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Local structure in perovskite relaxor ferroelectrics by 2°Pb NMR
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The 2°/Pb static, magic-angle spinnin@/AS), and two-dimensional phase-adjusted spinning sidebands
(2D-PASS NMR experiments have been performed on—()PMN/xPSN [where PMN stands for
Pb(Mg;;5Nby5) O3 and PSN stands for Pb(s\Nb;,) Os] relaxor ferroelectrics. These materials have inherent
chemical and positional disorder that results in very low-resolution static and MAS spectra. Only in 2D-PASS
spectra can isotropic and anisotropic chemical shifts be separated. The isotropic chemiég), shifges from
—1800 to—900 ppm and the anisotropic chemical shift,s, ranges from—700 to —230 ppm with asym-
metry parametes; ranging from 0.5 to 1. Strong linear correlations between isotropic and anisotropic chemical
shifts show that Pb-O bonds vary from more ionic to more covalent environments. The isotropic chemical shift
measures the shortest Pb-O bond length and its distribution is quantitatively described. Such distribution is
used to examine two competing models of Pb displacements; the direction of displacement is random in the
spherical model but specific in the unique direction model. The spherical model is unable to yield the observed
distribution of the shortest Pb-O bond length. The unique direction model may fit the observed distribution, but
it is unable to discern the direction of the Pb displacement. This model fits experiments equally well with any
given direction. However, the distribution parameters strongly depend on the direction; for PMN at 27 °C,
ro(o)=0.455(0.039), 0.30R.023, and 0.3810.030 A for [001], [011], and[111], respectively, where, and
o are, respectively, the mean and standard deviation of the Gaussian distribution of the Pb displacement from
the ideal position.

DOI: 10.1103/PhysRevB.69.134104 PACS nuniber77.84.Dy, 82.56.Dj, 82.56.Ub

. INTRODUCTION their lone-pair electrons, Bb ions usually shift from high-
symmetry positions. An x-ray-diffractioitXRD) study of
Lead based perovskite relaxor ferroelectrics have verPb(Mg;sNb,5) O3 (PMN) shows that even at relatively high
large dielectric, piezoelectric, and electromechanical retemperatures £300°C) lead ions are displaced from the
sponses and are important materials for capacitors, sensoperovskite cubic centérThe displacements may be random
actuators, and transducérd.The microscopic origin of their in both length and direction, but a spherical layer model
macroscopic properties is still not well understood. The leadradius 0.285 and 0.259 A for 20 and 300 °C, respectively
ion has large covalency and lone-pair electrons and shoulddequately describes the observed datslowever in
play an important role. For example iA(B]sB520;  Pb(Sg.Tay )O3 (PST), pair distribution function analysis
perovskites A=B&2",PB'; B'=Mg?*,C&",z"; B” (PDP u§|ng neutron scattering and x-ray scattering shows
—Nb5*,T&*), 1:2 ordering of the twdB cations is found that PB* ions move(l?y 0.2 A) |n'the[1'00] Q|rect|<130n rather
along the[111] direction when theA ion is BE*, while 1:1 than the macroscopic polarization directiphl1].™ These

ordering occurs whed is PiF*.° The Pb-based perovskites resilts are very different and we hope tAf¥Pb NMR study

e - ay shed some light on this issue.
also have lower order-disorder transition temperatures thall! We have studied local structures and quantitaiivsite

:h.ﬁ 'f’aébtastf]d pef"s"'tssggeéehpg?g?mf”a :at"e be";ﬂ aI‘; rdering of the solid solutions of PMN and
riouted to the enhanced ~b-L nybridization between e PRy o, Nb, )05 (PSN using %Nb NMR.12|n this work,

6s and O % states of the underbonded oxygens in thethe 20/phy NMR of these solid solutions (1x)PMN/xPSN is

B**-0-B?" andB?*-O-B°" environmentS® Similarly, the | ;seq 1o investigate the important role of 2Pbion. The

large covalency of Pi compared to Ba has been mod- cpemical shielding tensor o°Pb measures the local mag-

eled by an environment-dependent effectisite charge petjc fields created by molecular or crystal surroundings. In

and it is able to explain the observed different orderingihe principal-axis systeniPAS), only the diagonal compo-

behaviors' nents 81, d,,, and 833 are nonzero. Conventionally, the
It is clear from numerous experimental and theoreticalchemical shielding tensor may be characterized by three pa-

investigations that there is an intimate connection in perovrameters: the isotropic chemical shifl,,, the anisotropic

skite ceramics betweeksite displacement an@-site disor-  shift §,,,, and the asymmetry parametsr They are de-

der and distortion, with intriguing consequences for bulk pi-fined as

ezoelectric and ferroelectric behavfoMultinuclear NMR

studies of one particular series of solid solutions can provide

one piece of a complex puzzle. In order to accommodate Siso=3 (011 8207+ 833),
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TABLE I. Three-step phase cycling for the five pulses of

Oariss™ 033~ Oio. PASS sequence

8y0— 6
=2 1 (1) b1 (%) b2 (%) b3 (°) b4 (°) s (°)
5aniso
o o 0 0 0 0 0
where the principal components of the shielding tensor are 15g 240 120 120 120
arranged ag 833~ is = 811~ Gisd =[ 820~ Gisdl - ** This or- 240 120 240 240 240

dering placess,, betweend;; and d33, and closer tod,;.
The parameter, ranges from 0 to 1 and measures the devia- ]

tion from axial symmetry. The chemical shift anisotropy Since the amount of samples was not enough to fill the 5 mm
Saniso IS @ function of the relative orientation between the0tor- Boil-off from high-pressure liquid-nitrogen dewars
PAS and the laboratory frame. In powder samples, this ori¥@s used for bearing and driving gas as well as for tempera-
entation dependence produces a characteristic anisotropid® control. Lakeshore temperature contro(leodel DRC-
line shape, from which the shielding tensor elements are ex21CA) and a Varian-Chemagnetics variable temperature
tracted. However for these relaxor ferroelectric materials, théYT) Stack, which sat on top of the probe, were used to

PE* ions are in a variety of local environments dueBtsite control sample temperatures; the temperature sensor was

disorder, therefore there are large distributions of both isoloc@ted near the lower end of the VT stack. In MAS and

tropic and anisotropic?®Pb chemical shifts. The distribu- 2D-PASS experiments, viscous drag by the driving gas
tions of chemical shifts obscure the characteristic anisotropigauses sample heating. Temperature calibration was per-
line shape and result in a broad and featureless NMR lindrmed making use of the sensitive chemical shifts and nar-
shape; this has been observed for PMN-P$N. row linewidth of lead nitrate Pb(N£),.~ The corrections

In solid-state NMR, the magic-angle spinning techniqueWere T(°C)=3(£3)+0.95(+0.1)T,eo¢’C and T(°C)
(MAS) is usually used to improve the spectral resolufiolf = 19(£3)+0.93(x0.1)T ¢5¢°C for vg=5 and 10 kHz, re-
However, for disordered materials such as PMN-PSN, tgpectively. This calibration has_ been implicitly performed
separate the distribution of isotropic shifts from anisotropic@Nd all temperatures reported in this paper are actual cor-
shifts, inaccessibly high sample spinning speeds0 kHz ~ rected values. o ,
would be required. But in effect the two-dimensional phase- Longitudinal relaxation times, were measured on static
adjusted spinning sideban@D-PASS technique is able to S@mPples using a saturation-recovery sequence; the saturation
achieve “infinite spinning speed” spectra in the sense of isoWas createg] by a comb consisting of 202 pulses separated
lating isotropic chemical shift information in one dimension, BY 100 ms—z_ Arefocusingm pulse was applied before detec-
while preserving valuable anisotropic chemical shift infor-tion to shift the signal by 20@s so as to acquire the full
mation in the second dimensidhThe 2D-PASS technique ©€cho. The intensity at the top of ectigt), wheret was the
has been successfully applied to study chemical bonding dcovery time, was fit to the equatioh(t)=1Io[1—exp
lead in ROs-PbO glasse¥ This technique is also able to (—=t/T,)] using a least-squares algorithm. The relaxation of

provide valuable insight on the lead chemical bonding andhe broad frequency-domain line shapes is anisotropic and
displacements of PMN-PSN perovskites. the error of theT; values was estimated to be0.5 s.

For MAS experiments atg=10 kHz, Hahn-echo se-
quence was used with=200 us separating ther/2 and the
7 pulses.

The samples (£ x)PMN/xPSN =0, 0.1, 0.2, 0.6, 0.7, In a 2D-PASS pulse sequence, fiwepulses follow the
and 0.9 have been described in previous studie€ NMR initial /2 pulse!’ We used a modified version with a shifted
experiments were carried out on a TECMAG APOLLO con-echo since the free induction decdyiD) died out extremely
sole with a 7 T OXFORD magnet. A 0.5 M aqueous fast (T3 <20 us) 18 a duration of two rotor periodéwith
Pb(NG;), solution was used to tune the spectrométerr-  rotor periodTr=200 uS) was added to the delay before the
mor frequency of 62.589 MHz and then the carrier fre- last# pulse, and a duration of one rotor period was added to
guency was increased by 100 kHz before working on thehe delay after that pulse. Sixteen pitches were used to create
PMN-PSN samples. The duration of7a2 pulse was 3us 16 t; increments; the 16-pitch timing table is available in
and the spectral width was: 100 kHz. Depending on the both Refs. 17 and 18However, be reminded that Table | in
amount of sample, 1000—4000 scans were collected. Leadef. 18 contains a typo: the entry in row 5, column 3 should
chemical shifts are reported referenced to tetramethyl leadave been 0.11573, not 0.1578The spinning speed of 5
[Pb(CH,).] at O ppm; this was done by using the 0.5 M kHz was sufficiently low to obtain enough spinning side-
aqueous Pb(Ng), solution as the working reference sample bands for reliable extraction of anisotropy parameters, yet it
[ —2941 ppm on the Pb(C§), scalg.®® must be sufficiently large so that &§ covers all spinning

A Varian-Chemagnetics triple-resonance MAS probe withsidebands. Instead of phase cycling each of thed#iymilses
a spinning control module enables the achievement of spirindependently by increment of 120 which results in 243
ning speeds up to 12 kHz withinn 2 Hz error. The spinning steps, a simplified phase-cycling scheme consisting of only
speeds werevg=10 and 5 kHz for MAS and 2D-PASS three steps was usddable ). The phases of ther pulses
experiments, respectively. Teflon spacers were placed owere cycled in such a correlated manner thhat- ¢, + ¢
both sides of the rotor to keep the samples in the middle;- ¢4+ ¢5=0° (or 360°), whereg; (i=1,2,...,5) is the

II. EXPERIMENT
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FIG. 1. Static and MAS(10 kH2) 2°"Pb spectra at 25°C for
ordered 0.3PMN-0.7PSN. Actual sample temperature in MAS ex- ©
periment was 38 °C due to frictional heatifgge Sec. )| Gaussian =
line broadening of 1 kHz was applied to both before Fourier trans- =
form.
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phase of the five rir pulses. The phase of the’2 pulse and
the receiver reference phase were conventionally cycled in
four steps. The same coherence transfer path\w@) e T e e L
—(+1)=(=1)=(+1)=(=1)=(+1)—=(-1)] is se- 02 04y 06 08 !

lected by both the original and this simplified phase-cycling

schemes. The new phase-cycling scheme was tested on crys-FIG. 2. Lead relaxation timg; of (1-x)PMN/XPSN. Tem-
talline PbSQ; a clean 2D-PASS spectrum was obtained ancPerature dependence for PM{); concentration dependence at
the extracted chemical shift parameters were in agreemeﬁﬁ °C (b). Circles are data from ordered samples and squares from
with literature value£! Thus it seems artifacts are well sup- disordered materials. The Iingsﬂln) are to guide the eye. Deviation
pressed using this scheme. The recycle delays were at led8gy Pe=0.5 s due to relaxation anisotropy.

3T, for all 2D-PASS experiments.

2
Ll lLJ
1 \SO

>

dence on concentratior;, T,(s)=0.8(=0.4)+6.7(x0.7)x
(with correlation coefficienR=0.985, number of data points
Ill. RESULTS n=5) [Fig. 2(b)]. For disordered samples with available
. N concentrationsT, is constant, 2.4 s, at low concentrations
Static and MAS spectra are shown in Fig. 1 for the or—(x<0.5) and grows rapidly at higher concentratiofis(s)

dered sample ok=0.7. The static spectrum is very broad — —8.4(+0.3)+18.9(0.9x (R=0.999 n=3) [Fi b
[full width at half height(FWHH) 800 ppm, or 50 kHz at 7 A(0-3)+18.9(0.9 (R=0.999,n=3) [Fig. 2b)}.

T]. Unlike a simple crystalline sample.g., PbSQ), whose
asymmetric line shape of chemical shielding anisotropy
shows characteristic features, this relaxor ferroelectric has a In the 2D-PASS spectrum, the chemical shift isotropy and
nearly symmetric line shape due to its disordered natureanisotropy are separated into horizontal and vertical dimen-
Magic-angle spinning does significantly narrow the line-sions, respectively. The spectrum of PMN at 27 . 3)
width (reducing it to FWHH of 500 ppm spinning side- reveals a continuous distribution of chemical shift param-
bands with spacing of 10 kHz rotor speed may also be ideneters; the projection onto the isotropic dimension offers the
tified as inflections on the line shape. Due to the complexityistribution of isotropic chemical shifts, which may be fit by
of the system, there is a distribution of chemical shift anisot-a Gaussian line shape with meaif8s) = — 1343 ppm and
ropy parameters. MAS speeds of 50 kHz, which exceed thetandard deviation o(d8s,) =206 ppm (or FWHH
limit of current technology, would be required to completely =484 ppm, which is much narrower than the MAS line-
separate the sidebands from the center band. width FWHH~700 ppm). Based on 21 crystalline com-
The °Pb longitudinal relaxation timesT; in (1  pounds, Fayoret al. have established empirical correlations
—X)PMN/xPSN are shown in Fig. 2. For PMN within the between isotropic chemical shift and structural parameters,
temperature range investigated-40 to 60°C), T, de-

A. 2D-PASS: Isotropic chemical shift

creases with temperatuf€ig. 2(a)]; the variation becomes Siso (PPM) =20854-8669.0 p,. (A),
very slow around the temperature for dielectric maximum
(—10°C) 2 For the ordered sample§,; has a linear depen- Siso (PPM) =622.8-349.7 CN, 2
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FIG. 4. Isotropic projections of®Pb 2D-PASS spectra for (1
—X)PMN/xPSN solid solutions. Experiments were performed with
spinning speed 5 kHz at 35, —6.5, 27, and 60 °C for PMN, at
60 °C for ordered and disordered samplexef0.2, and at 27 °C
for ordered sample of=0.7; temperatures have been calibrated as
stated in Sec. Il. The two axes on top are for conversions to the
effective Pb-O distance and coordination number according to Eq.
).
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x=0.2 both ordered and disordered at 60°C, and Xor

=0.7 ordered at 27 °C. There are small inflections indicating
Fi 207k 2D-PA ¢ PMN at 27° . more structural detail. If these features are ignored, all but
_FIG. 3.7 SS spectrum of at C. Gaussian projection may be fit with one Gaussian line shape; only
line broadening of 500 Hz was applied in the isotropic dlmenS|0n.for PMN at—35°C is a second Gaussian line shape needed
Ten contour levels start with 80% and decrease by factor 0.8. Th?0 simulate the broad underlying distribution. The fit param-
projection (solid line) onto the isotropic dimensiofP) is plotted eters are listed in Table II. For PMN at temberatures from

with a Gaussian fit(dotted ling with center —1343 ppm and - . . . .
FWHH 484 ppm. Three slices along the anisotropic dimens&n ( —6.510 60°C, the mean isotropic chemical shift has a tem-

S,, andS; at 8= — 1100~ 1300, and— 1500 ppm, respectively ~Perature coefficient of-0.15 ppm/°C._ Similar temperature
are plotted with fitgin dotted line3 to the spinning sidebands using Coefficient of+0.126 ppm/°C for PbTighas been reported
programpMFIT (Ref. 23; the anisotropic chemical shift parameters (Over the range-150 to 60 °C); this is attributed to a very
are 8,,is= — 574, —455, and—367 ppm andy=0.6, 0.65, and small volume expansion that results in the slight changes of
0.85 forS;, S,, andS;, respectively. Pb-O distancé® The standard deviation(8,s;) has a tem-
perature coefficient of-0.18 ppm/°C over the range 6.5
wherer py o is the effective Pb-O bond length and CN is theto 60 °C. Lowering the temperature results in larger mean
effective coordination numbéf. The linear dependence on effective Pb-O distancg(rp,.o [and effective coordination
CN has been observed only for &N while 8ig, is more  numberw(CN)] but smaller distribution widthr(r pp.o [and
scattered for materials with lower coordination numfer. o(CN)]. For PMN at—35°C, the distribution curve has to
However, for the PMN-PSN solid solutions, all of which be fit with two components, each with about 50% integral
have perovskite structure, the effective coordination numbeintensity. Both components have the same(di)
thus calculated should be reasonable. For the isotropic pro= — 1347 ppm, which is very close te- 1348 ppm deter-
jection of PMN at 27°C, u(dis9)=—1343 ppm and mined at—6.5°C; this agrees with the fact that the perov-
0(8iso) =206 ppm of the Gaussian fit can be transldted.  skite unit-cell parameters of PMN barely change below room
(2)] into distributions of effective bond lengths and coordi- temperaturé® ComponentA is narrow and haso (i)
nation numbers;u(rp,.0=2.56 A, o(rpp.0=0.02 A and =192 ppm, while componenB is broad and hasr(5;,)
m(CN)=5.6, 0(CN)=0.6. =425 ppm. The broad componeBtat —35°C does not
The isotropic projections of the 2D-PASS spectra arerelate to paraelectric to ferroelectric phase transition of
shown in Fig. 4 for PMN at-35, —6.5, 27, and 60°C, for PMN, which happens around 210%KBut PMN has a di-
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TABLE Il. Gaussian fit parameters for the isotropic projections of 2D-PASS spectra for (1
—X)PMN/XPSN (see Fig. 4, for example

Sample and S0 (PPM) 2 I'opo (A) P CNP®
temperature (°C) % o )% o o o
0.70 and 27 —1265 169 2.5515 0.0195 5.40 0.48
0.2D and 60 —-1279 206 2.5531 0.0238 5.44 0.59
0.20 and 60 —1273 199 2.5524 0.0230 5.42 0.57
0D and 60 —1338 213 2.5599 0.0246 5.61 0.61
0D and 27 —1343 206 2.5605 0.0238 5.62 0.59
0D and-6.5 —1348 201 2.5611 0.0232 5.64 0.58
0D and—35°¢ A —1347 192 2.5610 0.0221 5.63 0.55
B —1347 425 2.5610 0.0490 5.63 1.22

3Error for b, is estimated as 5 ppm, which propagates 1018 * A for rp,oand 0.01 for CN, according
to Eq. (2).

®The meanu(dis) and standard deviation(dis,) for isotropic chemical shift distribution are translated into
distribution parameters of effective Pb-O bond lengthand effective coordination number CN using Eq.
(2.

‘Only PMN at — 35 °C needs two components; 4986+ 51% B.

electric maxima around- 10 °C?? which is attributed to in- at 8ig,=— 1100, —1300, and —1500 ppm, respectively.
teractions and/or dynamics of nanoclust&r&lt is thus pos-  With increasingd.,, that is, decreasing bond length, o
sible that componenB arises from chemically ordered [Eg. (2)], the chemical shift anisotropys,nsJ increases.
nanoclusters. This correlation implies that the Pb-O bonds vary from a

We emphasize that the variation of the mean isotropianore ionic environmentlonger bond length, lower anisot-
chemical shiftu(diso) is only —10 ppm over the range 60  ropy) to a more covalent environmefghorter bond length,
to —6.5°C, and the empirical correlation is not accuratehigher anisotropy*® Thus the chemical shift tensor provides
enough to estimate the real variation of bond length corredetailed information on electronic bonding.
sponding to a 10 ppm shift. The correlation is probably good The principal values of the CSA tensor for PMN are cal-
enough to be used for larger chemical shift variations ob<culated using Eq(l) and plotted with respect td, in
served in the concentration dependence. Fig. 5. Very good linear correlations are found between

The concentration dependence may be found by compathe individual tensor components;, i=1,2,3 and the
ing isotropic projections at identical temperatures; PMN andsotropic chemical shift §i,; regression analyses give
x=0.2 at 60°C, and PMN ang=0.7 at 25°C. Both mean §;;=940(=60)+ 1.42(=0.05)5s,, 62,=300(+30)+1.17
m(rpp-0 and distributiono(rp,. decrease as the PSN con- (£0.02)5is,, and J33=—1230(x70)+0.41(x 0.05)5;s,
centrationx increases. This means that the Pb-O length doewith R=0.99 for §,, and §,, andR=0.97 for &55.
not scale in proportion to the perovskite cell parameter, For PMN at—6.5, 27, and 60 °C, the CSA principal com-
which increases witlx (perovskite cell parameters are 4.050 ponentss,; and 8, increase whilaed;; decreases as tempera-
and 4.075 A for PMN and PSN, respectivel)?® This tells
us that as the perovskite cell becomes larger, the Rhifts
further away from the ideal position, reflecting an increase of
the local polar character due to the MdgSc* substitution
(which results in shortening the shortest Pb-O bond lengths
and increasing the longest Pb-O bond lengths

The parameters for ordered and disordered samples of
=0.2 are close. Disorder seems to result in slight increases

w

(=3

[=4
T

-
=3
S
=3
T

B2

Anisotropic Chemical Shift (ppm)

by around 0.001 A in both the mean(rp,.0 and distribu- 15000 83
tion o(rpy.0 of bond lengths. Q
B. 2D-PASS: Anisotropic chemical shift e w1 oo

To retrieve chemical shift anisotrof{€SA) from a 2D- Isotropic Chemical Shift (ppm)

PASS spectrum, slices are taken along the anisotropic dimen- i 5. correlation between anisotropic and isotropic chemical
sion and catenated with zeros to give spinning sidebands; theyifts. Data are sampled every 100 ppm frofa,= — 1700
intensities of sidebands are then fit with the Herzfeld ando —1000 ppm from the 2D-PASS spectrum of PMN at
Berger algorithn?® For example for PMN at 27 °C in Fig. 3, 27°C (Fig. 3. Errors are about the size of symbol. The re-
the fitted CSA parametersif,iso, 7) are (—574 ppm, 0.6), gressions ares;;=940(+ 60)+ 1.42(=0.05)5,s,, 52p=300(=30)
(—455 ppm, 0.65), and-367 ppm, 0.85) for slices taken +1.17(+0.02)8,,, and 833= —1230(* 70)+0.41(*+ 0.05)5is, .
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FIG. 7. Tetragonal structure of PbTiGat room temperature.
Lattice parametera=3.904 A, c=4.105 A(Ref. 31). With respect
to Ti sublattice, oxygen ions are displaced 10.3 A in [001]
direction and Pb ions are displaced By0.1 A (Ref. 10. The 6s

) ] ] ] lone-pair electrons of BB are schematic depicted.
ture increases; the maximum difference is around 80 ppm.

The principal components at 35°C are between those at

—6.5and 27 °C. In Fig. 6 the temperature dependence of thFameters 6o, Sanieo, andy) agree with the fact that there is

855 COMponent is shown. : X RY . X y
However, no clear concentration dependence is seen. Thaevarlety Of§ © B+ enwronmints, wher8” andB” can be
o . any of Mg*, SE*, and NB*. In the ABO; perovskite

principal components at 60 °C for PMN are larger at some

8iso Values but smaller at other values than thosexfei0.2 structure of Pb(MgaNbyg) Os-Pb(Sg/NDy ) Os, the A ion

A X .
(both ordered and disordetedThe same pattern is seen (sz ) is in the center of a distorted perovskite cube, Ehe

. N ions (Mg*, S&*, and NB*) are on the eight corners, and
when comparing PMN at 27°C and-=0.7 (ordered. the oxygen ions are in the middle of the 12 edges. Thus each

PE’" is surrounded by 12 edges BFf-O-BY; the total num-

IV. DISCUSSION ber of such surroundings is huge. For MgO-Mg?*,
SA*-0-S¢", Mg?*t-0-S¢*, and Mg " -O-Nb>*, the aver-
ageB ion valence is less than foli{x+y)/2<4]; the Pb-O

For PMN-PSN, the measured isotropic and anisotropidybridization is enhanced between the Rbafid O 2 states
chemical shifts suggest that the Pb-O bonds in the system agé such underbonded oxygeh8.While for the remaining
not strongly covalent. For ionic compounds, weak chemicatases, the Pb-O hybridization is weaker. Therefore, the dis-
shift anisotropies and large negati¥®Pb isotropic shifts in  tribution of mixedB ions will produce a distribution of Pb-O
the range from—2000 to— 3500 ppm are observed. In con- bond covalence.
trast, a more covalent bonding stéter example, oxides and
silicateg gives rise to more positive isotropic shifts in the
range from—500 to + 1500 ppm associated with very large
chemical shift anisotropie®,iss~ —2000 ppm, which re- As the nearest neighbors, the 12 oxygens have the greatest
flect the steric effect of the Bb lone-pair electrons which influence on the chemical shifts of lead. To accommodate its
preclude a(spherical symmetric environment with short lone-pair electrons, BB is usually displaced from the ;@
Pb-O bond length& Thus for PMN-PSN, thed,, range center. Being unequally distant from $h the 12 oxygens
from — 1800 to —900 ppm and th&j,,s, range — 700 to have different degrees of influence on thR¥Pb chemical
—230 ppm indicate that the Pb-O bonding environments arshielding tensor. Thus the effective Pb-O bond length de-
midway between typical ionic and typical covalent. duced from the isotropic chemical shift is a sort of weighted

The asymmetry parametey in PMN-PSN ranges from average over the 12 crystallographically inequivalent Pb-O
0.5 to 1; this also supports the above statement concerninlgond lengths. The simple ferroelectric and well-studied
Pb-O bonding environments. For example, in lead oxide$*bTiO; (PT), which is also a perovskite, may help us to
and silicates(typical covalent compoungsPb lies at the build such connections. It is well known that at room tem-
apex of a PbQ® pyramid (one-sided coordinationand the perature PT is tetragonal; lattice parameters3.904 A, ¢
shielding tensor is close to axially symmetrig0). Onthe =4.105 A (Fig. 7).3! In the [001] direction with respect to
other hand, in lead nitrat@ typical ionic compound Pb is  the Ti sublattice, oxygen ions are displaced by 0.3 A and Pb
12-fold coordinated by oxygen atoms with large Pb-O bonds displaced by—0.1 A according to neutron time of flight
lengths but the shielding tensor is also axially symmetric. Rietveld refinement The Pb-O distances split into three

FIG. 6. The temperature dependence of the component of
the chemical shielding tensor for PMN at four different tempera-
tures.

For each sample, the distributions of chemical shift pa-

A. Pb-O bonding environments

B. Measurement of the shortest Pb-O bond length
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values: 2.5 A for Pb-Q \,, 2.8 A for Pb-Q,_,, , and 3.2 A
for Pb-Qx _x; (see Fig. 7 for oxygen labelsThe isotropic
chemical shift of PT at room temperature is around )
— 1420 ppm?® which corresponds to an effective Pb-O dis- Experiment
tance of 2.57 A according to Edq2). Thus, the effective PMN 27T
Pb-O distance seen by NMR is almost solely determined by Simulati
the shortest Pb-O distance. For PMN-PSN this shortest Pb-O g’ ™"
distance is in the range 2.5-2.6 A, except for PMN at
—35°C, where the range is 2.45-2.65Rig. 4). From Fig.

7, it seems CN4 is appropriate to account for the four
closest oxygens on the bottom plane. But the effective coor-
dination number CK5.8[according to Eq(2)] is also very
reasonable since the four second-closest oxygens on the
middle plane also influence the isotropic chemical shift. _ ) . -
Thus, the effective coordination number is slightly bigger 24 25 , 26 27
than its crystallographic counterpart. The effective CN for Pb-O Distance (A)

PMN-PSN is in the range 4.4-6.8, except for PMN at
—35°C where the range is 3.6—6Big. 4).

FIG. 8. Shell distribution model for Pb displacement. In the
shell model, the direction of Pb displacement is random, while the
distance(from the ideal positionhas a Gaussian distribution with

C. Lead displacement models meanr, and standard deviatiom. To roughly align the simulated

In order to accommodate their lone-pair electron32,+Pb curves with the experimental distribution curve for PMN at 27 °C,
ions usually shift from high-symmetry positions; a shift of fo=0-336 A is chosen. Simulation has been done dor 0.00,
about 0.3-0.4 A is often seéhAn XRD study of PMN 0.01, 9.02, 0.03_, a_nd Q.OS A. Shell model is unable to reproduce the
shows that the lead displacements may be random in botfiPerimental distribution.
length and direction; but a single-layer spherical mdded . .
dius 0.285 and 0.259 A for 20 and 300°C, respectively the expenmentgl curve. '!'hu;, shell model is unable to repro-
adequately describes the XRD datelowever in PST, PDF duce the experimental distribution.
using neutron scattering and x-ray scattering shows that . N
PE* ions move(by 0.2 A) in the[100] direction rather than 2. Unique direction model
the macroscopic polarization directiph11].X° These results In the unique direction model, Pb displacement, which is
are inconsistent. The isotropic projection of 2D-PASS NMRonly allowed in a given direction, assumes a Gaussian distri-
directly measures the distribution of the shortest Pb-O bontution of meanr, and standard deviatioor. The resulting
length and this allows us to examine the two lead displacedistribution of the shortest Pb-O bond length has a nearly
ment models; their major difference is whether the Pb disGaussian line shape. The simulated line shapes fit NMR ex-
placement is in a random direction or a unique direction. periments very well; two examples are shown in Fig. 9 for

PMN at 27 °C and—35°C. All fit parameters are listed in
1. Shell model Table Ill. It turns out that we are unable to discern the direc-

In the shell model, which is the generalization of thetion of the Pb displacement; this model fits experiments
single-layer spherical model, the direction of Pb displace£dually well with any of the three directiori®01], [011],
ment is random, while the distance from the ideal position@"d[111]. However, the distribution parameters strongly de-
has a Gaussian distribution with megpand standard devia- Pend on the direction; for PMN at 27°Qp(0) =0.455
tion o. This was simulated by constructing an ensemble 0{0'039* 0-302(0-0_23: and 0.381(0.030 A for [001], [011],
perovskites with Pb displacements described, and other ior'd[111, respectively.
in their ideal positions. The shortest Pb-O bonds were iden-
tified and the distribution of the shortest Pb-O distance was
plotted. The simulation results are shown in Fig. 8. The mean It is of interest to compare our analysis of 2D-PASS spec-
ro=0.336 A was chosen to roughly align the middle of thetra with that of Blinc and co-workers, who interpreted static
simulated curves with the experimental distribution curve for?°’Pb line shapes of single-crystal samples of PMN and PSN
PMN at 27 °C. Simulations were performed with=0.00, in terms of their spherical random-bond-random-field
0.01, 0.02, 0.03, and 0.05. The=0.00 case corresponds to model?®?°32 The single-crystal spectra of PMN and PSN
the single-layer spherical model proposed in the XRD study.include broadening from distributions of dipole-dipole cou-
However, the simulated distribution curve has several displing, isotropic chemical shift, and anisotropic chemical shift
continuities and is very asymmetric; it does not resemble th@arameters. They are much broader than our spectra of pow-
NMR experimental distribution at all. If a small radial distri- dered samples. Presumably this is due to distributions asso-
bution is introduced, e.gg=0.01 and 0.02, the discontinui- ciated with local chemical disorder, which is expected to
ties become round but the curves are two wide. Increasingersist in unannealed single crystals. Blinc and co-workers
radial distribution(e.g.,o=0.05) further broadens the simu- assume(a) the shift tensors are axially symmetrig;€0)
lated distribution curves and this does not help us to matcland (b) simple linear relations exist between the isotropic

3. Random-bonédrandom-field model

134104-7



ZHOU, HOATSON, VOLD, AND FAYON PHYSICAL REVIEW B69, 134104 (2004
clusters in “chemically ordered” regions, in accord with the
random-bond-random-field model. If this is so, variable
temperature measurements of PASS spectra at higher mag-
netic fields, from which individual shielding tensor compo-
nents could be determined separately for the broad and nar-
row components, might provide a less ambiguous
experimental separation of chemical shift contributions from
local bond distortions and mesoscopic polarization.

V. CONCLUSION

The 2°Pb static, MAS, and 2D-PASS NMR experiments
have been performed on {Ix)PMN/xXPSN relaxor ferro-
electrics as a function of concentratigntemperature depen-

. . dence is also studied especially on PMN. The inherent
24 25 ) o 26 27 chemical and positional disorder in these materials results in
Pb-O Distance (A) very low resolution in the static and MAS spectra. Only in

FIG. 9. Unique direction model for the distribution of the Pb 2D-PASS spectra can isotropic and anisotropic chemical

displacement. In this model, the displacement of Pb is along &hifts be separated. The isotropic chemical sbiff ranges

single specified direction and has a Gaussian distribution in distandéom — 1800 to —900 ppm; the anisotropic chemical shift
from ideal position: mean, and standard deviatiom. For PMN at  aniso fanges from—700 to —230 ppm; the asymmetry pa-
27 °C(bold line), the NMR experimental distribution of the shortest rameters ranges from 0.5 to 1, thus the shielding tensor is
Pb-O distances is fit with modétashed ling specified in[001] far from axially symmetric. The isotropic chemical shift is
direction and parameterg=0.455 A ando=0.039 A. For PMN  empirically related to the effective NMR Pb-O distance,
at —35°C, the experimental distributiotbold line) is fit with  which decreases upon increasing the perovskite cell param-
model (dashed ling in [001] direction and the two components eter by increasing either the concentrationr temperature.
(49% A+51% B, thin solid line$ have parameters,=0.454 A Thijs is because the Pb ion moves further away off center as
ando=0.035 A forA andr,=0.454 A ando=0.080 A forB. the cell parameter increases. Strong linear correlations be-
tween isotropic and anisotropic chemical shifts show that
shift, shift anisotropy, and the instantaneous value of the orPb-O bonds vary from more ionic to more covalent environ-
dering field. The higher resolution we obtain in PASS experi-ments. The existence of various Pb-O bonds is a result of the
ments permits determination of all three components of thelistribution of mixedB ions.
shielding tensor, and demonstrates that assumijois not By comparing the crystallographic and NMR study for
adequate, since it varies from 0.6 to 0.85 for PMN at 27 °C.PbTiO;, the NMR effective Pb-O distance is found to corre-
Probably, the relatively low resolution of the statt€’Pb late with the shortest Pb-O bond lengdimong the 12 Pb-O
spectra allows orientational contributions to their linewidthbonds in a perovskite cellThus the distribution of isotropic
to be fit using the more primitive spherical shell motfel. chemical shifts is essentially the distribution of the shortest
It is possible that the broader Gaussian component w@b-O bond length. This distribution is used to examine two
observe for PMN at-35°C (Fig. 9 is due to polar nano- competing models of Pb displacement; the direction of dis-

TABLE IIl. Parameters of unique direction model for Pb displacement. Ferx\)PMN/xPSN ordered
and disordered samples, the NMR experimental shortest Pb-O distributions are fit with this model at three

special directiongsee Fig. 9 for example

Sample and [o01] [017] [111]
temperature (°C) ro? o P o o Mo o
0.70 and 27 0.473 0.032 0.313 0.020 0.394 0.025
0.2D and 60 0.468 0.038 0.310 0.022 0.391 0.030
0.20 and 60 0.468 0.038 0.310 0.022 0.391 0.030
0D and 60 0.456 0.041 0.303 0.025 0.382 0.033
0D and 27 0.455 0.039 0.302 0.023 0.381 0.030
0D and—6.5 0.454 0.037 0.302 0.022 0.380 0.029
0D and—35°¢ A 0.454 0.035 0.301 0.021 0.380 0.028
B 0.454 0.080 0.301 0.055 0.380 0.067

@The mean of the Gaussian distribution of the displacement, precision 0.001 A.
®The standard deviation of the Gaussian distribution of the displacement, precision 0.001 A.

‘Only PMN at —35 °C needs two components; 4986+ 51% B.
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placement is random in the spherical model but specific ifP3Nb NMR results in the preceding works could greatly fa-
the unique direction model. The spherical model yields artilitate the construction of realistic model supercgﬂéz.
asymmetric distribution curve which is unable to fit the ob-  Despite the absence of detailal initio calculations, con-
served distribution of the shortest Pb-O bond length. Thesideration of the actual distribution of nearBssite neighbor
unique direction model yields a Gaussian distribution curveconfigurations, determined quantitatively for the first time in
which can fit the observed distribution. However, it is unableour previous *Nb NMR study:' and A-site uniaxial dis-

to discern the direction of the Pb displacement; this modeplacements revealed b$?’Pb NMR, together provide gen-
fits experiments equally well with any given direction. The eral confirmation of the ideas proposed by Coogeeal. re-
distribution parameters strongly depend on the direction; fogarding the microscopic origins of piezoelectric and relaxor
PMN at 27°C,r,(0)=0.455 (0.039), 0.3020.023, and ferroelectric bghawo?? Thus, in mixed configurations in
0.381(0.030 A for [001], [011], and [111], respectively, PM.SN, lead will distort away from the Iarge_r Mg and Sc
wherer, and o are, respectively, the mean and standardc@tions and toward the Nb cations. Just as in PZT, the Pb
deviation of the Gaussian distribution of the Pb displacemen ation may not distort n thel11] direction d|r_ectly toward .
from the ideal position. For PMN at 35 °C (below the di- the _small b.Ut tOWafd hlghly charg_e.d Nb cation, and the .
electric maxima temperature 10 °C), the distribution curve rgcuon of distortion W'”. be a .sensm.ve function (.Jf _the_ iden-
has to be fit with two components with the samg but tity of all _the surroundm_g?)-sn_e cations. Thus, it IS likely
differento-; the[011] direction model gives,=0.301 A and that the disordered configurations label@gd andD, in the

93] H 1,12 ; ; ; ;
0=0.021 and 0.055 A for the narrow and broad componentﬁ, ND NMR studlesl,' which ]nvolve at Np cations with at
respectively. east one neare&-site Nb neighbor, also involve large off-

Ab initio calculations of local structure indicate that the centerA—ere distortions in many different d|rect|pn§._ This
excellent piezoelectric response of lead zirconate/lead titar- ay_explam whyD, a_nd D, must account fora S|_gn|f_|cant
ate solid solutiongPZT) is due mostly to displacement of 'raction of the material t20%) if relaxor behavior is to
the lead cations, and the direction of these displacements feeur.
sensitive to cation ordering and overall macroscopic polar-
ization of the material® In that study, structural motifs were
separated into environment-independent crystal chemistry re- Dr. P. K. Davies(University of Pennsylvanjais thanked
quirementgsuch as the preferred cage size forgB@tahe- for providing the well characterized PMN-PSN samples. The
dral cages and nontransferable ways of achieving these reNational Science FoundatiqGrant No. CHE 0079136and
qguirements in particular solid solutions. Analogousthe College of William and Mary are acknowledged for fi-
calculations have not yet been done for PMSN, although theancial support.
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