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Abstract

Solid solutions of (1� x)Pb(Mg1=3Nb2=3)O3xPb(Sc1=2Nb1=2)O3 (PMN/PSN) have been investigated using high-resolution 93Nb 3-

quantum magic-angle spinning nuclear magnetic resonance experiments (3QMAS NMR). In previous MAS NMR investigations,

the local B-cation ordering in these relaxor ferroelectric solid solutions was quantitatively determined. However, in conventional

one-dimensional MAS spectra the effects of chemical shifts and quadrupole interaction are convoluted; this, in addition to the

insufficient resolution, precludes reliable extraction of the values of isotropic chemical shift and quadrupole coupling product. In the

current 3QMAS investigation, 93Nb spectra are presented for concentrations x ¼ 0, 0.1, 0.2, 0.6, 0.7, and 0.9 at high magnetic field

(19.6 T) and fast sample spinning speed (35.7 kHz). Seven narrow peaks and two broad components are observed. The unique high-

resolution of the two-dimensional 3QMAS spectra enables unambiguous and consistent assignments of spectral intensities to the

specific 28 nearest B-site neighbor (nBn) configurations, (NMg;NSc;NNb) where each number ranges from 0 to 6 and their sum is 6. It

is now possible to isolate the isotropic chemical shift and quadrupole coupling product and separately determine their values for

most of the 28 nBn configurations. The isotropic chemical shift depends linearly on the number of Mg2þ cations in the configu-

ration; dCSiso ¼ ð13:7� 0:1ÞNMg � 970� 0:4 ppm, regardless of the ratio NSc=NNb. For the seven Nb5þ-deficient configurations

(NMg, 6-NMg, 0) and the pure niobium configuration (0, 0, 6), the quadrupole coupling products (and hence the electric field gradi-

ents) are small (PQ � 6–12MHz) and for the remaining configurations containing small, ferroelectric active Nb5þ ions, the quad-

rupole coupling products are significantly larger (PQ � 40MHz), indicating larger electric field gradients.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Due to their large dielectric and electromechanical
effects, the relaxor ferroelectrics have important appli-

cations in capacitors, sensors, actuators, and transduc-

ers [1,2]. Most relaxors have ABO3 pseudo-perovskite

structure. Lead-based (A¼Pb) solid solutions (1� x)
Pb(Mg1=3Nb2=3)O3xPb(Sc1=2Nb1=2)O3 (PMN/PSN) are

very good systems to study these technically important

relaxors, where despite years of intensive study the mi-

croscopic origin of their macroscopic behavior is still
not fully understood [3,4]. The two end-members of the
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series, PMN and PSN, represent two types of perovsk-

ites with 1:2 and 1:1 B-cation stoichiometries, respec-

tively. The local structure of most lead-based relaxor
ferroelectrics is very different from their average crys-

tallographic structure [5,6]. Moreover, short-range

chemical disorder on either A or B cation sites seems

essential for relaxor behavior i.e., the diffuse and dis-

persive ferroelectric to paraelectric phase transition [4].

In PSN-type perovskites, for example PbSc1=2Ta1=2O3

(PST), the 1:1 long-range chemical order of B sites in the

[1 1 1] direction needs to be frustrated for relaxor be-
havior to occur. Annealed PST, which has long-range

chemical order, is a normal ferroelectric; while disor-

dered PST, where there is only short-range chemical

order, is a relaxor ferroelectric [7]. On the other hand for

PMN-type perovskites (for example, the solid solution

mail to: gina@nmr.physics.wm.edu


D.H. Zhou et al. / Journal of Magnetic Resonance 167 (2004) 242–252 243
of Pb(Mg1=3Ta2=3)O3 and 5mol% PbZrO3) materials
with and without long-range [1 1 1]1:1 order can be re-

laxors [8]. The long-range [1 1 1]1:1 ordered PMN-type

ceramics are relaxor instead of normal ferroelectrics

because they possess another type of disorder. Accord-

ing to the random site model (RS), different B-ions b0

and b00 alternately occupy B-sites along the [1 1 1] di-

rection. The b00 sites are thought to be the small ferro-

electrically active Ta5þ cations, while the b0 sites are
randomly occupied by Mg2þ, Zr4þ, and the remaining

Ta5þ cations; this results in the b0 disorder [8,9].
We have studied B-site ordering quantitatively in the

PMN/PSN system using 93Nb magic-angle spinning

(MAS) solid-state nuclear magnetic resonance (NMR)

and Monte Carlo simulation [10]. For high PSN con-

centrations (x > 0:5), we showed that the random site

model fits the NMR MAS data very well. However,
small deviations were found at low PSN concentrations

x. Quantitative agreement was obtained by modifying

the RS model to include unlike-pair energies among

different B-cations. As a result, cations on b0 sites are

no longer distributed randomly and there is the possi-

bility of cation segregation or aggregation on the b0

sublattice [10].

For PMN/PSN solid solutions the MAS spectra
consist of seven narrow and two broad NMR peaks [10].

The narrow peaks are assigned to 93Nb configurations

with only the larger cations (Mg2þ and/or Sc3þ) occu-
pying the six nearest B neighbor sites (nBn); and they are

designated 0 through 6 according to the number of

Mg2þ cations in the nBn configurations. The two broad

peaks D1 and D2 were assigned to 18 and 3 nBn con-

figurations containing Nb5þ, respectively. Local struc-
tural information (electron densities, wavefunctions,

and electric field gradients) of these configurations is

encoded in the NMR parameters; the isotropic chemical

shift dCSiso and quadrupole coupling product

PQ ¼ CQð1þ g2=3Þ1=2, where CQ and g are the quadru-

pole coupling constant and asymmetric parameter of the

electric field gradient tensor at the nuclear site. The se-

ven narrow peaks have consistent and relatively small
quadrupole coupling products (PQ � 12MHz) and an

isotropic chemical shift, which increases by 14 ppm

when a Mg2þ replaces a Sc3þ in the nBn configuration.

Each of the broad peaks consists of distributions of dCSiso
and PQ resulting from contributions from a variety of

nBn configurations [10]. Because of spectral broadening

and overlap in one-dimensional MAS spectra, it was

very difficult to unambiguously and uniquely determine
these two distribution functions independently. There-

fore, we chose a set of distribution parameters that

consistently fit PMN lineshapes collected at two mag-

netic fields (14 and 19.6 T), and then all the subsequent

fits were constrained to use the same parameter set for

all PSN concentrations. This does not affect the accu-

racy for the narrow peak intensities; but it may not
appropriately partition the distribution intensities in D1

and D2. Thus, the reported results of B-site ordering

[10] are valid, but the structural information derived

for D1 and D2 using this over-simplified approach

is prone to systematic errors and is intrinsically less

accurate.

The main focus of the present work is to extract more

accurate and precise local structural information using

high-resolution two-dimensional multi-quantum MAS
(MQMAS) NMR. This provides higher resolution than

conventional MAS because the anisotropy in the indi-

rect dimension is removed by eliminating the phase

contribution due to the fourth rank term in the second

order quadrupolar Hamiltonian [11,12]. This is accom-

plished through correlation of the 3-quantum coherence

ð3=2 $ �3=2Þ in the evolution period with single-co-

herence ð1=2 $ �1=2Þ in the detection period; mean-
while MAS eliminates the second rank term. With the

additional isotropic dimension, both isotropic chemical

shift and quadrupole coupling product can be deter-

mined from a 3QMAS experiment at a single magnetic

field. Consequently, a distribution of chemical shifts can

be disentangled from a distribution of quadrupole cou-

pling products.
2. Experimental methods

The (1� x) PMN/PSN solid solutions are the same

materials as used for MAS [10] and were kindly pro-

vided by Dr. Peter Davies (University of Pennsylvania).

They are well-characterized by X-ray diffraction (XRD),

transmission electron microscopy (TEM), and dielectric
measurements [13]. 3QMAS NMR experiments were

performed on samples with concentrations x ¼ 0, 0.1,

0.2, 0.6, 0.7, and 0.9; all except the PMN (x ¼ 0) were

thermally treated, well-ordered materials.

Because of fast T1 (<50ms) and T2 (<0.5ms) relaxa-

tion times, the three-pulse Z-filter 3QMAS sequence [14]

was used to collect hypercomplex data at 19.6 T 93Nb

resonance frequency mL ¼ 203:05MHz. The optimized
pulse widths were 2.5, 0.7, and 5 ls, respectively. The
RF field strength was 75 kHz for the first two pulses, and

10 kHz for the third (selective) pulse. The interval be-

tween the second and third pulses was synchronized to

one rotor period, 28 ls (rotor of diameter 2mm was

spinning at 35.7 kHz); 512 complex data points were

collected with dwell time 14 ls in the direct acquisition

dimension; 32 time increments Dt1 ¼ 28 ls were used in
the indirect acquisition dimension; and 4000 scans were

accumulated with 100ms relaxation delay. A solution of

NbCl5 in acetonitrile was used as the chemical shift

reference.

Spectra were processed using customized NMRPIPE

[15] following the steps (including the shear transfor-

mation) described by Massiot et al. [16]. Gaussian
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broadening of width 100Hz was applied to the direct (or
MAS) dimension following the echo centers; but no

apodization was applied to the indirect (isotropic) di-

mension. In the resulting 3QMAS spectrum of a spin

I ¼ 9=2 nucleus, the frequency in the isotropic dimen-

sion is given by [16]:

did ¼
17

127
dCSiso �

10

27
d2Qiso ð1Þ

and the frequency in the MAS dimension is

dMAS ¼ dCSiso þ d2Qiso þ d2Qaniso; ð2Þ
where

d2Qiso ¼ �AP 2
Q; d2Qaniso ¼ AP 2

QF ðh;/; gÞ ð3Þ

with constant A given by

A � 3x105½IðI þ 1Þ � 3=4�
½2Ið2I � 1Þ�2m2L

ð4Þ

for 93Nb at 19.6 T, A ¼ 0:0337 ppm/MHz2. The angles

(H;/) define the crystallite orientation, and

F ðh;/; gÞ ¼ 1

96þ 3g2
½�54� 3g2 þ 60g cos 2/

� 35g2 cos 4/þ ð540þ 30g2

� 480g cos 2/þ 70g2 cos 4/Þ cos2 h
� ð630þ 35g2 � 420g cos 2/þ 35g2

� cos 4/Þ cos4 h� ð5Þ

is an orientation dependent function, which averages to

zero and is responsible for the second order quadrupolar

powder pattern lineshape. The quadrupolar product is

PQ ¼ CQð1þ g2=3Þ1=2, where the quadrupolar coupling

constant is defined as CQ ¼ e2qZZQ=�h, where �h is

Planck�s constant, e is the electron charge (magnitude),

qZZ is the largest principal component of the electric field

gradient (EFG) tensor, and g ¼ ðqXX � qYY Þ=qZZ is the
asymmetry parameter. In the MAS dimension, the

‘‘center of mass’’ (barycenter) of the lineshape is deter-

mined by

hdMASi ¼ dCSiso þ d2Qiso ; ð6Þ
where h i means averaging over all crystallite orienta-

tions in the powder samples.
3. Results

93Nb 3QMAS spectra for six concentrations of the

solid solutions (1� x)PMN/xPSN are presented in Fig. 1.

In the Fig. 1, line A and a set of parallel lines Bi

(i ¼ 0; 1; . . . ; 6) are convenient for discussion and can be

deduced from Eq. (1)–(3) as follows. Line A, the
chemical shift (distribution) axis, has slope 17/127 and it

passes through points corresponding to PQ ¼ 0. The

equation for this line is
did ¼ ð17=127ÞdMAS: ð7Þ

Sites with equal quadrupole product but different iso-

tropic chemical shift appear parallel to this line. More-

over, the ‘‘center of mass’’ of every site is constrained to

be below line A. The lines Bi are the isotropic quadru-

pole (distribution) axes and have slope )10/127; the

equation for a B-line is

did ¼ � 10

127
dMAS þ

27

127
dCSiso ; ð8Þ

where dCSiso is a fixed value. Sites with equal dCSiso but dif-

ferent PQ appear parallel to these lines. The seven Bi lines

pass through the positions of the seven narrow peaks in

spectra. For crystalline materials with well-defined

crystal sites, the lineshape contours of each site should be

parallel to the MAS dimension. However, in amorphous

materials or in crystalline materials (such as the relaxor

ferroelectrics) where many different cations can occupy
crystallographically equivalent sites, there could be

quasi-continuous distributions of NMR parameters.

Any distribution of parameters results in contours that

are slanted instead of parallel to the MAS dimension

[17,18]. Because of high correlation between the fitting

parameters, the axes of distribution (A and Bi) are cen-

tral to the extraction of unique and unambiguous values

dCSiso , PQ, and populations for the distributions D1 and D2.
Without this knowledge no meaningful interpretation of

the changes of values dCSiso and PQ would be possible.

To reiterate the critical role of the distribution axes in

interpreting the NMR parameters, consider an example.

In Fig. 2we try to fit the lineshape of a slice taken from the

PMN3QMAS spectrum, Fig. 1A at did ¼ �120 ppm. The

slice appears to be an overlap of two peaks; for each peak,

there are numerous pairs of dCSiso and PQ values which give
acceptable fits to the lineshape, with appropriate amounts

of line broadening. Two equally good fits with rather

different parameters are presented in Figs. 2A and B. In

Fig. 2A, the narrow peak is fit with parameters dCSiso ¼
�891:5 ppm, PQ ¼ 10MHz, and lorentzian broadening of

3.5 ppm; the broad peak is fit with dCSiso ¼ �911 ppm,

PQ ¼ 31MHz, and lorentzian broadening of 6 ppm. In

Fig. 2B, the narrow peak is fit with dCSiso ¼ �894:5 ppm,
PQ ¼ 5MHz, and lorentzian broadening of 7 ppm; the

broad peak is fit with dCSiso ¼ �930 ppm, PQ ¼ 20MHz,

and lorentzian broadening of 18 ppm. The failure of this

slice-fitting approach to yield unique parameters, which is

routinely used to extract NMR parameters from 3QMAS

spectra of crystallinematerials [12] is due to the absence of

characteristic lineshape features. This is caused by disor-

der in the relaxor ferroelectrics. (For a simple second or-
der quadrupolar lineshape, there are usually two peaks

and several discontinuities, which sensitively depend on

the value of g.)
In our previous 93Nb MAS NMR study, components

of 93Nb MAS spectra were assigned according to con-



Fig. 2. Lineshape fits for a slice taken from the PMN 3QMAS spectrum Fig. 1A at did ¼ �120 ppm. The bold solid line is the experimental spectrum,

thin solid lines are fitting components, and the dashed line is the sum of the two components. Equally good fits are obtained in (A) and (B) with very

different parameters given in the text.

Fig. 1. 93Nb 3QMAS spectra for (1� x)PMN/xPSN solid solutions, with concentrations x ¼ 0 (A), 0.1 (B), 0.2 (C), 0.6 (D), 0.7 (E), and 0.9 (F). Line

A has slope 17/127; lines Bi (i ¼ 0; 1; . . . ; 6) have slope )10/127 and pass through positions of narrow peaks (see text for definitions). The contour

levels start from 80% and decrease by factor 0.8. Different contour numbers are chosen so as to display signals with similar noise strength; 12 levels in

(A) and (E) with 6.9% minimum, 9 in (B) with 13.4% minimum, 8 in (C) with 16.8% minimum, 10 in (D) with 10.7% minimum, and 14 in (F) with

4.4% minimum. Filled circles mark the sampling points whose coordinates are used to calculate NMR parameters (see text).
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figurations of the six nearest B-site neighbors (nBn);
(NMg;NSc;NNb), where NMg is the number of Mg2þ ions

in the nBn (with analogous definitions of NSc and NNb),

so that NMg þ NSc þ NNb ¼ 6 [10]. NMR parameters are

strongly affected by nBn configurations since the three

types of B-cations are different in valence, size, and

electronegativity; Mg2þ (ionic radius 0.72�A, Pauling

scale electronegativity 1.31), Sc3þ (0.745�A, 1.36), and

Nb5þ (0.64�A, 1.60) [19,20]. In strong contrast with
Nb5þ cations, Mg2þ and Sc3þ cations have similar size
and electronegativity and a smaller charge difference.
The nBn configurations with only Mg2þ and/or Sc3þ

cations have closest to cubic symmetry, and thus small

electric field gradients (EFGs). These Nb5þ-deficient
configurations (NMg, 6-NMg, 0), with NMg ¼ 6; 5; . . . ; 0
give rise to the seven narrow peaks observed. On the

other hand, charge, size, and electronegativity mis-

matches resulting from mixing Nb5þ with Mg2þ/Sc3þ

severely distorts local cubic symmetry. This leads to
larger EFGs, and consequently greater quadrupole
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parameters and linewidths. The broad lineshapes asso-
ciated with a variety of configurations containing Nb5

cannot be resolved, and they give rise to the two broad

distributions D1 and D2.

3.1. PMN

The PMN 3QMAS spectrum (Fig. 1A) reveals three

sites; one narrow peak corresponding to 93Nb with six
Mg2þ nearest B neighbors (label 6) and two broad dis-

tribution peaks labeled D1 and D2, respectively. One

may compare their quadrupole products PQ instantly by

their distances from chemical shift axis (line A). The

‘‘mass centers’’ of peaks 6 and D1 are very close to line

A, therefore these peaks have small and similar PQs. The
center of peak D2 is far from line A and thus a much

larger PQ is expected. The NMR parameters dCSiso and PQ
may be estimated from the coordinates of ‘‘mass cen-

ters’’ (hdMASi; did) by solving Eqs. (1) and (6). These

coordinates are best determined by varying contour

spacing until a very small closed contour is seen around

a peak; spacing with a factor of 0.95 usually works. The

results are summarized in Table 1.

For peak 6, the quadrupole product 9.0MHz agrees

with the value 8.9MHz found in another 3QMAS study
by Cruz et al. [21], but is somewhat smaller than the

12MHz value estimated in our previous analysis of the

spinning-sideband manifold in a MAS spectrum [10].

Peak 6 has small distributions of NMR parameters and

these may be caused by effects of cations further away

than the nearest B cations, or by residual dipolar cou-

pling. The evidence for distributions of dCSiso and PQ is

that the contours of this peak (Fig. 1A) are not parallel
to the MAS dimension. For example, a point with co-

ordinates ()892.6, )118.4) ppm, which is only 0.5 ppm

away from the ‘‘mass center,’’ gives PQ ¼ 12:3MHz and

dCSiso ¼ �887:5 ppm.

In the 3QMAS spectrum for PMN obtained by Cruz

et al. (at 9.4 T with rotor speed 14 kHz), only one broad

peak is identified, with PQ ¼ 21:5MHz [21]. This is

closest to the broad peak D2 in our spectrum, for which
PQ ¼ 27:3MHz is obtained from the ‘‘mass center’’ of

the peak. The high magnetic field strength (19.6 T) and
Table 1

NMR parameters for the narrow peak (6) and the two broad peaks D1

and D2 of PMN

ðhdMASi; didÞ
(ppm)

dCSiso (ppm)a PQ (MHz)b

6 ()892.6, )118.9) )889.9, )907c 9.0, 8.9c

D1 ()944.0, )121.0) )918.8, )925c 27.3, 21.5c

D2 ()976.0, )130.0) )973.0 9.4

a Errors for dCSiso are �0.5 ppm.
bErrors for PQ are �1MHz.
c These values were obtained from [21], where the chemical shift

was referred to solid Nb2O5 and has been re-calculated here to refer to

our standard Nb/MeCN solution.
fast sample spinning speed (35.7 kHz) used in our
3QMAS experiment help to unambiguously resolve the

other broad peak. This additional peak, D1, has

PQ ¼ 9:4MHz and dCSiso ¼ �973 ppm.

Large distributions of NMR parameters are evident

for peaks D1 and D2 since the lineshapes are very broad

and featureless. In PMN, there are seven nBn configu-

rations; (NMg, 0-NMg, 6), with NMg ¼ 1; 2; . . . ; 6. In Sec-

tion 3.2 we will show that the isotropic chemical shift of
any nBn configuration (NMg,NSc,NNb), is mainly deter-

mined by the number ofMg2þ cations and is independent

of the ratio NSc/NNb. Along each of the seven quadrupole

distribution axes Bi shown in Fig. 1, the dCSiso value is

solely determined by NMg ¼ i. The quadrupole products
of configurations with NMg 6 and 0 have been determined

to be 9.0 and 9.4MHz Table 1. The quadrupole products

of the remaining 5 configurations may be estimated from
the coordinates of the 5 sampling points (marked by

filled circles in Fig. 1A); PQ ¼ 38� 3, 32� 3, 24� 2,

20� 2, and 19� 2, respectively for NMg ¼ 5, 4, 3, 2, and

1. The quadrupole products of the seven configurations

(NSc ¼ 0 refers to PMN, which has no Scandium) are

plotted against the Mg2þ cation number in Fig. 3.

The pure-magnesium (6, 0, 0) and pure-niobium

(0, 0, 6) configurations have small PQ because of high
symmetry. For configurations with both Mg2þ and

Nb5þ the cation mismatch lowers the symmetry, and

therefore larger PQ values are reasonable. It is interesting

to notice that the five Mg, one Nb configuration (5, 0, 1)

has the largest PQ. The large quadrupole coupling of this

configuration causes the resonance to shift in the lower-

left direction along the quadrupole distribution axis B5

in Fig. 1; this explains the gap between narrow peak 6
and the broad peak D2 (this is also observed in the MAS

spectrum of PMN) [10].

3.2. (1� x) PMN/x PSN: narrow peaks

In the spectrum of the solid solution with x ¼ 0:1
(Fig. 1B) two more narrow peaks (labeled 5 and 4) are
Fig. 3. 93Nb quadrupole products of the seven nearest neighbor con-

figurations in PMN/PSN containing only Mg2þ and Nb5þ cations.
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observed in addition to the narrow peak 6, which is the
only narrow peak observed in PMN spectrum. For

x ¼ 0:2 (Fig. 1C) one more narrow peak 3 is observed.

For x ¼ 0:6 (Fig. 1D), peak 6 disappears completely and

peak 5 is very weak. Meanwhile, new narrow peaks 2, 1,

and 0 are observed. For x ¼ 0:7 (Fig. 1E), peak 5 dis-

appears completely and peak 4 becomes weak. For

x ¼ 0:9 (Fig. 1F), narrow peak 3 also disappears. The

NMR parameters dCSiso and PQ of these peaks are calcu-
lated from their coordinates in the spectra and sum-

marized in Fig. 4.

The seven narrow peaks have been assigned to the

seven Nb5þ-deficient configurations (NMg, 6-NMg, 0) with

NMg ¼ 0; 1; . . . ; 6; with this notation NMg coincides with

the number used to label each peak. The isotropic

chemical shift is linearly correlated with the number of

Mg2þ cations in the nBn configuration,

dCSiso ¼ 13:7ð�0:1ÞNMg � 970:0ð�0:4Þ: ð9Þ
This means replacing each Mg2þ ion by a Sc3þ ion

causes )13.7 ppm shift. An analogous linear dependence

has been observed for 207Pb isotropic chemical shift in
Fig. 4. Isotropic chemical shifts (A) and quadrupole products (B) of the

seven narrow peaks in 93Nb 3QMAS spectra of (1� x)PMN–xPSN.

Each concentration x is marked with a unique symbol (see legend in the

inset of (A)). These peaks have only Mg2þ and Sc3þ cations as their

nearest B-site neighbors, (NMg, 6-NMg, 0). Linear fit in (A) gives

dCSiso ¼ 13:7ð�0:1ÞNMg � 970:0ð�0:4Þppm with correlation coefficient

R ¼ 0:998. Quadratic fit in (B) gives PQ ¼ �0:23ð�0:06ÞN2
Mgþ

1:8ð�0:4ÞNMg þ 7:2ð�0:5ÞMHz with R ¼ 0:663. The residuals are

plotted below each sub-figure.
mixed crystals of lead/strontium nitrate [(Pb,Sr)(NO3)2]
and lead/barium nitrate [(Pb,Ba)(NO3)2] [22]. In each of

the mixed crystals, 13 207Pb resonance lines were ob-

served due to lead ions with 0–12 Pb2þ nearest-neighbor

cations replaced by Sr2þ or Ba2þ. The observed average

shift is 22 ppm per Sr2þ ion and 19 ppm per Ba2þ ion.

For the quadrupole product the data, though more

scattered with concentration x, can be fit to a quadratic

dependence on the number of Mg2þ cations

PQ ¼ �0:23ð�0:06ÞN 2
Mg þ 1:8ð�0:4ÞNMg þ 7:2ð�0:5Þ:

ð10Þ

The fitting curve (Fig. 4B) shows that mixing of Mg2þ

and Sc3þ cations in a nBn configuration slightly in-

creases the electric field gradient at the central 93Nb site,

which seems intuitively reasonable.

The applicability of the empirical relationship be-

tween dCSiso and NMg (Eq. (9)) deduced for the Nb5þ-de-
ficient nBn configurations may be generalized to
configurations which contain Nb5þ cations. This gen-

eralization is based on the observation that the highest

contour of 0.1PMN–0.9PSN, which locates the all

scandium nBn configuration [peak 0, (0, 6, 0)], almost

coincides with the D1 ‘‘mass center’’ of PMN, which

corresponds to the all niobium configuration [(0, 0, 6)]

(see Figs. 1A and F). The six-Sc and six-Nb configura-

tions have similar NMR parameters; PQ ¼ 8:4, 9.4MHz
and dCSiso ¼ �969:6, )973 ppm, respectively. The small PQ
values imply that these two configurations are both

highly symmetric; ion displacements must be small or

dynamically averaged. However, without detailed ab

initio calculations it cannot be understood why the two

configurations should have such similar dCSiso values.

Nevertheless, the similarity of dCSiso for the (0, 6, 0) and

(0, 0, 6) configurations suggests that the isotropic
chemical shift of any nBn configuration (NMg;NSc;NNb)

is determined primarily by NMg, while the ratio NSc=NNb

only results in minor adjustment. This generalization

will be prove to be very important in interpreting the

NMR parameters of other nBn configurations (and in

fact, it was used in Section 3.1 to interpret the configu-

rations with only Mg2þ and Nb5þ).
3.3. (1� x)PMN/xPSN: broad distribution peaks

In PMN, the two distributions D1 and D2 which were

severely overlapped in the one-dimensional MAS

spectra [10], are clearly resolved in the high-resolution

two-dimensional 3QMAS spectrum (Fig. 1A). As PSN

concentration x increases from 0 to 0.1, 0.2, and 0.6

(Figs. 1B, D, and E), D1 and D2 intensities progressively
decrease. However, at x ¼ 0:6 (Fig. 1D) the D1 intensity

starts growing back but with a new shape. The new D1

has very strong intensities in 3QMAS spectra of

concentrations x ¼ 0:7 and 0.9 (Figs. 1E and F). In
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addition, the D2 distribution also has a new shape in
high concentrations (x ¼ 0:7 and 0.9, Figs. 1E and F).

By inspection of the 3QMAS spectra of all solid so-

lutions (Fig. 1), it can be seen that a quadrupole distri-

bution axis positioned midway between lines B1 and

B2 marks an appropriate boundary between the two

distributions D1 and D2. With the assistance of the

generalized relationship between isotropic chemical

shift and NMg established in the preceding subsection,
it is reasonable to assign D1 to configurations

(NMg;NSc;NNb) with NMg ¼ 0 or 1 and NNb 6¼ 0. D2 then

includes the rest of the NNb 6¼ 0 configurations with

NMg ¼ 2; 3; 4; 5. These assignments are subtly different

from the previous one [10] based on the MAS spectra,

where D1 was assigned to configurations with

NMg ¼ 0; 1; 2; 3 and NNb 6¼ 0, and D2 to NMg ¼ 4, 5 with

NNb 6¼ 0. The new, unambiguous assignments proposed
here should supersede the old ones [10]; the difference

illustrates the uncertainty and ambiguity in deconvo-

luting overlapping lines in one-dimensional MAS spec-

tra. The new assignments, together with the previous

ones for comparison, are shown in Fig. 5.

Analyses of spectra for x ¼ 0:7 and 0.9 (Figs. 1E and

F) provide NMR parameters for more nBn configura-

tions. Along quadrupole distribution axis B0 (in both
Figs. 1E and F), two points are sampled (marked with

filled circles in the figures) to give an estimated PQ range

of 20–32MHz for nBn configurations with (0,NSc, 6-NSc)

and NSc ¼ 1; 2; . . . ; 5. Similarly, along line B1 in Figs. 1E

and F, two points are sampled to give an estimated PQ
range of 20–37MHz for nBn configurations with

(1,NSc, 5-NSc) and NSc ¼ 0; 1; . . . ; 4.
Along line B2 in Fig. 1E for x ¼ 0:7, the PQ range 20–

30MHz is found for nBn configurations (2,NSc, 4-NSc)

and NSc ¼ 0; 1; 2; 3; in Fig. 1f for x ¼ 0:9, the range is

20–25MHz. Intuitively, the smaller range at concen-
Fig. 5. The 28 nBn configurations of Nb5þ cations and their assign-

ments. For a given grid point, the three vectors pointing to the axes

indicate the numbers of each cation, and thus the triplet coordinate

(NMg;NSc;NNb). The seven configurations on the bottom line are as-

signed to the narrow resonance lines. In (A) according to the previous

MAS NMR study [10], the 18 configurations in the shaded trapezoid

were assigned to D1 and the three configurations in the shaded triangle

were assigned to D2. However, as shown in (B) according to the cur-

rent, less ambiguous high-resolution 3QMAS results, the 11 configu-

rations in the trapezoid belong to D1 and the 10 configurations in the

triangle are assigned to D2.
tration 0.9 is caused by the disappearance of configu-
rations with smaller number of Sc3þ, while the

configurations with more Sc3þ cations persist. Accord-

ing to the random site (RS) model of B cation ordering

[8,9], the intensities for (2, 0, 4), (2, 1, 3), (2, 2, 2), and

(2, 3, 1) are 0.0, 0.2, 1.6, and 7.5% at x ¼ 0:7 and are 0.0,

0.0, 0.0, and 0.6% at x ¼ 0:9, respectively [10]. The ac-

tual intensities may be slightly different from these since

the RS model agrees only qualitatively with MAS NMR
peak intensities. Nevertheless, trends given by the RS

model agree with intuition. Thus, the configurations

(2, 0, 4) and (2, 1, 3) have PQ range 25–30MHz while

configurations (2, 3, 1) and (2, 2, 2) have PQ ranging from

20 to 25MHz. For NMg ¼ 2 the trend appears to be that

the more niobium cations in configuration, the larger the

quadrupole product.

Along line B3 in Fig. 1E for x ¼ 0:7, the PQ range 20–
35MHz is found for configurations (3, 0, 3), (3, 1, 2), and

(3, 2, 1); in Fig. 1F for x ¼ 0:9, only intensity with large

PQ ¼ 35MHz persists. Again, this intensity is assigned

to the configuration with relatively more Sc3þ cations,

(3, 2, 1). For NMg ¼ 3, the trend is reversed from that for

NMg ¼ 2; the fewer niobium cations in the configuration,

the larger the PQ. The two Sc, one Nb configuration has

a larger EFG than the one Sc, two Nb configuration.
According to predictions of the RS model, the respective

intensities for (3, 0, 3), (3, 1, 2), and (3, 2, 1) are 0.0, 0.3,

and 2.1% at x ¼ 0:7 and 0.0, 0.0, and 0.1% at x ¼ 0:9
[10]; again deviations from these model predictions

should be interpreted with caution.

Along line B4 in Fig. 1E for x ¼ 0:7, the PQ range 20–

35MHz is found for nBn configurations (4, 0, 2) and

(4, 1, 1); in Fig. 1F for x ¼ 0:9, only intensity with large
PQ ¼ 35MHz persists. Again, this intensity is assigned

to the Sc3þ-rich configuration, (4, 1, 1). For NMg ¼ 4,

mixing one Sc and one Nb results in larger EFG than

those in both the two Sc, no Nb and no Sc, two Nb

configurations. The RS model predicts intensities 0.0

and 0.3% for (4, 0, 2) and (4, 1, 1), respectively at x ¼ 0:7
and 0.0 and 0.0% at x ¼ 0:9 [10]. Thus, 3QMAS inten-

sities observed for these configurations, though very
weak, reveal the small deviation of the RS model from

the observed intensities.

Along line B5 in Fig. 1E for x ¼ 0:7, only a little in-

tensity appear. PQ � 40MHz is found for the nBn con-

figuration (5, 0, 1), which agrees with the value

38� 3MHz (Fig. 3) found by sampling a point in PMN

spectrum (Fig. 1A). In Fig. 1F for x ¼ 0:9, this intensity
disappears. The RS model predicts results zero intensity
for this configuration at both x ¼ 0:7 and 0.9 [10]; this

again emphasizes the high sensitivity of 3QMAS NMR

and the small deviation of observed intensities from

predictions of the RS model.

In summary, the assignments and NMR parameters

are represented in the schematic 3QMAS spectra shown

in Fig. 6.



Fig. 6. Schematic 3QMAS spectra of 93Nb in PMN/PSN system with

assignments and NMR parameters. Empty circles denote pure nearest

B-site neighbor (nBn) configurations, filled circles denote mixed con-

figurations, and bold lines denote distributions with more than one

configuration. The sum is six of three non-negative integers proceeding

atoms (Mg, Sc, and Nb); x > 0. NMR parameters dCSiso and PQ specific

to assigned nBn configurations are also shown.
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The isotropic chemical shift dCSiso depends only on the

number of Mg and is calculated using Eq. (9). For
narrow peaks (with no Nb5þ) the quadrupole product

PQ is calculated according to Eq. (10). PQ values or

ranges for all other nBn configurations are results given

in this section. D1 and D2, which are newly partitioned in

the beginning of this section, have the following distri-

bution parameters. For D1, PQ varies between 20 and

37MHz, and dCSiso is in the range )971 to )957 ppm (from

Eq. (9) with NMg ¼ 0, 1); in contrast to the previous
MAS partition [10] which had dCSiso in the range )971 to

)930 ppm with NMg ¼ 0, 1, 2, 3. For D2, PQ is in the
Fig. 7. The two Sc-deficient nearest B-site (nBn) configurations: (A) (5,0,1) w

Mg2þ cation pushes oxygen ion toward the smaller cation Nb5þ in the cen

placement of the oxygen ions. According to Bonneau et al. [23] the longitudin

more distorted O6 octahedron in (A) results in larger electric field gradients
range 25–40MHz, and dCSiso varies between )943 and

)902 ppm (Eq. (9) with NMg ¼ 2–5); in contrast the

previous partition [10] has dCSiso range )902 to )916 ppm
with NMg ¼ 4, 5.
4. Discussion

This detailed 3QMAS analysis confirms the structural

information from the previous MAS study for the seven

narrow peaks [10]. In the nBn configurations (NMg, 6-

NMg, 0), we find an empirical relationship between dCSiso
and NMg: increasing NMg by one causes an approxi-

mately 13.7 ppm increase in dCSiso and a small variation in

PQ. This relation has been generalized for any nBn
configuration (NMg;NSc;NNb), i.e., d

CS
iso is mainly deter-

mined by NMg while NSc and NNb have only minor

effects. Since the valence, ionic radii, and

electronegativities of Mg2þ and Sc3þ are similar and

differ markedly from those of Nb5þ, it is hard to un-

derstand why Sc3þ and Nb5þ have similar effects on the

chemical shift of the center niobium. One possible ex-

planation could be that Sc and Nb (but not Mg) have
occupied d orbitals which may contribute to low lying

excited electronic states and hence influence chemical

shift.

The quadrupole products of many nBn configura-

tions have also been extracted. It is interesting to notice

that configuration (5, 0, 1) has PQ double that of con-

figuration (1, 0, 5); 40 versus 19MHz. The environments

of the two nBn configurations are shown in Fig. 7.
The distortion of the O6 octahedron, which is the

immediate surrounding of the center niobium, has the

greatest influence on the electric field gradients. Ac-

cording to Chen et al. [24] the larger Mg2þ cation pushes

the oxygen ion toward the smaller Nb5þ cation in the
ith five Mg, one Nb and (B) (1,0,5) with one Mg, five Nb. The larger

ter; moreover, the size mismatch of the ions results in transverse dis-

al displacement is 0.07�A and the transverse displacement is 0.13�A. The

than in (B).



250 D.H. Zhou et al. / Journal of Magnetic Resonance 167 (2004) 242–252
center. Moreover, size mismatch, which here means the
sum of ionic radii rMg2þ þ 2rO2� þ rNb5þ ¼ 4:16�A is

greater than the unit cell parameter a ¼ 4:05�A for

PMN, results in transverse displacement of the oxygen

ions [6]. According to the results of the powder neutron

diffraction refinements of PMN at 307 �C [23], the lon-

gitudinal displacement is 0.07�A and the transverse dis-

placement is 0.13�A. These result in a larger O6

distortion in the (5, 0, 1) configuration than in the
(1, 0, 5) configuration (Fig. 7). This effect may account

for the larger electric field gradient and quadrupole

product of the (5, 0, 1) configuration.

We have identified most of the underlying sites and

calculated their NMR parameters from the 93Nb

3QMAS spectra of the PMN/PSN solid solutions. We

are now able to simulate 3QMAS spectra based on these

NMR parameters and to use these to extract relative
populations for each configuration. For instance, in the

simple case of PMN, the parameters of all seven nBn

configurations (NMg, 0, 6-NMg) have been estimated (see

Fig. 3 for quadrupole products and Eq. (9) for isotropic

chemical shifts) and they are used to simulate the two-

dimensional spectrum using program DMFIT [18]; this

is presented in Fig. 8.

In addition to the intensities, the line broadening in
both isotropic and MAS dimensions were allowed to

vary. Since the large number of parameters involved in

fitting such a two-dimensional spectrum put high de-

mands on the efficiency and robustness on the program,

the fit shown in Fig. 8 is not well-optimized. The frac-

tional intensities for configurations (NMg, 0, 6-NMg) with
Fig. 8. Comparison of experimental (grey) and simulated (black)

3QMAS spectra of PMN using the NMR parameters calculated for the

seven nBn configurations (NMg, 0, 6-NMg) with NMg ¼ 0; 1; . . . ; 6. See

Fig. 3 for quadrupole products and Eq. (9) for isotropic chemical

shifts.
NMg ¼ 0; 1; . . . ; 6 are, respectively, 17, 4, 5, 24, 10, 31,
and 8%, respectively. The narrow peak 6 (NMg ¼ 6) is

not well fit using single PQ and dCSiso values, since it ac-

tually consists of narrow distributions of both NMR

parameters. This peak should have slightly higher in-

tensity than 8%; in the previous MAS study, this peak

has intensity 14.8% [10]. Although these partial inten-

sities may have systematic errors, an interesting com-

parison can be made to the values 25.1, 1.2, 6.2, 16.5,
24.7, 19.8, and 6.6% for (NMg, 0, 6-NMg) with

NMg ¼ 0; 1; . . . ; 6, respectively, which are predicted by

random B-site model (see Table 2 of the previous MAS

work) [10].

For higher PSN concentrations, there are more con-

tributing configurations and it is not possible to extract

the PQ values of every configuration from the data. All

these factors further complicate the modeling of two-
dimensional spectra. Moreover for sites with different

quadrupole coupling products, the excitation and

transfer efficiencies in a MQMAS experiment are not as

uniform as in a MAS experiment. A more efficient,

tractable algorithm for obtaining more accurate partial

intensities is to deconvolve a MAS spectrum using the

dCSiso values obtained by analyzing a MQMAS spectrum.

In the previous study, we have already obtained reliable
partial intensities for the narrow peaks by deconvoluting
93Nb MAS spectra for the PMN/PSN solid-solutions

[10]. Using these intensities we have been able to rule out

the completely random B-site model, and support a

modified random site model [10].
5. Conclusions

High-resolution 93Nb 3QMAS experiments have been

performed at high magnetic field strength (19.6 T) as a

function of concentration in perovskite relaxor ferro-

electric (1� x)PMN/xPSN solid-solutions. The higher

resolution achievable in the two-dimensional experi-

ment, together with the systematic investigation of

concentration dependence, provides abundant structural
information in these materials. We have been able to

make clear and consistent assignments of spectral in-

tensities to the 28 nearest B-site neighbor (nBn) config-

urations, (NMg;NSc;NNb), where each number ranges

from 0 to 6 but their sum is constrained to 6. The seven

narrow peaks are assigned to configurations of 93Nb

nuclei with only Mg2þ and/or Sc3þ cations occupying

the six nearest B neighbor sites. The two broad com-
ponents are assigned to configurations with more than

one Nb5þ cation in the nearest B sites. Moreover, sys-

tematic analyses of the (1� x)PMN/xPSN 3QMAS

spectra have enabled these Nb5þ containing configura-

tions to be isolated and identified. NMR parameters

have been calculated for most of the 28 possible nBn

configurations. An empirical linear relationship has
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been established between the observed isotropic chemi-
cal shift and the number of Mg2þ cations in the

configuration; dCSiso ¼ ð13:7� 0:1ÞNMg � 970� 0:4 ppm.

Enhanced 3QMAS resolution permits, for the first time,

the quadrupole coupling product PQ values to be de-

termined for most of the 28 possible nBn configurations.

The seven Nb5þ-deficient configurations (NMg, 6-NMg, 0)

with NMg ¼ 0; 1; . . . ; 6 and the pure niobium configura-

tion (0, 0, 6) have small PQ in the range 6–12MHz. These
have the smallest EFG due to the highly symmetric

environment of the central niobium, implying that

structural displacements and distortions must be small

or dynamically averaged. The configurations with mixed

Mg2þ and Nb5þ, or with mixed Sc3þ and Nb5þ, or with
all three types of B-cations, have large quadrupole

products PQ ¼ 19–40MHz. It is interesting to notice

that the five Mg, one Nb configuration configuration
(5, 0, 1) has much larger PQ (40MHz) than that of the

one Mg, five Nb configuration (1, 0, 5) (19MHz). None

are close to the value of 63MHz reported in another

NMR study [25].

With these values of NMR parameters, the relative

displacement of ions in the solid solutions may be ulti-

mately calculated from ab initio computational model-

ing. To understand 93Nb chemical shift in perovskites,
especially the intriguing observation that the 6-niobium

and 6-scandium configurations have similar dCSiso values,

ab initio calculations need to be carried out using den-

sity function theory (DFT) and the gauge-including

atomic orbital (GIAO) method, which have been used

for calculating chemical shifts of 1H, 13C, 87Rb, etc. [26–

29]. To better understand the effects of nBn configura-

tions on PQ ab initio calculations of the electric field
gradient should be carried out using either the MO

LCAO-SCF (molecular orbitals-linear combinations of

atomic orbitals-self-consistent field) or LDA LAPW

(local density approximation using extended general

potential linearized augmented plane wave method)

approach. The former approach has been successfully

applied to calculate the EFGs at the transition-metal

sites in LiNbO3 and LiTaO3 crystals and at the alumi-
num sites in mixed ionic crystals CaRAlO4 (R ¼ La, Pr,

Eu, Y) [30,31]; the latter approach has been applied to

calculate the EFGs at the cation sites in BaTiO3 and

KNO3 [32,33].

In conclusion, the current 3QMAS study has con-

firmed and refined the assignment of spectral compo-

nents to nearest B-site neighbor configurations, which

was first proposed in our MAS NMR study [10].
Moreover, the superb fidelity and accuracy of 3QMAS

allows unprecedented detailed structural information

and distribution of local disorder in complex materials.

Thus, MAS and 3QMAS NMR techniques combined

can be used to quantitatively study local structures and

B-site cation ordering, which are very important for the

relaxor ferroelectric properties of these materials.
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