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Abstract: Solid-state93Nb static and MAS NMR and93Nb nutation studies of polycrystalline Pb(Mg1/3Nb2/3)O3,
(PMN) and (1- x)Pb(Mg1/3Nb2/3)O3/xPbTiO3 (x ) 0.05 to 0.50) solid-solutions are reported. The93Nb static
and MAS NMR spectra of PMN measured at 14.1 T have two major resonances due to the central transition
(1/2 T -1/2), a sharp peak at-902 ppm (1950 Hz fwhh) and a broad resonance (12 800 Hz fwhh) centered at
-980 ppm. Two-dimensional93Nb nutation spectra measured at 9.4 T, by contrast, have three different
resonances, a sharp peak due to niobiums with aCQ < 0.8 MHz that is correlated with the sharp93Nb signal
at -902 ppm, and two resonances due to niobiums with aCQ of ≈ 17 MHz and aCQ > 62 MHz, respectively,
that are associated with the broad93Nb peak centered at-980 ppm. The sharp93Nb peak for PMN is assigned
to Nb(V) B-sites of cubic or high local symmetry in Mg(II)-rich regions with Nb(OMg)6 configurations. The
broad93Nb resonance at-980 ppm is assigned to a range of Nb(ONb)6-x(OMg)x site configurations, where
x ) 0 to 5, contained in the Nb(V)-rich regions in PMN. The lower symmetry of these Nb(V) B-sites is likely
due to neighboring Mg/Nb B-site distributions, that alter the Nb-O bond lengths and O-Nb-O bond angles.
Substantially different93Nb NMR and nutation behavior is observed for (1- x)PMN/xPT powders (x ) 0.05
to 0.50). Decreased intensity of the sharp-902 ppm peak is due to increasing incorporation of Ti4+ ion from
PT into the B-sites of Nb(OMg)6 configurations in 5 to 50 mol % PMN/PT solid-solutions. Increasing substitution
of Ti4+ ions into the Nb(V) B-sites of Nb(ONb)6-x(OMg)x configurations at higher mol % PT (∼34 to 50 mol
% PT) is also correlated with line shape changes of the broad93Nb NMR peak at-980 ppm and changes in
the shape of the contour plots of the nutation spectra. In addition, chemical shift and quadrupolar dispersion
effects likely contribute to the observed line shape of the-980 ppm peak for the 0.50PMN/0.50PT sample as
a result of B-site occupation by three different cations (Mg2+, Ti4+, and Nb5+) in the different Mg(II)- and
Nb(V)-rich substructural regions in PMN/PT materials.

Introduction

The dielectric properties of the class of complex lead
perovskite materials with the general formula Pb(B′xB′′1-x)O3,
where B′ ) Zn2+, Mg2+, Ni2+ or Cd2+; B′′ ) Nb5+ or Ta5+,
and PbB′1/2B′′1/2O3, where B′ ) In3+, B′′ ) Nb5+; and B′ )
Sc3+, B′′ ) Nb5+ or Ta5+, are dependent on both the composi-
tion and short- and intermediate-range chemical ordering of the
multiple B-sites.1-7 If the B-sites are randomly occupied by
different metal ions, for example, lead zirconate titanates (PZTs),
such perovskites exhibit normal ferroelectric or antiferroelec-
tric properties with sharply defined Curie temperatures.8-11

Perovskites with B-site cation ordering, however, are relaxor
ferroelectrics that exhibit broad, diffuse phase transitions and
an associated diffuse Curie temperature region.2,4,5,12-14

Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3, (PMN) is a
nonstoichiometric B′B′′ lead oxide-based perovskite.6,7,15-20

PMN undergoes a diffuse phase transition with a maximum
temperature,TM, from -7 to -15 °C.16 Incorporation of lead
titanate (PT) increasesTM by about 5°C/mol %. Compositions
above the morphotropic phase boundary (MPB) (near 34 mol
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% PT) undergo pseudo-cubic (Pm3m) to tetragonal long-range
order changes (Figure 1).16,19 Ceramics with greater than 34
mol % PT are normal ferroelectrics and have a tetragonal lattice
structure and dipolar ordering. The PMN-rich solid-solution
ceramics near 10 mol % PT are characterized by high dielectric
constants and large electrostrictive effects21-24 that make them
ideal for ceramic capacitor, micropositioner, and electrostrictive
applications.

The atomic origin of the relaxor ferroelectric behavior of
PMN is still not fully understood although there are recent
models4,19,25based on compositional fluctuations of the B-sites
in the perovskite structure. These heterogeneous distributions
of Mg/Nb B-site cations lead to the formation of microregions
of varying local composition and local phase transition tem-
peratures. Relaxor ferroelectrics have been proposed to exhibit
“superparaelectric”4,19,25,26behavior due to these small Mg/Nb
clusters with short-range order that result in thermally fluctuating
dipole moments within a continuously disordered matrix. More
recently, a spin glass model26,27 has been suggested wherein
relaxor behavior is a consequence of interactions between the
small ordered clusters. PMN ceramics have been shown by high-
resolution TEM to exhibit short, coherent long-range order on
the nanoscale as a consequence of Mg2+- and Nb5+-rich
nanodomain regions.1,4,13,14,18-20 The B-site cation ordering from
2 to 50 nm,13,14,18-20,28-34 may be due to short-range ordered
regions that are postulated to localize these “superparaelectric”

polar clusters,1,15,19with the heterogeneous size distributions of
these ordered regions accounting for the broad phase transition
behavior.

PMN does not exist with an idealized perovskite lattice
structure as shown in Figure 2, where an ordered distribution
of Mg(II) and Nb(V) ions in the next-nearest neighbor (nnn)
B-site octahedra exists; rather, PMN has either partial or
complete B-site disorder of the Mg(II) and Nb(V) B-site
ions.18,35-44,48-50 Despite numerous structural studies, there is
still a lack of detailed understanding of the atomic-level B-site
structure and degree of short-range order in PMN materials that
may provide an atomic-level explanation for their relaxor
ferroelectric behavior.19,20Studies using HRTEM,18,35EXAFS,36

single-crystal X-ray diffraction,37-41 neutron diffraction,42 and
EPR43,44have suggested that there are two B-site nanodomains
existing in the three-dimensional structure of PMN, the so-called
“1:1 ordered, Mg2+-rich” regions where Mg and Nb ions are
arrayed in a successive order (Mg-O-Nb local order) with a
1:1 Mg/Nb mol ratio, and surrounding positively charged “Nb5+-
rich” regions (with local Nb-O-Nb ordering) that is required
to maintain the charge neutrality.33,34 Most studies except for
recent static93Nb NMR measurements on single-crystal PMN45-47
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Figure 1. Phase diagram of lead magnesium niobate-lead titanate solid-
solution system, (1- x)Pb(Mg1/3Nb2/3)O3/xPbTiO3, (PMN/PT) modified
from Choi et al. (refs 16, 67).

Figure 2. Schematic depiction of perovskite lattice structure of
Pb(Mg1/3Nb2/3)O3 (PMN) showing the idealized B-site octahedra with
1:2 Mg/Nb ordering.
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and XPS results48 support the 1:1 model.40,42XPS results,48 and
recent93Nb MAS NMR49 and93Nb nutation spectroscopy,50 by
contrast, suggest that the B-site ordering is more complex and
that Mg2+ and Nb5+ ions are partially distributed in a random
fashion, thus providing charge neutrality by the presence of lead
and/or oxygen vacancies. New structural models of PMN based
on computer simulations of X-ray reflection data20,37-40 reveal
that PMN has an average cubic structure, with possible
intergrowths in the rhombohedral and tetragonal phases.

93Nb is a 100% natural abundant quadrupolar nuclide with a
nuclear spin (I) value I ) 9/2, and a large nuclear quadrupole
moment of-0.2 barns. Solid-state93Nb NMR studies of the
ferroelectric alkali metal niobates of lithium, sodium and
potassium using principally static, wide-line NMR spectroscopy
have been reported.51-65 Static93Nb NMR spectra of alkali metal
niobates have been used to measure the quadrupolar parameters
for lithium niobate (LiNbO3, CQ ) 22.1 MHz;η ) 0.0), sodium
niobate (NaNbO3, CQ ) 19.7 MHz;η ) 0.82) and potasssium
niobate (KNbO3, CQ ) 23.1 MHz; η ) 0.80).54-56 The tem-
perature-dependent quadrupolar coupling constant of NaNbO3

varies from 19.7 to 10 MHz as the temperature is increased
from room temperature to 270°C.58 Wide-line 93Nb NMR
spectra of single crystal and nonstoichiometry LiNbO3,51-54,56

Ba2NaNb5O15 (BSN),57 and several magic-angle spinning (MAS)
93Nb NMR spectra (at 9.4 T) for powder and single crystals of
LiNbO3, NaNbO3, the layered niobate KCa2Nb3O10, and NbVO5

have been measured.59-65 These latter93Nb MAS NMR spectra
have broad resonances for Nb(V) sites due to large residual
second-order quadrupolar line-broadening.

In this report, extensive solid-state93Nb NMR and two-
dimensional93Nb static nutation studies of polycrystalline PMN
and a wide range of PMN/PT solid-solution materials are
reported. Previous wide-line93Nb NMR studies of single-crystal
PMN45-47 showed that the93Nb NMR spectrum is composed
of an overlapping fast and a slow-relaxing component, the fast
relaxing resonance being attributed to the Nb(V) ion motion in
the B-sites. Recently,93Nb MAS NMR spectra of single-crystal
PMN and PZN49 also showed that these two nonstoichiometric
mixed B′B′′ perovskites have at least two different types of Nb-
(V) B-sites, while two-dimensional93Nb nutation spectra50 of

polycrystalline PMN containing multiple Nb(V) sites shows
three different types of93Nb nutation resonances.

Studies of the local Nb(V) coordination environment in these
ferroelectric lead-based niobate perovskites using93Nb MAS
NMR is a formidable challenge that is complicated by limita-
tions of spectral resolution and need for quantitation of isotropic
chemical shifts (δiso) and93Nb quadrupolar parameters (CQ and
ηQ) to describe the local atomic-level Nb(V) B-site environ-
ments. Significant overlap of resonances for several types of
Nb(V) sites in PMN49,50 is the result of incomplete averaging
of the second-order quadrupolar contributions of93Nb reso-
nances, particularly for93Nb peaks with moderateCQ (17 to 23
MHz), such as also observed for alkali niobates even at high
magnetic field strengths (14.1 T) and fast MAS spinning rates
(>15 kHz). For ferroelectric and piezoelectrics perovskites such
as PMN and PZN, the distortions in the local pseudo-octahedral
NbO6 sites due to both oxide lattice constraints and different
degrees of ordering of the Mg/Nb B-site cations are proposed
to cause averaging of the local temperature-dependent motion
and/or elastic fluctuations of the crystal lattice, leading to
significant line-narrowing of93Nb resonances.45-47 Ferroelectric
lead-based niobates such as PMN and PZN also have a high
degree of local Mg(II)/Nb(V) disorder, due to several different
types of Nb(V) sites in nanodomain regions, that result in both
chemical shift and quadrupolar dispersion from overlapping93Nb
resonances with different93Nb chemical shifts or quadrupolar
parameters (CQ andηQ).49,50

The solid-state93Nb NMR and93Nb nutation results reported
here represent a thorough and detailed investigation of both
polycrystalline PMN and a wide range of PMN/PT solid-
solutions that clarify the solid-state93Nb MAS NMR and93Nb
nutation behavior of these systems. These studies are motivated
by the need to more fully describe the atomic-level short-range
order and local chemical environments of the B-sites Nb(V)
ion in PMN and PMN/PT solid-solution systems. Correlations
between the ordering in the B-sites (Mg/Nb) and the local
chemical environment of different Nb(V) ions in the perovskite
lattice, and their known temperature-dependent electrical proper-
ties are of primary significance in understanding the materials
chemistry of these electronic ceramics. Through the combined
use of93Nb MAS NMR and93Nb static nutation measurements
described here, new and detailed atomic-level information about
the Nb(V) B-sites of PMN and related PMN/PT materials
throughout the phase diagram region 5 to 50 mol % PT is
described. The93Nb MAS NMR and 93Nb nutation results
reported in these investigations demonstrate the complexity and
subtleties of the Nb(V) B-site chemical environments in these
ferroelectric materials. These studies have advanced our fun-
damental understanding of the local Nb(V) ion chemical
environments, the origin of the short-range chemical Mg/Nb
ordering, and the possible motional behavior of the Nb5+ (and
Mg2+) ions in the B-sites of these relaxor ferroelectrics. These
investigations provide conclusive spectroscopic evidence for the
existence of at least three different types of Nb(V) ion B-sites
with variable93Nb intensity and line shape for PMN and related
PT solid-solutions.

Experimental Section

Reagents and Materials.PbO (Alfa, 99.9995%), Nb2O5 (Alfa,
99.9985%), TiO2 (Anatase, Aldrich, 99.9+%), PbTiO3 (Aldrich,
99+%), and (MgCO3)4Mg(OH)2‚H2O (Aldrich, 99%) were used as
purchased.

Synthesis of PMN and PMN-PT Powders. Synthesis of PMN by
Modified Columbite Method. For the modified columbite method, a
2% excess amount of MgO in the form of (MgCO3)4Mg(OH)2‚H2O
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was used.44 The (MgCO3)4Mg(OH)2‚H2O powder was mixed with
Nb2O5 powder in an ethanol slurry and ground for 2 h. The resulting
paste was dried in an oven (140°C) overnight and fired at 1000°C for
6 h. The precursor MgNb2O6 obtained by this method was mixed with
PbO according to the PMN stoichiometry in ethanol for 1.5 h. Following
a two-stage calcination as summarized by Gupta and Kulkarni,66 the
dried paste was fired first at 800°C for 2 h. The resulting light-yellow
powder was mixed in an ethanol slurry again for 1 h, the solvent
removed by oven drying (140°C) overnight, and the powder fired at
900 °C for 2 h.

Synthesis of PMN/PT Solid-Solutions.16,23,24,67The (1- x)PMN/
xPT powders wherex ) 0.05 to 0.50 were prepared using the PMN
powder prepared from the modified columbite method. This starting
material was mixed with the corresponding mol % PT using Anatase
TiO2 (Aldrich, 99.9+%) and PbO (Alfa, 99.9995%, 0.5% excess). The
powder mixture was ground for 1 h in ethanol, dried in an oven (140
°C) overnight and the powder calcined at 900°C for 4 h.

Chemical Characterization Methods

Powder X-ray Diffraction Analysis. Powder X-ray diffraction
analyses were performed using a “Phillips” X-ray diffractometer at the
Engineering and Mining Experiment Station, South Dakota School of
Mines and Technology, Rapid City, South Dakota. The samples were
scanned using Cu KR at 40 kV and 20 mA. The 2θ scan range was
varied from 5 to 60° with scan speeds of 0.02 2θ° per step, at two s
per step. The powder XRD patterns for PMN and related PT-solid
solution materials studied here are given in Figure 3. XRD and electrical
properties measurements of PMN/PT solid solutions have provided the
phase diagram for this binary system up to 50 mol % PT as shown in
Figure 1.16 Above 10 mol % PT at room temperature, PMN and PT
form a solid-solution with a broad phase transition between the pseudo-
cubic (rhombohedral) and cubic lattice structure up to∼34 mol %
PT.35,37-40 The powder XRD diffraction patterns for polycrystalline
PMN and PMN/PT samples studied here are consistent with a cubic/
pseudo-cubic long-range order for the perovskite lattice structure. For
PMN, the XRD diffraction lines are as follows (2θ in deg,hkl, relative
intensity): 21.88, 100, 14; 31.18, 110, 100; 38.46, 111, 18; 44.73, 200,

31; 50.36, 210, 7; 55.58, 211, 41. The 2θ values of the diffraction
lines increase as the amount of PT increases due to the formation of
solid-solutions of PMN/PT of a rhombohedral lattice structure. Previous
XRD studies68 determined that this increase in the 2θ values (and
corresponding decrease ind spacings) of the XRD lines for PMN/PT
materials is due to the changes in the dimensions of the unit cell that
are associated with ionic radii differences among the Ti4+ (0.61 Å),
Nb5+ (0.64 Å), and Mg2+ (0.72 Å) ions. In addition, for 0.66PMN/
0.34PT at the MPB, the increased XRD line widths in comparison with
PMN have been interpreted as resulting from overlapping XRD lines
due to a mixture of cubic/tetragonal crystal latttice symmetry forms. It
should be noted that the splitting of the 2θ reflections at 44.58° and
50.36° in the XRD profile of PMN (Figure 3) is a classic example of
the KR doublet from the KR1/KR2 X-ray radiation source, as confirmed
by JADE 3.1 (MDI) software.

Solid-State93Nb NMR Measurements.Solid-state93Nb static and
MAS NMR spectra were measured at 14.1 T (146.8 MHz for93Nb)
using a 16.7 kHz sample spinning rate and a Chemagnetics CMX-600
NMR spectrometer equipped with a “home-built” 3.2 mm sample
spinning system and using a Bruker ASX-400 NMR spectrometer at
9.45 T (97.8 MHz for93Nb) equipped with a “home-built” static probe
and a 12.0 mm coil. Single-pulse93Nb MAS NMR spectra were
typically measured using 0.25µs pulse lengths, 0.200 s delay times,
1.0µs acquisition delays, with 1000 kHz spectral width (1.0µs dwell).
Spectra were Fourier transformed after two left shifts, seven back-
projection points, and exponential line-broadening of 200 Hz were
applied. All 93Nb NMR spectra were referenced to an external standard
of NbCl5 in “wet” acetonitrile, with the sharp resonance (fwhh) 95
Hz) being assigned a chemical shift of 0.00 ppm.

Two-Dimensional93Nb Nutation Measurements.All the static93Nb
nutation spectra were measured on a Bruker ASX-400 spectrometer
using a “home-built” NMR probe; the samples were packed in glass
tubes (12 mm diameter) and mounted perpendicular to the magnetic
field. A standard 2D pulse sequence was used for the traditional nutation
experiments.69,70 To obtain pure phase nutation spectra, whole-echo
acquisition was used.50 An original one-pulse nutation experiment was

(66) Gupta, S. M.; Kulkarni, A. R.Mater. Chem. Phys.1994, 39, 98-
109.

(67) Choi, S. W.; Shrout, T. R.; Jang, S. J.; Bhalla, A. S.Ferroelectrics
1989, 100, 29-38.

(68) Bouquin, O.; Lejeune, M.; Boilot, J. P.J. Am. Ceram. Soc.1991,
74(5), 1152-1156.

(69) (a) Samoson A.; Lippmaa, E.Phys. ReV. B 1983, 28, 6567-6570.
(b) Samoson, A.; Lippmaa, E.J. Magn. Reson.1988, 79, 255-268.

(70) Kentgens, A. P. M.; Lemmens, J. J. M.; Gieurtz, F. M. M.; Veeman,
W. S. J. Magn. Reson.1989, 71, 62-74.

Figure 3. Powder X-ray diffraction patterns of polycrystalline samples of PMN and (1- x)PMN/xPT solid-solutions, wherex ) 0.05 to 0.50 mol
% PT.
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performed with low rf power (atνQ . νrf); the peak positions in the
F1 dimension of the resulting spectrum were used to calculate the length
of the π pulse. A small bulb containing the reference solution was
placed in the middle of the packed sample tube to account for
differences in magnetic susceptibilities of the solid and solution samples.
The peak position of the reference solution in the F1 dimension served
as an internal reference to accurately measure the 32.5 kHz rf-field
used. Typically, 150t1 points (512 scans with 100 ms delay) were
acquired with 1.0µs increments. A baseline correction in the F1
dimension was also done.

Results of93Nb MAS NMR and 93Nb Nutation Studies

Static 93Nb NMR Spectra of PMN at Different Magnetic
Field Strengths.The static one-dimensional93Nb NMR spectra
of PMN measured at 9.4 and 14.1 T are shown in Figure 4A.
Both spectra have a sharp resonance (fwhh∼8.3 and 9.0 kHz)
at -900 ppm and a very broad feature (∼200 kHz broad at the
baseline at 9.4 T); there is little change in the peak position of
the sharp component, implying a small quadrupolar interaction
and, hence, a highly symmetric environment for these niobiums.
For NMR spectra of quadrupolar nuclei such as93Nb, severe
line-broadening is often observed due to the large quadrupolar
interaction. Only the central transition (+1/2 T -1/2) is normally
observed.49,59-65,71The central transition may be broadened by
dipolar, chemical shift, or second-order quadrupolar effects. The

second-order frequency shift of the central transition resonance
δiso

(2Q) is given by the following equation:72

whereνL is the Larmor frequency, andCQ ) e2qQ/h. Since the
line width of the central transition due to the second-order
quadrupolar interaction is inversely proportional to the magnetic
field strength, and the quadrupolar-induced frequency shift
δiso

(2Q) is inversely proportional to the square of the magnetic
field, the narrow and broad components in the93Nb spectrum
measured at 14.1 T are more separated than at 9.4 T. The
dominant frequency shift is due to second-order quadrupolar
effects. For resonances with a large second-order quadrupolar
line-broadening as observed for93Nb, high resolution is not
achieved even at 14.1 T.

Static and MAS 93Nb NMR Spectra of Polycrystalline
PMN at 14.1 T. Both static and MAS93Nb NMR spectra of
PMN measured at 14.1 T are shown in Figure 4B. The solid-
state 93Nb MAS NMR spectrum of PMN has two major

(71) Man, P. P.; Theveneau, H,; Papon, P.J. Magn. Reson. 1985, 64,
271-277.

(72) Mueller, K. T.; Baltisberger, J. H.; Wooten, E. W.; Pines, A.J.
Phys. Chem.1992, 96, 7001-7004.

Figure 4. Solid-state93Nb NMR spectra measured at 9.45 and 14.1 T
of polycrystalline samples of PMN: (A) Static spectra with 200 Hz
line-broadening showing a sharp and a broader signal. Spectrum at 97.8
MHz was acquired using a Hahn-echo pulse sequence. (B) Static and
MAS spectra (at 16.7 kHz sample spinning) of polycrystalline PMN.
Experimental conditions: 0.25µs pulse lengths, 0.200 s delay times,
1.0µs acquisition delays, with a 1000 kHz spectral width (1.0µs dwell)
and 200 Hz exponential line-broadening.

Figure 5. (A) Solid-state93Nb MAS NMR spectra of polycrystalline
PMN powder measured at various excitation pulses from 0.25 to 6.00
µs in 0.25µs increments, under similar experimental conditions as noted
in Figure 4B, and (B) selected93Nb MAS NMR spectra for PMN
powders measured at different pulse lengths.
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resonances, a sharp peak at-902 ppm, and a broad resonance
spanning-800 to -1150 ppm. The sharp93Nb resonance at
-902 ppm for PMN is considerably narrowed (11 700 Hz; fwhh
) 1950 Hz) using MAS. The broad spectral component spans
nearly 350 ppm (51 000 Hz; fwhh) 12 800 Hz) and has three
discernible shoulders at-960,-980 and-1000 ppm, the latter
being due to a spinning sideband from the-902 ppm signal
(vide infra). This broad resonance is likely due to at least two
overlapping, incompletely averaged second-order quadrupolar
powder patterns (vide infra), each with large quadrupolar
coupling constants.

In addition, the93Nb MAS NMR spectrum shown in Figure
4B has an extensive envelope of spinning sidebands spanning
over nearly 4000 ppm (not shown) due to first-order quadrupolar
line-broadening contributions of the satellite transitions that are
not completely averaged with MAS. The highly symmetrical
nature and frequency positions of the spinning sidebands indicate
that they are associated with the sharp93Nb resonance near-902
ppm observed for PMN, whereas spinning sidebands of the
broad resonance are not observed due to large quadrupolar
interactions. The frequency shift range from-900 to -1200
ppm corresponds to six-coordinate NbO6 sites (vide infra) as

demonstrated from single-pulse93Nb MAS NMR results and
summarized in Table 1 for the alkali metal niobates and various
lead niobates.73,74

A two-dimensional plot of the93Nb MAS NMR spectra of
PMN as a function of pulse width from 0.2µs to 7.45µs is
shown in Figure 5A. There are significant changes in the relative
intensity of the sharp and broad resonances with increasing
excitation pulse width. The intensity of the sharp resonance
oscillates with a maximum signal intensity observed at a pulse
width of 1.95µs. The broader resonance reaches a maximum
signal intensity between 1.25 and 1.45µs before decreasing to
a null at∼3.0 µs pulse width. Several of the93Nb MAS NMR
spectra obtained at various pulse widths are shown in Figure
5B. The spectra obtained using 0.25 and 1.50µs pulses have
both the broad and narrow resonances, with the broader
resonance decreasing in intensity until it virtually disappears at
longer pulse widths (3.0µs, not shown). The spectrum at 2.5
µs shows that the majority of the spectral intensity for the
shoulder component near-1000 ppm (at shorter pulse lengths)
is due to spinning sideband intensity associated with the-902

(73) Shore, J. S.; Fitzgerald, J. J., unpublished results 1999.
(74) Fitzgerald, J. J.; Shore, J. S., unpublished results 1999.

Table 1. 93Nb MAS NMR Frequency Shifts of PMN, Related PT-Solid Solutions, Alkali Niobates and Lead Niobates (14.1 T)

a Isotropic chemical shifts derived from simulation of93Nb MAS spectra measured at various magnetic fields and/or MQMAS results.b Significant
intensity is from spinning sidebands (ssb) associated with-900 ppm resonance.c The numbers in parentheses indicate peak full-widths at half-
height in Hertz.d Reference 49.e (I) Indicates unknown impurity.
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ppm peak. Differences in the nutation behavior of the sharp
and broad component for PMN indicate that theCQ of the
sharper component is quite small, while theCQ for the broad
resonance is substantial. By Fourier transforming a two-
dimensional spectrum similar to Figure 5A, along the excitation
pulse dimension, a nutation spectrum is obtained.

Two-dimensional 93Nb Nutation Spectra of PMN. Two-
dimensional nutation spectroscopy as introduced by Samoson
and Lippmaa69 has been used to determine quadrupolar coupling
constants since the nutation dimension is not affected by the
chemical shift interaction.69,70In a nutation experiment, the spins
precess (nutate) around theB1 field in the rotating frame at a
nutation frequency. For spins withI ) 1/2, the nutation frequency
is νrf ) γB1, whereγ is the gyromagnetic ratio. For half-integer
spins (I ) n/2, where n ) 3, 5, 7, and 9), the situation is
complicated. When the quadrupolar interaction is small, the
nutation frequency is similar to that of spinI ) 1/2 nuclei, i.e.,
νrf ) γB1, and for large quadrupolar interactions, the frequency
is given by (I + 1/2)νrf. Recently, a method to measure pure-
phase nutation spectra using whole-echo acquisition was
reported.50 This technique avoids problems associated with pulse
breakthough and yields higher resolution in both dimensions.

The 2D nutation spectra of PMN obtained with aνrf of 32.5
kHz and refocusing pulse lengths of 3.4 and 5.6µs are shown
in Figure 6A and 6A′. For the nutation spectra of PMN, a
projection of the (F2) axis (not shown) is nearly identical to a
static one-dimensional spectrum, while in the nutation (F1)
dimension, several distinct features can be identified. The
nutation spectrum of PMN measured with a refocusing pulse
of 3.4 µs (Figure 6A) has a sharp resonance at 1νrf, and two
resonances (a sharp and a broad one) near 5νrf. For the peak at
1νrf, νQ , νrf, and aνQ < 32.5 kHz (CQ of <0.8 MHz) is
estimated. It is apparent that a sharp and a very broad component
overlap near 5νrf. The broad component is dominant in the
nutation dimension with a peak maximum at 5νrf, and with a
center of gravity at∼4.5νrf. The overlapping components have
been separated by varying the refocusing pulse lengths as shown
in Figure 6A and 6A′. The efficiency of the refocusing pulse
length depends on the size of the quadrupolar coupling constants
of the 93Nb resonances present. In the93Nb spectrum acquired
using a longer refocusing pulse length of 5.6µs. (Figure 6A′),
the narrower of the two components near 5νrf, is predominant.
In the nutation dimension, the two resonances at 3.7νrf, and
∼1.5νrf, in addition to the peak at 1νrf, are observed. The center
of gravity of the sharp and broad resonances near 5νrf were
compared with the theoretical results of Samoson and Lippmaa,69b

to determine aνQ of 700 kHz (CQ ≈ 17 MHz) for the sharp
component, and a lower limit of 2.6 MHz (CQ > 62 MHz) for
the broad component. Different93Nb nutation spectra using a
range of refocusing pulses have been measured here. A
refocusing pulse of 3.4µs was found optimal for observing all
three93Nb resonances of PMN. A refocusing pulse of 5.6µs
was found optimal for selectively observing the sharp93Nb
resonance withCQ ≈ 17 MHz.

Glinchuk et al.45-47 attributed the changes observed in the
temperature-dependent93Nb NMR spectral line width to motion
of the Nb(V) ions in the B-sites of PMN. The observation of
two different resonances of sizableCQ from the93Nb nutation
spectra here indicates significant motion of Nb(V) ions in the
B-site environments consistent with this result. Without ap-
preciable motion, the broadest resonance (CQ > 62 MHz) would
be too broad to measure. The presence of three resonances with
small, intermediate, and large quadrupolar coupling constants
are consistent with one highly symmetrical NbO6 environment

and two types of moderate and highly unsymmetric Nb(V) ion
environments in PMN, respectively. The spin-lattice relaxation
times (T1) of 0.6 ms and 10.0 ms for PMN and 0.75PMN/
0.25PT,74 respectively, indicates that rapid thermally induced
motion of the Nb(V) ions (and neighboring oxygens) occurs at
room temperature that also likely averages the local oxygen

Figure 6. Contour plots of the93Nb nutation spectra of polycrystalline
PMN and (1- x)PMN/xPT powders, wherex ) 0.05, 0.10, 0.25, 0.34,
and 0.50 measured using whole-echo acquisition pulse sequence at a
refocusing pulse lengths of 3.4µsec (A-F) and 5.6µs (A′-F′). Contour
levels are drawn from 10 to 100% in 10% increments. The refocusing
pulse is set to excite only the central transition. The nutation dimension
is plotted along the horizontal axis. The spectra were acquired with a
νrf of 32.5 kHz using the following: 512 transients were acquired for
each of the 150t1 periods; a 200µs delay was used between the nutation
and the refocusing pulse. A 2 kHz Gaussian and 2 kHz exponential
line-broadening were applied in thet2 andt1 dimensions, respectively.
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chemical environments around the quadrupolar93Nb nuclei
associated with these lower symmetry sites. Such line narrowing
due to Nb(V) ion motion at room temperature for PMN (and
PMN/PTs) is consistent with the reported thermal-induced
motional averaging of Nb(V) B-site ions in single-crystal
PMN.45-47 Detailed studies of the temperature-dependent re-
laxation behavior and93Nb NMR spectra of PMN and PMN/
PT materials are in progress.

93Nb MAS NMR and 93Nb Nutation Spectra of Polycrys-
talline PMN/PT Materials. The 93Nb MAS NMR spectra of
PMN and PMN/PT compositions from 0.95PMN/0.05PT to
0.50PMN/0.50PT measured at 14.1 T are shown in Figure 6.
With increased mol % PbTiO3, there is a decrease in spectral
resolution, and a decrease in the intensity of the sharp93Nb
resonance near-902 ppm. A single broad symmetrical reso-
nance at-1011 ppm is observed for high mol % PT systems,
that is, 0.50PMN/0.50PT. The sharp93Nb NMR peak is not
easily observed for 0.66PMN/0.34PT formed near the PMN/
PT morphological phase boundary, and is nearly absent for the
0.50PMN/0.50PT sample. For the93Nb MAS spectra of the
series of PMN/PT materials, the overall line shape of the broad
resonance feature centered near-980 ppm for PMN is also
observed to change substantially (see Figure 7), particularly for
PMN/PTs at higher mol % PT. These93Nb NMR spectral
changes observed for PMN/PT solid-solutions up to 50 mol %
PT are interpreted as resulting from changes in the Nb(V) sites
induced by significant Ti(IV) ion occupancy of B-sites in the
PMN perovskite lattice. The 0.66PMN/0.34PT material formed
at the MPB (see Figure 1),16 in particular, also has accompany-
ing changes in long-range order corresponding to a rhombohe-
dral to tetragonal crystal lattice transition based on the PT
composition and the powder XRD results as given in Figure 3.

Several significant changes are also readily apparent for the
series of PMN/PT solid-solutions over the mol % PT range
studied as shown by the two-dimensional93Nb nutation spectra
(see Figure 6, B/B′-F/F′). First, for the93Nb nutation spectra
of PMN/PT for lower mol % PT (x ) 0.05 and 0.10, Figure 6,
B and C), there is a significant reduction in the intensity or a
broadening in F2 of the resonance with intermediateCQ (∼17

MHz). Second, the intensity of the sharpest resonance at 1νrf

with the smallestCQ < 0.8 MHz decreases for PMN/PTs at
0.90PMN/0.10PT and higher mol % PT at a 3.4µs refocusing
pulse length (Figure 6, C-F). Third, the line shape of the
broadest resonance (CQ > 62 MHz) significantly changes and
the peak position shifts (to a small extent) to lower frequency
in the nutation dimension with added PT (Figure 6, B-F); the
small shifts reflect smallerCQ values.

Discussion of93Nb MAS NMR and 93Nb Nutation Results

Interpretation of 93Nb MAS NMR and 93Nb Nutation of
PMN and PMN/PT. The solid-state93Nb MAS NMR spectra
reported here have at least two distinctly different93Nb
resonances for both PMN and PMN/PT solid-solution materials
below its MPB composition of 34 mol % PT (Figure 1), while
93Nb nutation spectra have three different resonances with a
range of differentCQ values. A summary of the relationship
between the assignments for the93Nb MAS NMR and 93Nb
nutation results is given in Table 2. The sharp93Nb MAS NMR
resonance at∼-902 ppm (Figure 4) is correlated with the93Nb
nutation resonance with a small quadrupolar coupling constant
(CQ < 0.8 MHz); it has little residual second-order quadrupolar
line-broadening consistent with this resonance corresponding

Figure 7. Solid-state93Nb MAS NMR spectra at 14.1 T of polycrystalline samples of (1- x)PMN/xPT, wherex ) 0.00 to 0.50, over the PMN/PT
binary solid-solution phase diagram. Similar experimental conditions as noted in Figure 4B.

Table 2. Summary of93Nb Resonances for PMN from93Nb MAS
NMR and93Nb Nutation Results
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to Nb(V) ion B-sites approaching local cubic symmetry. This
near-cubic symmetry is likely a consequence of the local Mg/
Nb ordering. The intensity decreases with the substitution of
Ti(IV) ions into the B-sites causing a reduction in the symmetry
of some near-cubic Nb(V) sites. The93Nb NMR frequency shift
of -902 ppm is substantially lower than the frequency shifts
reported for distorted Nb(ONb)6 configurations measured for
alkali niobates (-1028 to -1102 ppm) and lead niobate
pyrochlores (-975 to -1020 ppm) as summarized in Table
1.73,74

The broad93Nb MAS NMR resonance centered near-980
ppm for polycrystalline PMN and PMN/PT (Figure 7) up to
the MPB (34 mol %) likely consists of two or more overlapping
powder patterns with different residual second-order quadrupolar
contributions to their line shapes not removed by MAS,
corresponding to the two nutation93Nb resonances of intermedi-
ate and large quadrupolar coupling constants (CQ ≈ 17 MHz
and> 62 MHz, respectively). The large line width is consistent
with some of these Nb(V) sites having largerCQ values than
observed for alkali niobates (∼17 to 23 MHz).55-58,73The lower
site symmetry (and corresponding largeCQ values) observed
for this broad signal at-980 ppm is likely due to the effects of
both neighboring B-cation distribution effects on the Nb(V)
cations, that is, Mg/Ti/Nb disorder, that alters the local nio-
bium-oxygen bond lengths and O-Nb-O bond angles, and
the effects of nearest-neighbor A-site Pb(II) ions on the NbO6

site bonding and symmetry. Line shape changes of the broad
resonance near-980 ppm are not, however, apparent in the
spectra obtained on lower mol % PT materials (Figure 7A-
D).

For polycrystalline 0.66PMN/0.34PT, the most significant
change in the93Nb MAS NMR spectra (Figure 7) is the virtual
disappearance of the sharp signal near-902 ppm and the line
shape changes in the-980 ppm resonance to a broad sym-
metrical peak near-1000 ppm. Related changes in contour plots
and F1 projections (not shown) of the93Nb nutation spectra of
PMN/PTs are also observed for compositions at the MPB, where
long-range pseudo-rhombohedral to tetragonal crystal lattice
structural changes for PMN/PT occurs. At the high mol % PT
compositions, the loss in intensity of the93Nb signal at-902
ppm is also attributed to Ti(IV) ion incorporation into the
majority of B-sites in PMN, thus reducing the Nb(V) ion B-site
symmetry in the Mg-rich regions of PMN. The loss of the
characteristic line shape features of the broad-980 ppm signal
is also most apparent at 34 and 50 mol % PT due to increased
disorder from significant B-site occupation by three different
cations. The B-site disorder likely results in increased chemical
shift dispersion and a range of quadrupolar coupling constants
for the 93Nb resonance near-980 ppm. The two broad93Nb
nutation resonances with different quadrupolar coupling con-
stants are consistent with two types of Nb(V) B-sites having
different chemical environments due to different local Nb-O
bond lengths and O-Nb-O bond angles. The differences in
the local oxygen symmetry and/or distortions around the Nb-
(V) B-site ions are likely caused by different next-nearest
neighbor B-site cations (Mg/Ti/Nb) configurations, and/or
differences caused by different arrangements of the nearest-
neighbor A-site Pb(II) cations. In addition, the different motional
behavior associated with these two different Nb(V) B-sites, in
the compositional PMN/PT range studied here, may also
contribute to their complex93Nb MAS and 93Nb nutation
spectral behavior.

Local Mg/Nb B-Site Configurations and Ordering from
93Nb NMR Spectra. On the basis of the 2:1 Nb/Mg stoichi-

ometry for the B-sites in the PMN perovskite lattice structure,
and recent HRTEM measurements and XRD calculations4,18,19

supporting the presence of local Mg-rich and Nb-rich regions
in PMN, the narrower, lower intensity,93Nb signal at-902
ppm ( ∼10%) is tentatively assigned to Nb(V) B-sites in Mg-
rich regions, while the broader93Nb resonance centered at-980
ppm is tentatively assigned to two different types of Nb(V) ions
in the B-sites of Nb-rich regions.

PMN materials with a perovskite lattice may be ideally
described by an ordered distribution of Mg(II)/Nb(V) ions in
the next-nearest neighbor (nnn) B-site octahedra as depicted in
Figure 2. However, a large degree of disorder in the B-site Mg/
Nb cation distribution exists, where numerous possible nnn
B-site cation configurations may occur in PMN as shown in
Figure 8A (top). For the 10 possible nnn Mg/Nb B-site
configurations given in Figure 8B, recent EPR studies of single
crystal and polycrystalline PMN,43,44 and93Nb MAS NMR of
single-crystal PMN and PZN49 support the classification of the
nnn B-site configurations into local cubic, axial (or tetragonal),
and rhombic symmetries.

In Figure 8B, the nearest-neighbor oxygens that produce the
largest effects on the local chemical environment of the Nb(V)
ions have been omitted for clarity; the next-nearest neighbor
A-site Pb(II) ions have also been omitted. While the local oxy-
gen environments contribute the largest extent to the observed
chemical shift and quadrupolar parameters for the93Nb reso-
nances, different arrangements of the second nearest-neighbor
Mg(II) or Nb(V) cations cause significant changes in both the
Nb-O covalency and the Nb-O bond lengths and symmetry
of the NbO6 octahedra. The second nearest-neighbor B-site
cations are likely the origin of the significant perturbations of
the local oxygen chemical environments around the Nb(V)
B-sites observed by93Nb NMR. As shown in A (top) and B of
Figure 8, the local Mg/Nb octahedra B-site arrangements in
PMN may be disordered in contrast to the repeating MgNbNb
order (Figure 2), causing a wide distribution of different
Nb(V) site configurations corresponding to a range ofNb-
(ONb)6-x(OMg)x nearest-neighbor B-site cations, wherex ) 0,
1, 2, ..., 6. Whether a random degree of disorder or partial Mg/
Nb ordering exists is not clear due to the broad distribution of
resonances in the93Nb MAS NMR spectra (-900 to -1200
ppm). The interpretation of the93Nb NMR results for PMN and
PMN/PT materials at low mol % PT, however, are consistent
with a partially disordered Mg/Nb B-site structural model as
proposed from HRTEM studies17-20,28-34 based on the two93Nb
resonances assigned to Nb(V) B-sites in Mg(II)-rich and a Nb-
(V)-rich nanodomain regions. The latter Nb-rich regions must
due to the chemical stoichiometry of PMN have magnesium
next-nearest neighbor B-site ions in the axial and rhombic
configurations (Figure 8B).

The interpretation of the frequency shifts observed for the
sharp-902 ppm resonance and the broad resonance centered
at -980 ppm for PMN and related PT solid-solutions is not
straightforward due to the absence of extensive literature
information regarding the effects of local chemical environments
on the 93Nb frequency or chemical shifts. From the93Nb
frequency shift and isotropic chemical shift results summarized
in Table 1, it is apparent that the-902 ppm signal is unusual
for B-site Nb(ONb)6 configurations such as found for the three
alkali niobate perovskites where the frequency shifts vary from
-1028 to-1102 ppm (Table 1).49,73 Recent extensive static
and93Nb MAS NMR studies of the alkali niobates73 reported
elsewhere showδiso(93Nb) values from-1000 to-1070 ppm.
These distorted pseudo-octahedral B-site Nb(ONb)6 configura-
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tions have largeCQ values from 17 to 23 MHz that may be
contrasted with the lowCQ for the -902 ppm signal in PMN.
Comparison of the frequency shifts and smallCQ values for
the -902 ppm resonance for PMN and low-PT content PMN/
PTs suggest that this signal is associated with 1:1 Mg/Nb
ordering in Mg-rich regions where the local symmetry is near-
cubic, i.e., Nb(OMg)6 configurations, in contrast to the
Nb(ONb)6-x(OMg)x configurations in the Nb-rich regions of
PMN that are assigned to the broad93Nb resonance near-980
ppm and the distorted Nb(ONb)6 configurations in the alkali
niobates that are observed from-1028 to-1102 ppm. It should
also be noted that the quadrupolar induced frequency shift for
the Nb(ONb)6 site in PbNb2O6 is ∼ -19 ppm (-1134 ppm
compared toδiso equal-1115 ppm, see Table 1) for the single
93Nb resonance for PbNb2O6. Thus, quadrupolar frequency shifts
on the order of∼ -19 to -32 ppm are in the range observed
for alkali niobates of the perovskite structure and the low-
temperature form of lead metaniobate of a nonperovskite lattice,
that all have Nb(ONb)6 B-site configurations with moderateCQ

(16 to 23 MHz) values.50,73,74

For the broad93Nb NMR resonance centered at-980 to
-1000 ppm for PMN and related PMN/PTs up to 34 mol %
PT, this frequency shift region is comparable to that observed
for corner-shared pseudo-octahedral Nb(ONb)6 sites of varying
degrees of distortion found in lead niobates (Table 1).74 The
frequency shifts for the lead niobates span-975 ppm to-1020
ppm, except for lead metaniobate (δobs ) -1134 ppm;δiso )
-1115 ppm), compared to the-1028 to-1102 ppm (δiso )
-1000 to-1070) range observed for the alkali niobates. The
frequency shift range-975 to-1020 ppm and theCQ values
(12 to 21 MHz) observed for the lead niobates pyrochlores, Pb2-
Nb2O7, Pb3Nb4O13 (cubic), Pb3Nb2O8, and Pb5Nb4O15, are
consistent with distorted corner-shared Nb(ONb)6 sites.74 PMN
pyrochlore (Pb1.83Nb1.71Mg0.29O6.39) is also observed to have a

frequency shift in this range (-1012 ppm) but may be contrasted
with the lead niobate pyrochlores, since it contains a 6:1 Nb/
Mg mole ratio, that is considerably lower in magnesium content
than PMN. Based on these similarities, the broad-980 ppm
resonance in PMN and PMN/PT is assigned to a range of axial
or rhombic Nb(ONb)6-x(OMg)x B-site configurations as depicted
in Figure 8B, forx ) 0-5. These Nb(V) B-site configurations
occur in Nb-rich regions of PMN and PMN/PT, with partial
Mg/Nb B-site disorder and varying Mg/Nb compositions, and
depend on spatial relationships to various next-nearest neighbor
Mg/Nb cations.

The interpretation of the93Nb MAS NMR and93Nb nutation
studies reported here is consistent with recent EPR studies of
single-crystal and polycrystalline PMN,43,44 93Nb MAS NMR
studies of single-crystal PMN and PZN,49 and high-resolution
TEM studies of PMN.18 The EPR studies have provided indirect
evidence for the presence of cubic, axial, and rhombic B-sites
in PMN by measurement of the symmetry-related EPR param-
eters of Fe(III) ion-doped in PMN.43,44Recent93Nb MAS NMR
spectra of single-crystal PMN and PZN49 indicate that at least
two resonances attributed to local regions with different Mg/
Nb configurations exist in these materials. In addition, HRTEM
studies to 0.2 nm resolution of the nanodomain textures and
structures in PMN have revealed considerable details regarding
such local domain regions containing ordered and disordered
Mg/Nb B-sites.18 The HRTEM images and related simulations,
together with crystal lattice energy calculations, predict the
relative stability of various domain regions with both ordered
and disordered distributions of Mg/Nb B-sites. Using a model
involving next-nearest neighbor B-site configurations, several
local Mg/Nb configurations or structural clusters of such
configurations were postulated for the two different types of
B-site nanodomains in the three-dimensional structure of PMN
based on their substructural stoichiometry:4,17-20,28-34

Figure 8. (A) Top: depiction of four possible arrangements of adjacent Nb(OX)6 pseudo-octahedra, where X) Mg or Nb for PMN. TheNb
octahedra are depicted for various arrangements of next-nearest neighbor cation configurations that exist due to disorder of the Mg/Nb cations
causing a distribution of Nb(V) sites of Nb(ONb)6-x(OMg)x nearest-neighbor B-site configurations, wherex ) 0-6. Bottom: depiction of four
possible arrangements of adjacent Nb(OX)6 pseudo-octahedra, where X) Mg or Nb or Ti for PMN/PT. TheNb centers are depicted by four
octahedra. Possible arrangements of next-nearest neighbor cation configurations exist due to disorder of the Mg/Nb/Ti cations causing a distribution
of Nb(V) ion sites of Nb(ONb)6-(x+y)(OMg)x(OTi)y nearest-neighbor B-site configurations, wherex and y ) 0-6. (B) Depiction of 10 possible
arrangements of cubic, axial and rhombic Nb(V) sites with nearest neighbor B-site MgO6 or NbO6 configurations for PMN.
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The so-called “1:1 ordered” regions have Mg and Nb ions
arrayed in a successive order (Mg-O-Nb local order) with a
1:1 Mg/Nb mole ratio. Such “Mg(II)-rich” regions of the
composition [Pb2MgNbO6]- would be negatively charged and
nonstoichiometric, and are compensated by surrounding posi-
tively charged “Nb(V)-rich” regions (with increased local Nb-
O-Nb ordering) of composition [PbNbO6]+ required to maintain
the charge neutrality.18,33,34 From HRTEM studies, seven
different types of defect clusters, where the local Mg/Nb
stoichiometry deviate from the 2:1 Nb/Mg ratios, were proposed,
including two local configurations for the Mg(II)-rich regions:
Nb(OMg)6 or Mg(OMg)6 with cubic symmetry, andNb(ONb)2-
(OMg)4 or Nb(ONb)3(OMg)3 configurations with axial sym-
metry; and three local configurations in the Nb-rich regions:
Nb(ONb)6 with cubic symmetry,Nb(ONb)5(OMg) with axial
symmetry, andNb(ONb)4(OMg)2 or Nb(ONb)3(OMg)3 with
rhombic symmetry.18

The types of next-nearest neighbor Nb(V) B-site configura-
tions shown in Figure 8B, therefore, can account for the different
local Nb(V) sites of different symmetries due to various Mg/
Nb cation ordering, consistent with the93Nb MAS NMR and
nutation results. As shown in Figure 8A, these different types
of sites may be arranged proximal to each other in a complex
three-dimensional structural organization in PMN. While the
resonances with minimal (<0.8 MHz) or moderate (∼17 MHz)
quadrupolar coupling constants may be due to local cubic (one
possible) or axial (three possible) Mg/Nb second nearest
neighbor B-site configurations, respectively, the broadest reso-
nance is likely due to a range of highly distorted local NbO6

octahedra of rhombic symmetry (five or more possible). The
nnn B-site cations significantly influence the local oxygen
environments, that is, Nb-O bond lengths and/or O-Nb-O
angles, for different nnn Nb(OX)6 octahedra due to cation size
differences (rMg2+ ) 0.72 Å vsrNb5+ ) 0.64 Å).

The high-temperature reaction of PMN and PT mixtures to
form PMN/PT solid-solutions results in incorporation of Ti-
(IV) ions in the B-sites of PMN. The93Nb MAS NMR and
93Nb nutation spectra of PMN/PT materials are substantially
different than those of PMN. The incorporation of Ti(IV) into
the B-sites may occur by a large number of B-site perturbations,
as depicted in Figure 8A (bottom), thus leading to decreased
Nb(V) B-site symmetry for most of the sites as a result of
disorder of these three different cations. Assuming that PT
dissolution into various regions of solid PMN is nonselective,
this B-site disorder should also increase the chemical shift
dispersion contribution to the broad93Nb resonance (-980 ppm)
due to a larger range of different Nb(V) sites, particularily at
high mol % PT (>25 mol %).

Conclusions

The 93Nb MAS NMR and93Nb nutation studies described
demonstrate the significant capabilities of these spectroscopic
approaches to obtain new atomic-level information about the
local Nb(V) B-site environments in piezoelectric PMN and
PMN/PT systems. The93Nb nutation spectra have three different
93Nb resonances assigned to local Nb(V) sites with different
symmetries based on both chemical shift and quadrupolar

parameters. The three types of Nb(V) B-sites in PMN are
interpreted as due to different local Nb-O environments as a
result of different B-site (Mg/Nb) configurations. The93Nb MAS
NMR and nutation spectral features are assigned to a range of
different B-site Mg/Nb configurations with local cubic, axial
and rhombic symmetry, thus accounting for the quadrupolar
coupling constants (<0.8, ∼17, and>62 MHz) estimated for
these types of Nb(V) sites. PMN likely consists of partially
ordered Mg/Nb B-site occupancy with high symmetry near-
cubic Nb(V) sites (sharp93Nb signal at-902 ppm) associated
with nnn Nb(OMg)6 configurations in Mg(II)-rich ordered
domain regions. The two broader93Nb NMR resonances with
intermediate and highCQ values are assigned to two types of
lower symmetry B-site NbO6 octahedra with local nnn
Nb(ONb)6-x(OMg)x (wherex ) 0 to 5) configurations. One set
of configurations has local axial symmetry, and another has
lower rhombic symmetry. Thus, polycrystalline PMN has a
range of three distinct types of distorted NbO6 octahedra, with
the atomic-level Mg/Nb disorder causing the local Nb(V) B-site
regions to exhibit different microscopic dipolar behavior. These
different local B-site Nb(V) (and also Mg(II)) dipoles are
postulated to be the origin of the diffuse nature of the
macroscopic crystal lattice phase transitions observed for PMN.

The93Nb MAS NMR and93Nb nutation studies of PMN/PT
solid-solutions have also provided unique, but less specific,
atomic-level information about the Nb(V) B-sites in these
complex solid-solution ferroelectric materials. Low mol % PT
additions result in changes in both the93Nb MAS NMR and
nutation spectra consistent with substitution of Ti(IV) ion for
both Mg(II) and Nb(V) in the B-sites of PMN. The increased
chemical B-site disorder due to three B-site cations (Mg/Ti/
Nb) causes the near disappearance of the sharp93Nb signal due
to near-cubic Nb(OMg)6 site configurations at the MPB, and
the line shape changes for the two broader93Nb resonances
assigned to axial and rhombic Nb(ONb)6-x(OMg)x site con-
figurations in the Nb(V)-rich regions of PMN at>10 mol %
PT. The Ti(IV) substitution for Nb(V) in both the Mg(II)-rich
and Nb(V)-rich regions of PMN is postulated to be nonselective.

These investigations have significantly clarified our under-
standing of the Mg/Nb and Mg/Ti/Nb B-site chemical disorder
in PMN and PMN/PT systems, as well as provided a more
detailed description of the local NbO6 site symmetries associated
with the range of Nb(V) B-sites found in these materials.
Experimental support for distinctly different Nb(V) B-sites
located in Mg(II)- and Nb(V)-rich nanodomain regions in PMN
and PMN/PT materials at low PT contents is also presented.
Further detailed variable temperature93Nb MAS NMR and93Nb
nutation studies of PMN and PMN/PTs above and below the
diffuse phase transitions temperatures are in progress to address
the temperature-dependent93Nb NMR relaxation behavior and
the Nb(V) B-site motion in these materials. Such investigations
may also elucidate the relative motional differences of specific
Nb(V) B-site NbO6 octahedra of different Mg/Ti/Nb configura-
tions that likely occur in the Mg(II)-rich and Nb(V)-rich regions
of these important ferroelectric materials.
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