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Identification of polar nanoclusters in PbMg,,3Nb,,303 from NMR spectra
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Nuclear magnetic resonance (NMR) spectra of PNb in the ferroelectric relaxor, lead magnesium niobate,
have been obtained as a function of temperature, from 200 K to 370 K, at 17.6 T with magic angle spinning at
30 kHz. The central transition region consists of three overlapping peaks, and deconvolution yields
temperature-dependent distributions of isotropic chemical shift (&) and quadrupole coupling parameters
(Cq.mq) for each peak. Variable-temperature multiple quantum magic angle spinning (MAS) experiments
confirm the accuracy of the procedures used to fit MAS spectra. The three peaks have been assigned to Nb>*
cations with specific configurations of next-nearest B-site neighbors (nBn) in the perovskite structure. Analysis
of the temperature dependence provides the first unambiguous observation of specific local nBn structures
associated with the polar nanoclusters. At temperatures below the Burns temperature, 75=620 K, but well
above the onset of macroscopic remnant polarization (270 K), the polar nanoclusters have only zero or one
Mg?* ion in the nBn shell. As the temperature decreases, the cooperative ferroelectric distortion characteristic
of polar nanoclusters accommodates configurations with progressively more Mg?* nBn ions. Effectively, each
specific configuration has a different transition temperature, which explains the observed relaxor behavior.
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INTRODUCTION

Lead magnesium niobate, PbMg,,;Nb,;;05; (PMN), is a
high-performance relaxor ferroelectric that is used exten-
sively in technological applications including ultrasonic
transducers, electromechanical switches, and actuators.! In
contrast to normal ferroelectric materials, the paraelectric to
ferroelectric transition in relaxors is diffuse: on lowering the
temperature the bulk remnant polarization rises continuously,
and the temperature of maximum dielectric permeability, 7,
is frequency dependent.” It is generally agreed that both
structural and chemical disorder play crucial roles in relaxor
behavior.>* The generally accepted physical picture is one of
nanoclusters (spanning at least a few unit cells) in which
local electric dipole moments are aligned, dispersed in a neu-
tral matrix. These “polar nanoclusters” begin to form at the
Burns temperature, Tg. Original optical measurements,” con-
firmed by more recent x-ray and neutron diffraction
experiments,3 show that for PMN, T ~ 620 K. However, the
temperature of maximum permittivity in PMN is much
lower, Ty;=270 K. Improving the understanding of the mi-
croscopic origin of the macroscopic properties of relaxors is
of central importance to the fundamental theory of ferroelec-
tric behavior and may also provide insights for the develop-
ment of new materials whose physical properties can be op-
timized for specific applications.

Several models have been proposed to relate the local,
microscopic polarization to the gradual onset of macroscopic
polarization, including superparaelectric glasses,’ dipole
glasses,7 and random bond-random field interactions.® The
microscopic identity of the polar nanoclusters is not specified
in any of these models and cannot be determined from mea-
surements of bulk physical properties such as dielectric per-
meability or dipole moment. Clearly, a more specific local
probe is required. Solid-state NMR is ideal for this purpose,
because the relevant NMR parameters (chemical shifts and
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electric field gradient tensors for quadrupolar nuclei) are sen-
sitive to the immediate environment of identifiable atomic
nuclei. Very recent measurements of the temperature and
electric field dependence of static *’Pb NMR spectra of
PMN show that at low temperature (40 K), about 50% of the
lead ions reside in “frozen polar clusters,” whose polariza-
tion can orient in response to a strong electric field.® This
result is consistent with a recent analysis of neutron pair
distribution functions of PMN,'? in which polar nanoclusters
were modeled in terms of a fraction, «, of rhombohedral
units in which B-site ions (Mg/Nb) are displaced along the
local (I111) direction. However, the precise, atomic-level
identity of polar nanoclusters remains elusive.

In PMN, the B sites in the ABO; perovskite lattice are
occupied by Nb>* and Mg>* cations in 2:1 ratio, and are
surrounded by an octahedral shell of six O* ions. Each Nb>*
cation has six nearest-neighbor B sites, which can be occu-
pied by either Nb>* or Mg?*, with probability consistent with
the overall 2:1 stoichiometry. X-ray diffuse scattering and
neutron diffraction studies® suggested, and solid-state NMR
experiments!! proved, that the random site model'? provides
the best description of short-range disorder. Ordered domains
exist along the (111) direction, with alternate B-ion layers
consisting exclusively of Nb3* interleaved with randomly
mixed Nb>* or Mg?* cations (in 1:2 ratio to ensure the cor-
rect overall stoichiometry). In pure PMN, this short-range
order does not extend beyond a few unit cells, even after
prolonged thermal annealing of single-crystal samples. In
contrast, ordered domains extending up to ~300 nm exist in
carefully annealed solid solutions of PMN and lead scan-
dium niobate PbSc,,,Nb;,,05 (PSN)'? (for x=0.6).

In previous papers, we showed that high-field “*Nb NMR
MAS and three quantum MAS (3QMAS) experiments can be
used to quantitatively identify specific configurations of
next-nearest B-site neighbor (nBn) cations.!"!3 In this paper,
we analyze the temperature dependence of “>Nb MAS and
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FIG. 1. Nb MAS NMR spectrum of PMN at 7=350 K,
vr=30 kHz, and 17.6 T (183.4 MHz). Dotted lines are simulated
peaks P6, D1, and D2, computed with Gaussian distributions of
isotropic chemical shift and quadrupole coupling constants. The
sharp line near —1100 ppm is a sideband and was not included in
the simulation. Best-fit parameters for peak P6 are &, =-902 ppm
(relative to saturated NbCls in acetonitrile) with Gaussian distribu-
tion width (one std. dev.) ocg=3.0 ppm; Cp=8.5 MHz with
distribution width 04=0.5 MHz; and relative (integrated) intensity
A=13.4%. For D1 the corresponding parameters are &
=-973.6 ppm, ocs=14.4 ppm; Cy=28 MHz, 03=5.2 MHz; and
A=547% and for D2, &5 =-938 ppm, 0cs=9.3 ppm, Cq

=24 MHz, oy=4 MHz, and A=31.2%.

three quantum MAS (3QMAS) spectra to discover which
specific nBn configurations form polar nanoclusters in PMN.
Earlier investigations'* at lower magnetic fields lacked suf-
ficient resolution to achieve this.

EXPERIMENTAL METHODS

A PNb MAS NMR spectrum of PMN obtained at 17.6 T
with spin rate 30 kHz is shown in Fig. 1. The central transi-
tion region consists of three partially resolved lines and is
accompanied by manifolds of spinning sidebands arising
from satellite transitions. The sharp peak (P6) is assigned to
Nb>* ions in the highly symmetric environment consisting of
six Mg?* nBn ions; distribution peak D1 arises from niobium
ions with zero or one Mg?* nBn ions; and distribution peak
D2 arises from niobium with 2-5 Mg?* nBn ions. These
assignments are nontrivial and are based on a careful analy-
sis of MAS and 3QMAS spectra of a series of (1-x) PMN
xPSN solid solutions with mole fraction PSN x=0, 0.1, 0.2,
0.6, 0.7, and 0.9."

The central transition frequency of each Nb>* site is de-
termined by three parameters: the isotropic chemical shift,

s the quadrupole coupling constant, Cq, and the asymme-
try parameter, 7q, of the electric field gradient tensor. In
disordered materials, the central transition lacks the sharp
edges and singularities observed in simple crystalline mate-
rials. Therefore, it is necessary to fit the line shapes for P6,
D1, and D2 using distributions of both isotropic chemical
shifts and quadrupole coupling constants. In principle, the
line shape of each peak is determined by seven parameters:
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its (integrated) relative intensity, the mean values of J, Co,
and 7, and the corresponding widths ocg, 0, and o,. In
the spectral deconvolution presented in this communication,
n was fixed to values determined by previous 3QMAS mea-
surements at 19.6 T:!! 79=0.99 for P6 and 7,=0.5-0.6 for
D1 and D2. This reduces the number of variable parameters
for each peak from seven to five. Introducing such con-
straints is essential to reliable deconvolution of the spectra
and the accuracy of the fitted parameters.

Since the transition frequency depends linearly on the iso-
tropic chemical shift, a Gaussian distribution of & must
produce a symmetric, Gaussian line shape. However, the
quadratic dependence of transition frequency on quadrupole
coupling constant implies that a symmetric, Gaussian distri-
bution of Cj, itself produces a characteristically asymmetric
line shape. This effect, which becomes noticeable when the
distribution width is more than about 10% of the mean value,
is clearly visible in the line shapes needed to fit the D1 and
D2 peaks. The best fit MAS line shapes shown in Fig. 1 were
obtained by visual adjustment of the relevant parameters to
yield minimum residuals and could not be reproduced by any
physically reasonable superposition of symmetric Gaussian
or Lorentzian components.

It is difficult to obtain reliable independent values for the
two distribution widths by fitting overlapping MAS spectra
at a single magnetic field. Validation of the procedure used in
this paper to fit MAS spectra is provided by 3QMAS
experiments.'! The triple and single quantum frequencies in
a 3QMAS experiment are given (in ppm) by

3P2 "
v =388 + —2Co(3/2.1) + 20;;9F4(a, B, ) C,(3/2.1),

100 z
(1a)

. 3P¢ %
= 85+ —2Co(172,1) + 202 Fy (a0, B, 1) C4(172,1).

(%) 180 101{ UE

(1b)

Here, I is the spin quantum number (/=9/2 for %Nb), and
the quadrupole product is defined as Po=(1+ 77/3)uvg, where
vu=Cq/21(2I-1) and Cg is the quadrupole coupling
constant.'! The angular factors F, («, 3, 77) depend on crys-
tallite orientation angles a and 8 as well as the electric field
gradient asymmetry parameter, 7. Expressions for F,
(a, B, m) and the coefficients C and C4 may be found in the
literature.!! It is customary to process 3QMAS spectra using
a shearing transformation: frequencies on the horizontal axis
(direct dimension, v,) are then given by Eq. (1b), while fre-
quencies on the vertical axis (indirect dimension, v;) are
given by a modified formula, v{=v,—kv,, where the shear
factor k is an arbitrary constant. In the original literature on
3QMAS experiments,'> k=C,(3/2,1)/C,(1/2,1) was used to
suppress second-order quadrupole broadening caused by the
F, term. For PMN and other disordered systems, it is often
more useful to choose k=3. This does not fully eliminate
quadrupole broadening, but it does eliminate all effects of

‘>, from one-dimensional slices parallel to the v; axis. Thus,
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FIG. 2. **Nb MAS 3QNMR spectrum of PMN at 7=350 K, vg=30 kHz, and 17.6 T (183.4 MHz). The contour plot (a) was obtained
with shear factor of 3. For reasons discussed in the text, the line shapes along F1 corresponding to MAS peaks P6, D1, and D2, shown in
(b), are therefore determined by the quadrupole coupling parameters alone.

peak positions along v; are independent of any chemical shift
parameters and their distribution.

A two-dimensional triple quantum MAS spectrum of
PMN obtained at 17.6 T and 350 K, sheared with k=3, is
shown in Fig. 2(a). Slices along v, corresponding to the v,
peak positions of P6, D1, and D2 are shown in Fig. 2(b). The
slice corresponding to peak P6 is consistent with a small
mean value of the quadrupole coupling constant, Cg
=8.5 MHz, with a narrow distribution, 03=0.5 MHz. The
line shape for D2, which is composed of asymmetric nBn
configurations with 1-4 Nb*> cations, has a broad distribu-
tion (0o=4 MHz) centered at the relatively large value, Cq
=24 MHz. The slice for D1 shows a wider distribution with
both small (Co~6-8 MHz) and large (Cq~30-35 MHz)
values. This is consistent with its assignment to an overlap-
ping sum of two nBn configurations with five Nb*> cations
(asymmetric, large C) and six Nb>* cations (symmetric,
smaller Cq). Mean quadrupole coupling constants estimated
from the v; slices of 3QMAS spectra were used as starting
values for fitting the line shapes of one-dimensional (1D)
MAS spectra, and agree, within experimental error, with the
final best fit values. The intensities of multiple quantum
spectra are invariably distorted due to efficient excitation of
3Q coherence for large quadrupolar coupling constants and
pulse artifacts, and thus these were not used for quantitative
analysis.

RESULTS AND DISCUSSION

The temperature dependences of the best-fit parameters
are shown in Figs. 3-5. C, for peak P6 [solid triangles, Fig.
3(a)] shows only a small increase with decreasing tempera-
ture, as expected for reduced amplitudes of lattice
vibration.'® The chemical shift of this peak is also essentially

independent of temperature [Fig. 3(b)]. The temperature de-
pendences of Cq and &, for peak D2 (open circles) also
show at most small, monotonic changes. However, for peak
D1, both Cq and especially &, show significantly stronger
temperature dependence. Interestingly, the distribution
widths for Cq [Fig. 4(a)] and &, [Fig. 4(b)] of D1 both
decrease with decreasing temperature: for Cg, the distribu-
tion width drops smoothly from 5.6 MHz at 373 K to a con-
stant value ~3 MHz below 270 K, and for &, the distribu-
tion width remains constant until 270 K, where it, too,
begins to decrease. The relative intensity of P6 is indepen-
dent of temperature within experimental error, but counterin-
tuitively, peak D1 gains intensity at the expense of D2 as
temperature decreases (Fig. 5). However, there is no observ-
able discontinuity around the nominal paraelectric-
ferroelectric phase transition at 7=270 K.

Off-centering of a central Nb>* cation with respect to its
surrounding oxygen octahedron must produce a large local
electric dipole moment and electric field gradient. The asso-
ciated changes in Nb-O distances and bond angles must also
affect both Cq and &,. Point charge models of the electric
field gradient imply that the loss of symmetry due to off-
centering should increase C, by a factor proportional to
1/AF, where Ar is the displacement of the central Nb>*
cation. Thus, the strong temperature dependence observed
for Cg in peak D1 implies that off-centering of Nb>* in con-
figurations with either zero or one Mg>* nBn cations is larger
than in configurations with two or more Mg?* nBn cations.
Presumably, this occurs because there is more “free volume”
in the oxygen octahedra for configurations with more smaller
ions (the ionic radii of Nb>* and Mg?* are 0.64 and 0.72 A,
respectively). The large number (5 or 6) of small, highly
charged Nb>* ions in these configurations also results in
large, local dipole moments. Predicting the effect of off-
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FIG. 3. Temperature dependence of Cq (a) and &, (b) for P6 (triangles), D1 (closed circles), and D2 (open circles). The strong
temperature dependence observed for D1 implies larger displacements of Nb>* cations in B-site configurations with at most one Mg>* nBn

cation.

centering on &, is more difficult and would require accurate
ab initio chemical shift calculations.

The distribution of displacements of Nb>* cations in polar
nanoclusters should be narrower than for those in the sur-
rounding, inert spin-glass matrix, because displacements in
spatially proximate unit cells must produce parallel local di-
pole moments. Thus, the decrease in Cg and J;, distribution
widths, o and o, observed for peak D1 near the paraelec-
tric to ferroelectric phase transition at 270 K implicates con-
figurations with either zero or one Mg?* nBn cation as the
most favorable local structures for formation of polar nano-
clusters.

The observation that peak D1 grows at the expense of D2
with decreasing temperature is consistent with recent **’Pb
NMR results on PMN,’ and with recent high-energy x ray
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FIG. 4. Temperature dependence of Gaussian distribution widths for Cq (a) and &

diffuse scattering measurements on Pb(Zn,;Nb,;)0;."7
Over the temperature range of the present study, 200-373 K,
the relative populations of the various nBn configurations
cannot possibly change; B-site ions are not free to exchange
from site to site. Instead, the polar nanoclusters are dynamic:
the observed (mean) C and &5, values reflect an average
over the thermally accessible range of lattice distortions.
Thus, the temperature-independent NMR parameters found
for P6 indicate that unit cells with six Mg?* cations are en-
tirely excluded from the polar nanoclusters. As temperature
decreases polar nanoclusters associated with peak DI in-
crease in size. When they encounter unit cells with more than
one Mg2+ cation, a local ferroelectric distortion (Nb>* cation
off-centering) is induced that shifts the time-averaged NMR
parameters from those characteristic of D2 to those charac-
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(b) of P6 (triangles), D1 (closed circles), and D2

is0

(open circles). For reasons outlined in the text, the decreased distribution widths found at low temperature for D1 implicates Nb>* B-site
configurations with at most one Mg?* nBn cation as the origin of polar nanoclusters.
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teristic of D1. In effect, the transition temperature of local
domains depends on the number of nBn Mg>* ions: as the
temperature is decreased, niobium ions in nBn configurations
with progressively more Mg?* cations move off-center and
become part of the cooperative polar nanoclusters.

CONCLUSIONS

High-field, variable-temperature **Nb NMR spectra of the
ferroelectric relaxor PMN have been used to assign different
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lines to specific nBn configurations. The distribution peak,
DI, has been interpreted in terms of the growth of polar
nanoclusters with decreasing temperature. Local structures,
in which a central Nb* cation is surrounded by six next-
nearest B-site neighbor Mg?* ions, do not participate in the
polar nanoclusters. Polar nanoclusters in PMN have no
unique local structure. Instead, they consist of spatially
proximate unit cells with a highly nonrandom set of niobium
nBn configurations, and the nBn configurations that partici-
pate depend on temperature. At temperatures well above T,
polar nanoclusters have zero or one Mg?* ion in the nBn
shell. As the temperature decreases, the cooperative ferro-
electric distortion characteristic of polar nanoclusters accom-
modates configurations with progressively more Mg?* nBn
ions. Effectively, each specific configuration has a different
transition para- to ferroelectric transition temperature that ex-
plains the observed relaxor behavior.
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