PHYSICAL REVIEW B 75, 134105 (2007)

Variable temperature Nb NMR investigation of local structure and polar nanoclusters

in lead magnesium niobate/lead scandium niobate solid solutions
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%>Nb magic angle spinning (MAS) and three quantum magic angle spinning (3QMAS) NMR experiments
have been performed on (1-x)PbMg;/3Nb,/;303-xPb,,,Sc;,NbO5 [(1—-x)PMN-xPSN] ordered samples, for
compositions x=0.6 (a normal ferroelectric) and 0.2 (a relaxor). Deconvolution of the MAS spectra at several
temperatures ranging from 245 to 375 K reveals seven narrow peaks, PO,P1,...,P6, and two broad components,
DI and D2, that are assigned to specific local Nb>* environments defined by the identities of the six nearest
B-site cations. For both sample compositions, the temperature dependence of peak positions, MAS intensities,
and linewidths is weak for peaks PO,P1,...,P6 and D2. However, the peak position, linewidth, and integrated
intensity of D1 show anomalies in the range of the paraelectric to ferroelectric phase transition, that are much
sharper for x=0.6 than for x=0.2. These effects are associated with the local structure and dynamics of polar
nanoclusters. Site-specific values of the quadrupole product and isotropic chemical shift are extracted from

combined analysis variable temperature MAS and 3QMAS spectra of the 0.4PMN-0.6PSN sample.
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I. INTRODUCTION

Ferroelectric perovskites, such as lead magnesium niobate
PbMg, 5Nb,;;0; (PMN) and its solid solutions with lead ti-
tanate PbTiOs, lead zirconium titanate Pb(Zr,,,Ti; )O3, and
lead scandium niobate PbSc;,Nb,,0; (PSN), have led to
many useful devices that take advantage of their large piezo-
electric coefficients and high remnant electric polarization.'-?
Relaxor ferroelectrics are characterized by a broad, fre-
quency dependent temperature of maximum dielectric per-
mittivity (7),~285 K in PMN), and a diffuse transition into
the relaxor ferroelectric state below T,,.> This behavior is
fundamentally different from that of normal ferroelectrics,
which exhibit a sharp paraelectric to ferroelectric transition
with a frequency independent transition temperature. It is
generally agreed that local polarization, resulting from struc-
tural and chemical disorder, plays a crucial role in relaxor
behavior.>? Several models have been proposed to relate lo-
cal, microscopic polarization to the gradual onset of macro-
scopic polarization, including superparaelectric glasses,* di-
pole glasses,’ and random-bond—random- field interactions.®
However, the microscopic origins of relaxor ferroelectricity
are still not fully understood. In this regard, experimental
characterization of local, nanoscale structural changes occur-
ring throughout the relaxor ferroelectric transition region
should be very informative.

The system (1 —X)Png1/3Nb2/303-be1/zsC1/2Nb03 pro-
vides a particularly well studied example of relaxor behavior
associated with B-site disorder.”® Temperature dependent ex-
tended x-ray-absorption fine structure studies of pure PMN
and PSN (Ref. 9) reveal distributions of Nb-O internuclear
distances, indicating that the Nb>* ions are off center from
their ideal perovskite lattice positions by as much as 0.1 A.
This is comparable in magnitude to the more well-known
Pb%* ion displacements.10 In crystalline materials, there are
well established empirical correlations between NMR pa-
rameters of both *Pb (Ref. 11) and *Nb (Ref. 12) with
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bond lengths, coordination number, and degree of bond hy-
bridization. Thus, it is not surprising that NMR of these nu-
clei can provide a wealth of information about local structure
in relaxors. For example, recent *”’Pb NMR measurements
on single-crystal samples of pure PMN (x=0) and pure PSN
(x=1), cooled in strong static electric fields, were correlated
with dielectric relaxation measurements over a wide tem-
perature range. The results were discussed in terms of atomic
level structure and dynamics of polar nanoclusters in these
materials. !>

Unlike pure PMN, (1-x)PMN-xPSN solid solutions ex-
hibit 1:1 B-site “chemical order” along the (111) direction.
The stoichiometric formula that corresponds to this random
site. model is Pb(B],,8],,)03, where B’ denotes a random
mixture [Mg3{, 5S¢, "Nb{;", ;] and 8" denotes Nb** alone.
B’ planes, containing exclusively Nb>* cations, alternate
along the (111) direction with 8’ planes that contain a ran-
dom mixture of Mg2+, Sc3*, and Nb>* cations. Half of the B
cations are on 3’ sites, and half are on B sites. Each Nb>*
cation is surrounded by a (distorted) octahedron of oxygen
02~ anions, 6 or 12 Pb** ions, and a shell of 6 nearest B-site
neighbor cations. Following Ref. 15, the nearest B-site
neighbor (nBn) configurations are designated by the numbers
of Mg**, Sc**, and Nb™* cations (Nyyg, Nse. Nyp); each num-
ber can range from 0 to 6 with the constraint that their sum is
6. The probability of any particular configuration, and hence
its expected integrated intensity in the MAS spectrum, is
readily calculated by procedures given in Ref. 15.

Careful thermal annealing of the samples leads to the for-
mation of relatively large ordered domains (~300 nm for x
=0.6).” For x<0.5, the ordered samples exhibit typical re-
laxor behavior, but for higher PSN concentrations a normal
(nonrelaxor) paraelectric-ferroelectric transition is observed.’
For disordered (unannealed) samples, relaxor behavior is ob-
served over the range of compositions 0<x=<0.9.8 It is gen-
erally accepted that B-site compositional disorder is a re-
quirement for relaxor behavior,? but the complex behavior of
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PMN-PSN solid solutions illustrates the need for a more de-
tailed understanding of how specific local B-site ion configu-
rations facilitate the cooperative evolution of short-range po-
lar distortions into larger, aligned ferroelectrically active
domains with macroscopic remnant polarization.

Solid-state NMR is an excellent tool to probe this ques-
tion due to its high sensitivity to the local environment.!!7
Since the **Nb nucleus has spin I=9/2, the dominant NMR
interactions are the quadrupole coupling and isotropic chemi-
cal shifts, 555. When expressed in ppm, the chemical shift is
independent of magnetic field, while both the second-order
isotropic quadrupole-induced shift (572) and the linewidth of
the central transition are inversely proportional to the square
of the magnetic field. This means that higher magnetic fields
result in better spectral resolution, especially when combined
with fast magic angle spinning (MAS) and multiple quantum
MAS experiments. Glinchuk et al. have studied the PMN-
PSN system using stationary samples at low magnetic
fields,'® but the inherent disorder found even in single
crystals'® leads to low spectral resolution that precluded de-
finitive identification of specific configurations.

In previous %*Nb NMR investigations of solid solutions of
(1-x)PMN-xPSN at ambient temperature and 19.6 T for
both annealed and unannealed samples, we identified the 28
configurations of next-nearest B-site neighbors predicted ac-
cording to the random site model, and assigned several par-
tially resolved spectral lines to specific configurations on the
basis of self-consistent analyses of MAS and multiple quan-
tum MAS (MQ MAS) spectra measured as a function of
overall composition.!>?° In this paper, we analyze tempera-
ture dependent MAS and MQMAS spectra of annealed
samples for x=0.6 and 0.2, and compare the results with
similar measurements on pure PMN.2! The aim is to confirm
the conclusion?! that certain nBn configurations are involved
in polar nanoclusters while others are not, and to see which
specific nBn configurations are most important for the com-
position dependent change from relaxor to normal ferroelec-
tric behavior as scandium content increases.

II. EXPERIMENTAL METHODS

The (1-x)PMN-xPSN samples were provided by Dr. Pe-
ter Davies (University of Pennsylvania) and are the same
materials used previously for ambient temperature %Nb
MAS investigations.'> They have been well characterized by
x-ray diffraction, transmission electron microscopy, and di-
electric measurements.”®?? Both samples used in the present
study were thermally annealed (ordered) to better than 95%
as determined by x-ray diffraction.”82

%Nb MAS spectra were obtained at 17.6 T (**Nb reso-
nance frequency v;=183.61 MHz) using a Bruker Avance
NMR spectrometer. Samples were contained in 2.5 mm ro-
tors and spun at 30 kHz to avoid overlap between the central
(1/2—-1/2) transition and satellite transition sideband
manifolds. Typically, the number of scans used in the MAS
experiments was 4096, the full spectral width was 500 kHz,
and 4096 complex data points were collected. 1 us pulses
with amplitude of 50 kHz were used at all temperatures, and
arecycle delay of 400 ms was sufficient to ensure full recov-
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ery between scans. MAS spectra were obtained at several
temperatures in the range 245-375 K, regulated by a Bruker
temperature controller with precision better than +0.2 K.
Due to frictional heating by the spinner drive gas, the true
sample temperature is higher than each controller set point
by 30+1 K. This correction was determined by calibrating
our 2.5 mm probe using separate rotors containing lead ni-
trate and a fixed-point reference (deuterated stearic acid,
which melts at 341 K). Reference spectra of NbCls in aceto-
nitrile solution were recorded periodically to check referenc-
ing and compensate for field drift (which was found to be
negligible, typically less than 2 proton Hz/h). Reported **Nb
peak positions are accurate within +1.0 ppm, and are refer-
enced to the chemical shift of NbCls in acetonitrile solution,
&35=0 ppm.

The three-pulse Z-filter three quantum MAS (3Q MAS)
sequence® was necessary for *Nb experiments because of
short 7,(<50 ms) and 7,(<0.5 ms) relaxation times. The rf
field strength was 75 kHz for the first two pulses, and
10 kHz for the third (selective) pulse. The interval between
the second and third pulses was synchronized to one rotor
period, 33.33 us. 1024 complex data points were collected
with dwell time of 14 us in the direct acquisition dimension;
62 time increments of Af;=28 us were used in the indirect
acquisition dimension; and 2000 scans were accumulated
with a 250 ms relaxation delay. Pure absorption mode spec-
tra in both dimensions were obtained by the States proce-
dure. The indirect and direct frequencies in a 3QMAS ex-
periment, v; and v, respectively, are given in units of ppm
by Eq. (1):
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where the spin quantum number /=9/2 for **Nb, P is the
quadrupole product, 7, is the asymmetry parameter of the
electric-field gradient tensor, and Cy, is the quadrupole cou-
pling constant.?’ The angular factors F,(«, 3, 770) depend on
crystallite orientation angles « and § as well as 7,. Expres-
sions for Fy(a, 8, 1) and the coefficients Cy and C, may be
found in the literature.?*?* Equation (1a) includes an arbi-
trary shearing factor k. Including the scale factor 1/(1+k) in
this formula implies that the frequency points in v; run from
-1/2At;)) to +1/(2A7))(1-2/N;) in steps of 1/[2(1
+k)N{At,], where N, is the number of #, increments used to
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FIG. 1. MAS spectrum of ordered 0.4PMN-0.6PSN at 265 K.
The bold solid line is the experimental spectrum, and thin solid
lines represent components PO-P6 and D1, determined by deconvo-
lution as described in the text.

collect the data. Shearing was used in the original 3QMAS
experiments® to suppress second-order quadrupole broaden-
ing caused by the F, term, by choosing &k
=C4(3/2,1)/C,(1/2,I). For PMN and other disordered sys-
tems, where significant broadening results from a distribu-
tion of isotropic chemical shifts, it is more effective to
choose k=3. This does not fully eliminate the anisotropic
quadrupole broadening, but does eliminate all broadening
and other effects of the isotropic chemical shift from one-
dimensional slices parallel to the F; axis. Thus, line-shape
slices along F; can be used to assess distributions of quad-
rupole coupling parameters alone.

III. RESULTS
A. 0.4PMN-0.6PSN variable temperature MAS experiments

The central transition (+1/2—1/2) region of a 260 K
%Nb MAS spectrum of 0.4PMN-0.6PSN is shown in Fig. 1.

The sample is in the ferroelectric state, well below the
temperature of maximum dielectric permeability, T,
=285 K.? Our analysis is confined to the central transition,
although manifolds of satellite transition spinning sidebands
can be observed out to at least 1 MHz by using wider spec-
tral windows. A MATLAB program was used to deconvolute
the central transition into a weighted sum of Gaussian-
Lorenztian functions, using procedures similar to those of
program DMFIT as described by Massiot et al.>® Our previous
study' showed that seven narrow components and one broad
component are required to fit the line shape for this particular
composition.

Following Refs. 15 and 20, each of the 28 nBn configu-
rations (Nyg,Nsc,Nnp) is represented by a point on a trian-
gular grid, as shown in Fig. 2. For a given grid point, the
three vectors pointing to the axes indicate the numbers of
each type of cation.

The seven narrow components of the spectrum, labeled
PO, P1, P2,...,P6 in Fig. 1, correspond to nBn configurations
without niobium cations (NMg, 6—Nyig» 0), with Ny
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FIG. 2. The 28 nBn configurations of Nb*> cations. For a given
grid point, vectors pointing toward each axis indicate the number of
each type of cation. Lightly shaded configurations are assigned to
“distribution” peak D1 and the darker shaded configurations to peak
D2 (for details, see text and Ref. 20). Peaks labeled PO-Pn in Fig.
1 are assigned (Ref. 20) to nBn configurations with Nyy=0, Ny,
=n, and Ng.=6—-n.

=0,1,...,6. These are represented by the seven grid points
on the bottom of the triangle in Fig. 2. These assignments'?
are based on the observation that the variation of integrated
peak intensities with overall scandium concentration is in
accord with the generally accepted random site model?’ of
B-site cation ordering. The lines are relatively narrow be-
cause similar ionic radii and electronegativities of all six nBn
cations (either Sc** or Mg2+) lead to a more symmetric en-
vironment and smaller electric-field gradients at the Nb>*
sites.

Size and electronegativity mismatch resulting from sub-
stituting Nb>* for Mg?* or Sc** severely distorts the local
environment, leading to larger quadrupole coupling constants
and hence greater linewidths. Thus, transitions arising from
Nb’* with nBn configurations that contain one or more Nb>*
cations are at best only partially resolved, giving rise to two
broad “distribution peaks” D1 and D2. D1 has been assigned
to the 11 configurations (N, Nsc,Nyp) With Ny, =0 or 1
and at least one Nb neighbor (i.e., Ny, #0), while D2 in-
cludes the remaining 10 Ny, # 0 configurations with Ny,
=2,3,4,5.2° In MAS spectra of the x=0.6 sample at 265 K
(Fig. 1), D2 has negligible intensity and was omitted from
the fit.

The MAS spectrum of 0.4PMN-0.6PSN in the paraelec-
tric phase, at 360 K, is shown in Fig. 3.

The peaks are all sharper and shifted slightly to high field
relative to the 260 K spectrum shown in Fig. 1. This spec-
trum can be fitted equally well with seven peaks [Fig. 3(a)]
or eight peaks [Fig. 3(b)]. Seven partially resolved features
are readily assigned to nBn configurations PO,P1,...,P6 by
comparison with the 260 K spectrum. If real, the eighth peak
can be identified with DI.

The fraction of Nb>* cations residing in each nBn con-
figuration does not change until temperatures much higher
than those attainable in this study, and the total integrated
intensity of the central transition obeys a simple Curie-Weiss
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r FIG. 3. Deconvolution of the MAS spectrum
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for 0.4PMN-0.6PSN at 370 K. (a) Unconstrained
fit to seven peaks, PO-P6. (b) Constrained fit, in-
cluding an eighth peak, D1. The position of D1,
but not its intensity or width, was determined
from 3QMAS experiments as described in the
text.
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law. This implies that peak D1 must have shifted downfield,
so that it is fully masked by the other peaks at 360 K. Similar
results are found at other temperatures; D1 is visible as a
shoulder in the spectrum only below 290 K, while above that
temperature it falls under the sharp peaks. Fortunately, D1
can be directly observed at all temperatures in 3QMAS spec-
tra (see below), and its frequency can then be incorporated as
a fixed parameter for quantitative deconvolution of the MAS
spectra. This deconvolution procedure then gives the width
and relative intensity of D1, along with the widths, intensi-
ties, and center frequencies of peaks PO, P1,...,P6.

The temperature dependence of the best-fit peak positions
is shown in Fig. 4.

P5 and P6 are not shown because the total intensity of
these peaks for this sample was less than 5% and the values
are unreliable. Peaks PO-P4 show a weak, essentially linear
temperature dependence, with slope ~-0.1 ppm/K. How-
ever, the temperature dependence of D1 is nonlinear and
much stronger: below the temperature of maximum dielectric
loss, ~310 K, D1 appears as a shoulder on the side of the
spectrum, but as temperature increases in the paraelectric
phase, D1 shifts up field by about 10 ppm and lies almost

underneath P1 at 380 K. This behavior is consistent with our
recent results for pure PMN,2! which implicate the nBn con-
figurations in D1 as major contributors to polar nanoclusters.

B. 0.4PMN-0.6PSN 3QMAS

3QMAS spectra of *Nb in 0.4PMN-0.6PSN at 260 K
(ferroelectric phase) and 365 K (paraelectric phase) are
shown in Figs. 5(a) and 5(b), respectively.

Both spectra were processed with shear factor 3. The ver-
tical dashed lines indicate frequencies in F, (the direct di-
mension) that are approximately midway between the MAS
peak frequencies of PO and P1, and corresponding F; slices
are shown in the insets. These particular slices are displayed
to demonstrate that the corresponding regions in the single-
quantum MAS spectrum consist of two overlapping compo-
nents with distinctly different quadrupole coupling param-
eters. Simulations (not shown) indicate that a Gaussian
distribution of quadrupole coupling constants, combined
with asymmetry parameters close to 1, yields a nearly Gauss-
ian line shape in F| with the peak maximum o/ determined
exclusively by the mean-square quadrupole product <P2Q):
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FIG. 4. Temperature dependence of peak positions, determined
by deconvolution of *Nb MAS spectra of 0.4PMN-0.6PSN. The
filled symbols represent D1 peak positions extracted with help from
3QMAS experiments as described in the text, and open symbols
were determined without recourse to the 3QMAS data.

. 3(Py)
= —Q—4Ov2[21(21 1)]2[00(3/2,9/2) —3C,(1/2,9/2)]
2 -

27 (Py)

T 20[2020- NP ®

Thus, decomposing the F; slices in Fig. 5 into two overlap-
ping Gaussian peaks yields two P, values from each slice:
48+2 MHz and 16.7+1.0 MHz at 260 K and 26.1+1.0 MHz
and 13.9+1.0 MHz at 365 K. Each P, can be used with Eq.
(Ib) to compute the contribution of the isotropic second-
order quadrupole shift to the corresponding peak frequency
in the single-quantum MAS spectrum, and the observed
single-quantum peak frequencies then yield self-consistent
values for the isotropic chemical shifts. Figure 6 shows the
temperature dependence of P, and &, determined in this
manner for all the resolvable peaks.

Comparing Fig. 6 with Fig. 4, it is evident that the non-
linear temperature dependence of the D1 peak position near
Ty, arises from both the isotropic chemical shift and the iso-
tropic second-order quadrupole shift.

C. 0.8PMN-0.2PSN VTMAS

The central transition region of a 260 K **Nb MAS spec-
trum of 0.8PMN-0.2PSN is shown in Fig. 7.

Previous results?’ show that for the low scandium content
of this sample, peaks PO—P3 have negligible intensity. This
improves resolution in the region of the distribution peaks,
so that D1 and D2 are clearly visible. For this composition,
the transition exhibits typical relaxor properties, with a broad
transition centered at T, ~270 K.® Our observations, every
5° between 255 and 365 K, span a significant fraction of the
transition region. The temperature dependences of the best-fit
peak positions, obtained by deconvolution, are shown in Fig.
8.

Unlike the 0.4PMN-0.6PSN sample, there are no “kinks”
in the temperature dependence of any peak position. All are
shifted to lower frequency (more negative) with decreasing
temperature. For this sample, remnant polarization grows
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FIG. 5. ®*Nb 3QMAS spectra of 0.4PMN-0.6PSN, measured at
(a) 365 K and (b) 260 K. The insets show +9 kHz slices taken
along v, at the position indicated by the vertical line. The 3QMAS
spectra were processed with shear factor 3, so frequencies along v
are independent of chemical shifts. Deconvolution of the F1 slices
thus confirms the existence of peak D1, even when it is not resolved
in MAS spectra, and yields an estimate of its isotropic second-order
quadrupole shift.

gradually from ~20% at 280 K to 90% at 225 K.” The peak
positions of D2, P4, P5, and P6 all behave like PO, P1, P2,
and P3 in the 0.4PMN-0.6PSN sample, with temperature co-
efficient of ~—0.1 ppm/K over the measured temperature
range. However, the frequency of D1 has stronger tempera-
ture dependence than the others, which is consistent with the
behavior of this peak in the 0.4PMN-0.6PSN sample. Unfor-
tunately, the sample was lost in a rotor crash before 3QMAS
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FIG. 6. Temperature dependence of (a) site-
specific quadrupole products Py, and (b) isotropic

CS

380 chemical shifts &, extracted from variable tem-
perature 3QMAS experiments on 0.4PMN-

0.6PSN. Dotted lines connect the symbols to

guide the eye. Vertical dashed lines indicate the
temperature range (Ref. 7) over which the mac-
roscopic remnant polarization changes between
. ~10% and 80%.
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IV. DISCUSSION

Extensive measurements'>!3:17:2028 haye established that
the chemical shifts and quadrupole coupling parameters of
niobium in perovskite and related materials are sensitive to

D1
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FIG. 7. MAS spectrum of 0.8PMN-0.2PSN at 365 K. The solid
line is the experimental spectrum, the thin solid lines identify the
best-fit components PO-P6, D1, and D2, and the dashed line (barely
visible) is the sum of all the components. Unlike the 0.4PMN-
0.6PSN sample, both D2 and D1 are easily determined by
deconvolution.

the number and identity of nearest B-site neighbors as well
as to distortions from exact cubic symmetry. Thus, the tem-
perature dependent site-specific peak frequencies presented
in Figs. 4 and 8 report, in general terms, on temperature
dependent changes in bond lengths, bond angles, and bond
orders of Nb>* cations in specific nBn configurations. The
results demonstrate that for both sample compositions, sig-
nificant geometric distortions in the eleven nBn configura-
tions comprising D1 (see Fig. 2) are associated with the on-
set of ferroelectricity near 7T,,. The more gradual changes
observed for the 0.8PMN-0.2PSN sample are expected since
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FIG. 8. Temperature dependence of peak positions, determined
by deconvolution of **Nb MAS spectra of 0.8PMN-0.2PSN. The
temperature dependence of D1, while larger than that of the other
peaks, is weaker than that of the 0.4PMN-0.6PSN sample (see Fig.
4).
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FIG. 9. Site-specific temperature dependent linewidths for (a)
0.4PMN-0.6PSN and (b) 0.8PMN-0.2PSN. In both samples, only
D1 is large and temperature dependent.

this low scandium sample is a relaxor. The more abrupt
changes, observed for the 0.4PMN-0.6PSN sample, are ex-
pected for a normal ferroelectric transition. The vertical bars
in Fig. 6 indicate that for the 0.4PMN-0.6PSN sample, rem-
nant polarization drops from ~80% to 20% between ~285
and 305 K.” The corresponding range for the 0.8PMN-
0.2PSN sample is lower and broader, ~225-280 K.’

The local, temperature dependent lattice distortions that
influence D1 peak position may reflect the existence of ran-
domly oriented local polarization, in both samples, above the
phase transition. Support for this hypothesis is provided by
the site-specific, temperature dependent linewidths, shown in
Fig. 9.

The linewidths of all peaks except D1 fall in the range
2—4 kHz and are almost independent of temperature. For
both samples, D1 is much wider, especially below T),. This
is not simply due to the fact that D1 represents an overlap of
contributions from different nBn configurations; D2 also rep-
resents many different configurations and its linewidth [solid
triangles, Fig. 9(b)] remains small at all temperatures.

In pure PMN, the MAS linewidth of D1 decreases with
decreasing temperature and this was ascribed?' to more uni-
form local distortions that accompany increasing polarization
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of the polar nanoclusters. However, in 0.4PMN-0.6PSN and
0.8PMN-0.2PSN, the MAS linewidth increases with decreas-
ing temperature. This difference could be due to the greater
diversity of nBn configurations in the PMN-PSN solid solu-
tions, for which D1 includes 11 configurations with at least
one Nb’* cation and no more than one Mg?** cation. The
MAS linewidths depend on numerous factors, including con-
tributions from distributions of both isotropic chemical shifts
and quadrupole coupling parameters, as well as potential
contributions from dynamic frequency shifts associated with
quadrupole relaxation.”” There is ample theoretical®® and
experimental'**! evidence of the dynamic nature of polar
nanoclusters, that can be associated with rapid hops of B-site
cations (and associated displacements of A-site cations)
among different off-center positions with respect to the sur-
rounding oxygen octahedra. Unfortunately, we are not able to
cool the MAS probe low enough to freeze out such motion
for the PMN or PMSN samples, but it is entirely possible
that the relatively large linewidths observed for D1 include
contributions from this motion. More detailed interpretation
is not warranted.

In pure PMN and other relaxor ferroelectrics, it is gener-
ally agreed that the local, microscopic electric dipole mo-
ments align to produce polar nanoclusters.’? Blinc and
co-workers'>!4 suggest that relevant NMR parameters
should therefore depend linearly on the local polarization

Placal:
0= 8+ 61Piocar- (3)

Here, J'is used to denote a generic NMR parameter such as
the chemical shift or quadrupole coupling constant of any
NMR-active nucleus. &, includes the effects of ferroelectri-
cally inactive distortions, while &, represents the net effect of
all distortions that produce a local polarization. Equation (3)
has been used, for example, to interpret the observed fre-
quencies and linewidths of **’Pb in field-cooled PMN
samples in terms of static and dynamic components of the
local polarization.'* According to this interpretation, ob-
served MAS frequencies of D1 would then be given by the
sum of two contributions, one involving the isotropic chemi-
cal shift 553 and the other the isotropic second-order quad-
rupole shift 5,2

5D1(Obs) =( is§,0+ 82Q )+ ( s + isg,l)Plocal' (4)

50,0 iso,1
The (855 o+ 6;2,) terms for peak D1 are expected to show

the same gentle temperature dependence as the observed
peak frequencies, 5Pi(obs), of those nBn configurations not
involved in local ferroelectric domains. Departure form this
gentle temperature dependence observed for &y, (obs) is then
associated with temperature dependent growth of local polar-
ization.

Before proceeding with this interpretation, it is important
to note that Eq. (3) has not, to our knowledge, been experi-
mentally verified. In fact, the data reported in Fig. 6(a) for
%Nb quadrupole coupling constants and in Fig. 6(b) for iso-
tropic chemical shifts provide experimental evidence that Eq.
(3) may be an oversimplification. Independent measurements
of remnant polarization® show that the 0.4PMN-0.6PSN or-
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dered sample behaves like a normal ferroelectric material,
with a sharp change in remnant polarization near 7=275 K.
However, Fig. 7(a) shows that the isotropic chemical shift
does not change significantly until 7=~ 305 K and the quad-
rupole coupling constant begins to decrease sharply only
above ~330 K. These differences are not surprising; the
remnant polarization is a macroscopic property that repre-
sents a nonzero sum of P, averaged over the whole
sample. The fact that both C, and 553 retain their low-
temperature values well above 275 °K simply implies that
local, microscopic domains with randomly oriented local po-
larization remain above this temperature.

Of more concern is the fact that the nonlinear drop in Cy
with increasing temperature occurs ~25° above the point
where 85 starts to increase. This behavior is not consistent
with Eq. (4), which ascribes all observed temperature depen-
dence in both NMR parameters to distortions that also pro-
duce local electric dipole polarization. However, it is easy to
envision symmetric distortions of the oxygen octahedra sur-
rounding each Nb>* cation that produce an electric-field gra-
dient but no net electric dipole moment. Independent evi-
dence that such distortions are possible is available from
studies of crystalline niobium compounds which demonstrate
that c‘)ﬁi, but not Cp, can be used to determine the Nb-O
coordination number.!? Moreover, early measurements of
%Nb pure quadrupole resonance in potassium niobate com-
bined with point-charge calculations of electric-field
gradients®> suggest that the quadrupole coupling constant
should vary as the square of the macroscopic polarization.
We conclude that at least for **Nb, the use of Eq. (4) to
assess local polarization from the temperature dependence of
measured peak frequencies is at best dubious.

The NMR parameters for D1 reveal qualitatively different
behavior for 0.8PMN-0.2PSN (a relaxor) and 0.4PMN-
0.6PSN (a normal ferroelectric). In particular, the absence of
a sharp kink in the temperature dependence of the D1 peak
frequency of the 0.8PMN-0.2PSN sample, combined with a
gradual increase in integrated intensity of this peak with de-
creasing temperature, suggests that local distortions charac-
teristic of polar nanoclusters can spread beyond the nBn con-
figurations nominally included in D1.

Although the “measured” relative intensities are subject to
large uncertainty due to difficulties in deconvoluting overlap-
ping peaks with different widths, it is interesting to use the
random site model to estimate the relative amount of indi-
vidual nBn configurations that are lumped together in D1. In
the 0.4PMN-0.6PSN sample, the random site model predicts
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that 93.5% of the total intensity of D1 is divided between
five of the 11 nBn configurations: (Nb,Sc,Mg)=(6,0,0)
with 29%; (1.4,1) with 30%; and (1,5,0),(2,4,0), and (2,3,1)
with 13.6%, 7.5%, and 13.4%, respectively. There is less
diversity for x=0.2, where the (6,0,0) configuration accounts
for 77% of the Nb>* cations in D1, with 5% in the (3,2,1)
configuration and 4.7% in (5,0,1). The Nb>* cation (ionic
radius of 0.69 A) is smaller than Sc>* (ionic radius of
0.745 A) or Mg?* (ionic radius of 0.72 A), and this facili-
tates large, off-center distortions with an accompanying
large, easily reorientable polarization in this configuration. In
the x=0.6 sample, a normal ferroelectric, the random site
model prediction for the (6,0,0) intensity is only 11.8%. For
x=0.2, a relaxor, the random site prediction for the (6,0,0)
intensity is 21%. This suggests that the relaxor behavior ob-
served for low scandium content is not due solely to a diver-
sity of local configurations with different transition tempera-
tures, but also to the ability of the highly polar (6,0,0)
configuration to induce further distortions in its immediate
surroundings. This configuration can be regarded as a
nucleus for formation of the polar nanoclusters.

V. CONCLUSIONS

Variable temperature >Nb MAS and 3QMAS NMR ex-
periments have been performed on perovskite relaxor ferro-
electric PMN-PSN solid solutions at high magnetic field
(17.6 T). Based on previous assignments of partially re-
solved peaks to specific configurations of nearest B-site
neighbor configurations, the observed temperature depen-
dence of the NMR parameters confirms the previous
conclusion?! that nBn configurations with more than one
Mg?* cation do not participate in the cooperative distortions
that lead to bulk ferroelectricity. Analysis based on the ran-
dom site model for nBn configurations suggests that in these
samples, the crossover between relaxor and normal ferroelec-
tric behavior is determined, at least in part, by the amount of
the highly polar, easily deformable nBn configuration with
six Nb>* cations.
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