature dependence of thed22 component of
the chemical shielding tensor for PMN at four different tempe
tures.
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For each sample, the distributions of chemical shift p
rameters (d iso, daniso, andh) agree with the fact that there i
a variety ofBx-O-By environments, whereBx andBy can be
any of Mg21, Sc31, and Nb51. In the ABO3 perovskite
structure of Pb(Mg1/3Nb2/3)O3-Pb(Sc1/2Nb1/2)O3, the A ion
(Pb21) is in the center of a distorted perovskite cube, theB
ions (Mg21, Sc31, and Nb51) are on the eight corners, an
the oxygen ions are in the middle of the 12 edges. Thus e
Pb21 is surrounded by 12 edges ofBx-O-By; the total num-
ber of such surroundings is huge. For Mg21-O-Mg21,
Sc31-O-Sc31, Mg21-O-Sc31, and Mg21-O-Nb51, the aver-
ageB ion valence is less than four@(x1y)/2,4#; the Pb-O
hybridization is enhanced between the Pb 6s and O 2p states
of such underbonded oxygens.5,6 While for the remaining
cases, the Pb-O hybridization is weaker. Therefore, the
tribution of mixedB ions will produce a distribution of Pb-O
bond covalence.

B. Measurement of the shortest Pb-O bond length

As the nearest neighbors, the 12 oxygens have the gre
influence on the chemical shifts of lead. To accommodate
lone-pair electrons, Pb21 is usually displaced from the O12
center. Being unequally distant from Pb21, the 12 oxygens
have different degrees of influence on the207Pb chemical
shielding tensor. Thus the effective Pb-O bond length
duced from the isotropic chemical shift is a sort of weight
average over the 12 crystallographically inequivalent Pb
bond lengths. The simple ferroelectric and well-studi
PbTiO3 ~PT!, which is also a perovskite, may help us
build such connections. It is well known that at room tem
perature PT is tetragonal; lattice parametersa53.904 Å, c
54.105 Å ~Fig. 7!.31 In the @001# direction with respect to
the Ti sublattice, oxygen ions are displaced by 0.3 Å and
is displaced by20.1 Å according to neutron time of fligh
Rietveld refinement.10 The Pb-O distances split into thre

-

FIG. 7. Tetragonal structure of PbTiO3 at room temperature
Lattice parametersa53.904 Å,c54.105 Å~Ref. 31!. With respect
to Ti sublattice, oxygen ions are displaced by10.3 Å in @001#
direction and Pb ions are displaced by20.1 Å ~Ref. 10!. The 6s
lone-pair electrons of Pb21 are schematic depicted.
4-6
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values: 2.5 Å for Pb-OI2IV , 2.8 Å for Pb-OV2VIII , and 3.2 Å
for Pb-OIX2XII ~see Fig. 7 for oxygen labels!. The isotropic
chemical shift of PT at room temperature is arou
21420 ppm,25 which corresponds to an effective Pb-O d
tance of 2.57 Å according to Eq.~2!. Thus, the effective
Pb-O distance seen by NMR is almost solely determined
the shortest Pb-O distance. For PMN-PSN this shortest P
distance is in the range 2.5–2.6 Å, except for PMN
235 °C, where the range is 2.45–2.65 Å~Fig. 4!. From Fig.
7, it seems CN54 is appropriate to account for the fou
closest oxygens on the bottom plane. But the effective co
dination number CN55.8 @according to Eq.~2!# is also very
reasonable since the four second-closest oxygens on
middle plane also influence the isotropic chemical sh
Thus, the effective coordination number is slightly bigg
than its crystallographic counterpart. The effective CN
PMN-PSN is in the range 4.4–6.8, except for PMN
235 °C where the range is 3.6–6.8~Fig. 4!.

C. Lead displacement models

In order to accommodate their lone-pair electrons, Pb21

ions usually shift from high-symmetry positions; a shift
about 0.3–0.4 Å is often seen.10 An XRD study of PMN
shows that the lead displacements may be random in
length and direction; but a single-layer spherical model~ra-
dius 0.285 and 0.259 Å for 20 and 300 °C, respective!
adequately describes the XRD data.9 However in PST, PDF
using neutron scattering and x-ray scattering shows
Pb21 ions move~by 0.2 Å! in the @100# direction rather than
the macroscopic polarization direction@111#.10 These results
are inconsistent. The isotropic projection of 2D-PASS NM
directly measures the distribution of the shortest Pb-O b
length and this allows us to examine the two lead displa
ment models; their major difference is whether the Pb d
placement is in a random direction or a unique direction.

1. Shell model

In the shell model, which is the generalization of t
single-layer spherical model, the direction of Pb displa
ment is random, while the distance from the ideal posit
has a Gaussian distribution with meanr 0 and standard devia
tion s. This was simulated by constructing an ensemble
perovskites with Pb displacements described, and other
in their ideal positions. The shortest Pb-O bonds were id
tified and the distribution of the shortest Pb-O distance w
plotted. The simulation results are shown in Fig. 8. The m
r 050.336 Å was chosen to roughly align the middle of t
simulated curves with the experimental distribution curve
PMN at 27 °C. Simulations were performed withs50.00,
0.01, 0.02, 0.03, and 0.05. Thes50.00 case corresponds t
the single-layer spherical model proposed in the XRD stud9

However, the simulated distribution curve has several d
continuities and is very asymmetric; it does not resemble
NMR experimental distribution at all. If a small radial distr
bution is introduced, e.g.,s50.01 and 0.02, the discontinu
ties become round but the curves are two wide. Increas
radial distribution~e.g.,s50.05) further broadens the simu
lated distribution curves and this does not help us to ma
13410
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the experimental curve. Thus, shell model is unable to rep
duce the experimental distribution.

2. Unique direction model

In the unique direction model, Pb displacement, which
only allowed in a given direction, assumes a Gaussian dis
bution of meanr 0 and standard deviations. The resulting
distribution of the shortest Pb-O bond length has a nea
Gaussian line shape. The simulated line shapes fit NMR
periments very well; two examples are shown in Fig. 9
PMN at 27 °C and235 °C. All fit parameters are listed in
Table III. It turns out that we are unable to discern the dire
tion of the Pb displacement; this model fits experime
equally well with any of the three directions@001#, @011#,
and@111#. However, the distribution parameters strongly d
pend on the direction; for PMN at 27 °C,r 0(s)50.455
~0.039!, 0.302~0.023!, and 0.381~0.030! Å for @001#, @011#,
and @111#, respectively.

3. Random-bond–random-field model

It is of interest to compare our analysis of 2D-PASS sp
tra with that of Blinc and co-workers, who interpreted sta
207Pb line shapes of single-crystal samples of PMN and P
in terms of their spherical random-bond–random-fie
model.28,29,32 The single-crystal spectra of PMN and PS
include broadening from distributions of dipole-dipole co
pling, isotropic chemical shift, and anisotropic chemical sh
parameters. They are much broader than our spectra of p
dered samples. Presumably this is due to distributions a
ciated with local chemical disorder, which is expected
persist in unannealed single crystals. Blinc and co-work
assume~a! the shift tensors are axially symmetric (h50)
and ~b! simple linear relations exist between the isotrop

FIG. 8. Shell distribution model for Pb displacement. In t
shell model, the direction of Pb displacement is random, while
distance~from the ideal position! has a Gaussian distribution wit
meanr 0 and standard deviations. To roughly align the simulated
curves with the experimental distribution curve for PMN at 27 °
r 050.336 Å is chosen. Simulation has been done fors50.00,
0.01, 0.02, 0.03, and 0.05 Å. Shell model is unable to reproduce
experimental distribution.
4-7
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shift, shift anisotropy, and the instantaneous value of the
dering field. The higher resolution we obtain in PASS expe
ments permits determination of all three components of
shielding tensor, and demonstrates that assumption~a! is not
adequate, since it varies from 0.6 to 0.85 for PMN at 27 °
Probably, the relatively low resolution of the static207Pb
spectra allows orientational contributions to their linewid
to be fit using the more primitive spherical shell model.32

It is possible that the broader Gaussian component
observe for PMN at235 °C ~Fig. 9! is due to polar nano-

FIG. 9. Unique direction model for the distribution of the P
displacement. In this model, the displacement of Pb is alon
single specified direction and has a Gaussian distribution in dista
from ideal position: meanr 0 and standard deviations. For PMN at
27 °C~bold line!, the NMR experimental distribution of the shorte
Pb-O distances is fit with model~dashed line! specified in@001#
direction and parametersr 050.455 Å ands50.039 Å. For PMN
at 235 °C, the experimental distribution~bold line! is fit with
model ~dashed line! in @001# direction and the two component
(49% A151% B, thin solid lines! have parametersr 050.454 Å
ands50.035 Å forA and r 050.454 Å ands50.080 Å forB.
13410
r-
i-
e

.

e

clusters in ‘‘chemically ordered’’ regions, in accord with th
random-bond–random-field model. If this is so, variab
temperature measurements of PASS spectra at higher m
netic fields, from which individual shielding tensor comp
nents could be determined separately for the broad and
row components, might provide a less ambiguo
experimental separation of chemical shift contributions fro
local bond distortions and mesoscopic polarization.

V. CONCLUSION

The 207Pb static, MAS, and 2D-PASS NMR experimen
have been performed on (12x)PMN/xPSN relaxor ferro-
electrics as a function of concentrationx; temperature depen
dence is also studied especially on PMN. The inher
chemical and positional disorder in these materials result
very low resolution in the static and MAS spectra. Only
2D-PASS spectra can isotropic and anisotropic chem
shifts be separated. The isotropic chemical shiftd iso ranges
from 21800 to 2900 ppm; the anisotropic chemical shi
daniso ranges from2700 to 2230 ppm; the asymmetry pa
rameterh ranges from 0.5 to 1, thus the shielding tensor
far from axially symmetric. The isotropic chemical shift
empirically related to the effective NMR Pb-O distanc
which decreases upon increasing the perovskite cell par
eter by increasing either the concentrationx or temperature.
This is because the Pb ion moves further away off cente
the cell parameter increases. Strong linear correlations
tween isotropic and anisotropic chemical shifts show t
Pb-O bonds vary from more ionic to more covalent enviro
ments. The existence of various Pb-O bonds is a result of
distribution of mixedB ions.

By comparing the crystallographic and NMR study f
PbTiO3, the NMR effective Pb-O distance is found to corr
late with the shortest Pb-O bond length~among the 12 Pb-O
bonds in a perovskite cell!. Thus the distribution of isotropic
chemical shifts is essentially the distribution of the short
Pb-O bond length. This distribution is used to examine t
competing models of Pb displacement; the direction of d

a
ce
t three

TABLE III. Parameters of unique direction model for Pb displacement. For (12x)PMN/xPSN ordered

and disordered samples, the NMR experimental shortest Pb-O distributions are fit with this model a
special directions~see Fig. 9 for example!.

Sample and @001# @011# @111#
temperature (°C) r 0

a s b r 0 s r 0 s

0.7O and 27 0.473 0.032 0.313 0.020 0.394 0.025
0.2D and 60 0.468 0.038 0.310 0.022 0.391 0.030
0.2O and 60 0.468 0.038 0.310 0.022 0.391 0.030
0D and 60 0.456 0.041 0.303 0.025 0.382 0.033
0D and 27 0.455 0.039 0.302 0.023 0.381 0.030
0D and26.5 0.454 0.037 0.302 0.022 0.380 0.029
0D and235 c A 0.454 0.035 0.301 0.021 0.380 0.028

B 0.454 0.080 0.301 0.055 0.380 0.067

aThe mean of the Gaussian distribution of the displacement, precision 0.001 Å.
bThe standard deviation of the Gaussian distribution of the displacement, precision 0.001 Å.
cOnly PMN at235 °C needs two components; 49%A151% B.
4-8
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placement is random in the spherical model but specific
the unique direction model. The spherical model yields
asymmetric distribution curve which is unable to fit the o
served distribution of the shortest Pb-O bond length. T
unique direction model yields a Gaussian distribution cu
which can fit the observed distribution. However, it is una
to discern the direction of the Pb displacement; this mo
fits experiments equally well with any given direction. Th
distribution parameters strongly depend on the direction;
PMN at 27 °C, r 0(s)50.455 (0.039), 0.302~0.023!, and
0.381 ~0.030! Å for @001#, @011#, and @111#, respectively,
where r 0 and s are, respectively, the mean and stand
deviation of the Gaussian distribution of the Pb displacem
from the ideal position. For PMN at235 °C ~below the di-
electric maxima temperature210 °C), the distribution curve
has to be fit with two components with the samer 0 but
differents; the@011# direction model givesr 050.301 Å and
s50.021 and 0.055 Å for the narrow and broad compone
respectively.

Ab initio calculations of local structure indicate that th
excellent piezoelectric response of lead zirconate/lead ti
ate solid solutions~PZT! is due mostly to displacement o
the lead cations, and the direction of these displacemen
sensitive to cation ordering and overall macroscopic po
ization of the material.33 In that study, structural motifs wer
separated into environment-independent crystal chemistry
quirements~such as the preferred cage size for BO6 octahe-
dral cages!, and nontransferable ways of achieving these
quirements in particular solid solutions. Analogo
calculations have not yet been done for PMSN, although
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93Nb NMR results in the preceding works could greatly f
cilitate the construction of realistic model supercells.11,12

Despite the absence of detailedab initio calculations, con-
sideration of the actual distribution of nearestB-site neighbor
configurations, determined quantitatively for the first time
our previous 93Nb NMR study,11 and A-site uniaxial dis-
placements revealed by207Pb NMR, together provide gen
eral confirmation of the ideas proposed by Cooperet al. re-
garding the microscopic origins of piezoelectric and relax
ferroelectric behavior.33 Thus, in mixed configurations in
PMSN, lead will distort away from the larger Mg and S
cations and toward the Nb cations. Just as in PZT, the
cation may not distort in the@111# direction directly toward
the small but toward highly charged Nb cation, and the
rection of distortion will be a sensitive function of the ide
tity of all the surroundingB-site cations. Thus, it is likely
that the disordered configurations labeledD1 andD2 in the
93Nb NMR studies,11,12 which involve at Nb cations with a
least one nearestB-site Nb neighbor, also involve large off
centerA-site distortions in many different directions. Th
may explain whyD1 andD2 must account for a significan
fraction of the material (.20%) if relaxor behavior is to
occur.11
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