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The ®Nb and “°Sc nuclear-magnetic-resonandBIMR) spectra of disordered relaxor ferroelectrics
PbSg/;,Nb;,,05 (PSN and PbMg;3Nb,s0; (PMN) have been studied @t>T,,, whereT ,~355 K and 265 K
is the temperature of the dielectric susceptibility maximum for PSN and PMN, respectively. The analysis of the
spectra was performed both on the basis of an analytical description of the NMR line shapes, allowing for
homogeneous and inhomogeneous broadening related to a random distribution of the electric-field gradients,
and a numerical Monte Carlo approach taking into account electric-field gradients originating from the random
distribution of Mg, Sc, and Nb ion&vhich may be shifted or npover B-type cation sites. 142 —1/2 NMR
spectra of**Nb and*®Sc in PSN contain a narro@—4 kHz almost isotropic component and a broad strongly
anisotropic component. These two components of the NMR spectra are related to the 1:1 Sc/Nb ordered and
compositionally disordered regions of the crystal, respectively. It is shown that in the disordered regions, the
SA*, Nb°*, and G~ ions are randomly shifted from their cubic lattice sites in one of the three possible
directions:(100), (110, or (111). In PMN, the NMR spectrum of*Nb contains practically only the broad
component. The portion of the unbroadened spectrum that may correspond to ideal 1:2 Mg/Nb ordered regions
accounts only for 2-3 % of the total integral intensity. No evidence was obtained for the existence of 1:1
Mg/Nb regions in PMN. The NMR data demonstrate that in PMN the cubic symmeffy-at,, is locally
broken due to ion shifts similar to that in disordered PSN. The values of the ionic shifts have been estimated
in the point-charge point-dipole approximation for the electric-field gradients both in PSN and PMN.
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[. INTRODUCTION and neutron diffuse scattering that appears belgu*® Re-
cent neutron inelastic-scattering measurements demonstrate
Relaxor ferroelectrics’ have attracted considerable atten-that polar nanoregions are related to condensation of the
tion in recent years due to their unusual physical behavioowest-energy transverse-optitO) phonon mode at4.%*°
Lead magnesium niobate, PbiNb,30; (PMN), is prob- A number of important questions, however, still remain
ably the best investigated relaxor crystal. It displays highopen. The first is which ion displacemerii or Nb/Mg/S¢
dielectric permittivity over a broad temperature range with agre responsible for the formation of polar regions? What is
significant frequency dispersior (=20 000 atT,=265 K the nature of nonpolar matrix into which polar clusters are
and f=1 kHz) and giant electrostrictichContrary to nor-  assumed to be embedded? Are the polar clusters and the

mal ferroelectrics, such anomalies are not directly linked 10 &onno1ar matrix dynamic or static entities? Another still open
structural phasg transition but related to r.elaxayonal proimportant problem in PMN relaxor is related to microscopic
cesses. Indeed in PMN, x-ray and neutron-diffraction studie

) o ﬁ1homogeneities in the site occupancy of the VMgand
showed no evidence for a structural phase transition down tR|b5+ cations and their role in the formation of the polar

5 K; the symmetry remains cubic on an average, whatever . : i . .
the temperaturd,contrary to the PbSgNby,05 (PSN re- regions. An emstt_ancg of a 1:1 Mg/Nb ordered microregions
laxor, which undergoes a spontaneous cubic-rhombohedrs still 'dlscussed in I|teratur(see,. for example, Refs. 11 and
phase transition aT,,=355 K.* However, this is only an 12). Smge the 1:1 Sc/Nb.chemlcaI order in _PD%Mbl/ZO?,
average situation. Structural refinement results have showf@lly €xists, a comparative study of the high-temperature
that the local structure is different from the average cubidOc@l structure of these two relaxors is of interest.

one for both of the relaxors, and evenTat T,,,.*® For in- It should be stressed that the diffraction methods do not
stance, Pb" ions are randomly shifted below650 K i.e.,,  Provide complete characterization of lattice distortions and
far aboveT,,. At this high temperature, the optic index of ionic shifts in relaxors due to the compositional disorder of
refraction n(T) deviates from a linear temperature depen-these materials and nanometric scale of polar order. Thus,
dence as it was first evidenced by Burns and Dactthey  local methods such as magnetic resonance and, in particular,
assumed that this unexpected high-temperature deviationuclear magnetic resonan@¥MR) can be extremely useful
arises from small, randomly oriented, very local regions ofin this case. In NMR experiments, the nuclei are sensitive to
nonreversible polarization that begin to appear within thetheir local environment at a distance less than 1-2 nm. In
otherwise nonpolar crystal structure beldly, which is  addition, NMR operates at a much longer time scale
called the Burns temperature. The formation of polar nanore¢10 °—~10 8 s) in comparison with the neutron or x-ray
gions was also confirmed by observation in the PMN x-raymethods that also provide the possibility to distinguish be-
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FIG. 1. %Sc NMR spectra in PSN. Points are experimental data;
smooth lines correspond to calculated according to E)s(8) line
shapes for(a) and (b) B|[001], (c) B||[011], (d) B|[111]. The
diagrams schematically show expected NMR resonances foi
second-order quadrupole contribution with the EFG axis pointed b———lov o b 1o Lo 1o 11
along(001) directions. Calculated line shapes include contributions -300 ~ -200  -100 0 100 200 300 400
from ideal cubic regions plus axial EFG pointed(at{002) direc- v (kHZ)
tions; (b), (c), and(d) (001), (011), and(111) directions in pro-
portions given by Eq(8).

B 11 [011]

FIG. 2. ®Nb NMR spectra in PSN. Points are experimental

. . . . data; smooth lines correspond to calculated according to (Bls.
tween static and dynamic ion shifts. Some of our previougg) jine shapes. The inset shows th#b spectrum measured by
results devoted to NMR of relaxors have been published iRyyeeping the irradiation frequency.

Refs. 13 and 14.

The purpose of the present paper is to study the local _
structure of PMN and PSN at temperatui®s T,, on the ~ Superconducting magnet aga‘&Sc Larmor frequencyy,
basis of ®Nb and “°Sc NMR measurements performed at a=92-3 MHz (1=7/2) and a®Nby =92.9 MHz (1=9/2).
Larmor frequency», =93 MHz. The description of the Temperature was stabilized in a contlnu_ous—flow cryostat
NMR line shape was given on the basis of analytical formu-With an accuracy of about 91;51 K. The inhomogeneously
las, allowing for both homogeneous and inhomogeneou8roadened spectra ‘%Nb and ™Sc (1/2-—1/2 transition
mechanisms of line broadening. As a second approach, NMRave been obtained using the Fourier transform of the spin
spectra were analyzed using numerical Monte Carlo simula€cho after a (90-7)—(9Q,— 7)—acquisition pulse se-
tions and the point-charge point-dipole approximation for thedUence. The4\5/wdth of the 90° pulse was 2.8 and 2.4us
electric-field gradients. The structural data obtained from thdor ““Nb and™Sc resonances, respectively. The time delay
NMR are compared with similar data obtained from x-rayWas usually 4Qus for both nuclei.
diffractions.

It should be noted that the present approach is different
from the recently developed spherical random bond— Il EXPERIMENTAL RESULTS AND INTERPRETATION
random-field modet? which is mezoscopic and where infor- A. 9Nb and “5Sc NMR spectra

mation about the details of the local structure is lost. ] o ]
Since we were mainly interested in the local structure of

PMN and PSN in the high-temperature phase, i.e.Tat
>T,,, measurements were performed between 420-450 K.
The measurements were carried out on single-crystdh Fig. 1 we presenf°Sc NMR spectra measured for three
samples of PMN and PSN grown on a seed crystal from theharacteristic crystal orientations in the external magnetic

melt. Samples had a good optical quality. The sample dimerfield: B|[001], [011], and[111] . The characteristic feature
sions of PSN were (44x4) mn?, and PMN—up to (8 of the spectrum foB|[001] and[111] is its strong asymme-

X 8x8) mntT with the surfaces parallel to crystallographic try, while for B|[011] the spectrum is almost symmetric.
(001) planes. The degree of 1:1 Sc/Nb ordering in PSN varSimilar spectra of®*Nb in PSN and PMN are shown in Figs.
ied in the range of 30—40 %. It was measured by using th@ and 3, respectively. Note that in PMRENb spectrum did
superstructure(111) diffraction peaks associated to the not change either its shape or its width with increasing tem-
Sc-Nb ordering along111] direction® perature up to 700 K, i.e., &>T,. Let us discuss first the

The NMR measurements were performed in a 9.2 TSc and Nb spectra in PSN.

II. SAMPLES AND EXPERIMENTAL DETAILS
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Both the Sc and Nb spectra have an approximately similar [ T T T T T T OTTTT T TTTTTTTOT T
structure and both contain a narrow component of the width PMN: ®Nb
of 3—4 kHz and a wide component that is different for the Sc . =929 MHz
and Nb nuclei. The narrow part of the spectra is well de- TL= 450 K
scribed by a Gaussian and is completely isotropic. On the
contrary, the wide part is essentially anisotropic and cannot
be precisely described by a simple function. In a rough ap-
proximation, however, it can be also described by a Gaussial
(see Ref. 1% In such an approach, the ratio of the integral
intensity of narrow and wide parts of the spectrur=i$0: 60
and does not depend on the crystal orientation. Note that du B 11 [001]
to the large width of the®Nb spectrum, its wide component
has a very small intensity and, thus, its anisotropy manifests
itself much less than that in th€Sc spectrum. However, a
measurement of the whof@Nb spectrum in PSN, using the
sweep of the irradiation frequency, indeed showed that the

Nb spectrum shape is very close to that*ec (inset to Fig.

2) B I1[011
The ®Nb spectrum in PMN is somewhat more compli- [011]

components(l) a low-intensity isotropic line with the width

cated. In this spectrum we can conditionally separate three

of 3 kHz; (2) a spectrum around, with a width of 15-18

kHz; (3) a wide and strong anisotropic component like that

in PSN but more intensive. The narrow part withiw

=3 kHz accounts only for about 2.5-3 % of the total inte-

gral intensity of the spectrum. As can be seen from Fig. 3,

except for the narrowest component the whole spectrum is

strongly anisotropic. A N IS NI PR N T R PR R
The anisotropy of the spectra as well as their asymmetric-500 -400 -300 -200 -100 O 100 200 300 400 500

form with respect toy, for both **Nb and **Sc nuclei in KH

PMN and PSN show that these spectra belong to the»1/2 v (kHz)

—1/2 transition, the frequency of which is shifted by the  fig 3 93\b NMR spectra in PMN. Dashed line shows unre-

second-order quadrupolar contributidisThe very broad goved quadrupole satellites.
background spread symmetrically around the Larmor fre-

quency is attributed to satellite transitions. Still another conpe spectra belong to the Sc and Nb nuclei situated in the
tribution comes from chemical shifts. The quadrupole contri-grdered 1:1 and disordered regions of the crystal, respec-
bution exists only for nuclei with a spirn>1/2 and is related tively. Actually, in the ordered regions Sc and Nb ions are
to the interaction of the nuclear quadrupole moment with theyrrounded by a symmetrical ion configuration. Therefore, in
electric-field gradient(EFG). Large values of quadrupole sych sites the electric-field gradients and anisotropic chemi-
moments of ®Nb and “*Sc nuclei €Q=-0.28 ¢l shift must be close to zero and we can expect an NMR
X107% m? and —0.22x 10~?® m* for ®*Nb and*® Sc, re-  |ine broadened only by the magnetic dipole-dipole interac-
spectively usually result in the predominance of the quadru-tion. Calculation of this dipole-dipole width gives a value of
pole contribution to NMR frequency shift with respect to ahout 3 kHz supporting the origifordered 1:1 regionsof
other possible sources, such as chemical shift and magnetigrrow lines in °Sc and Nb NMR spectra mentioned
dipole-dipole interaction. Therefore, we can conclude thagpove.,
the main features of*Nb and “*Sc NMR spectra in both  The broad part of the the central transition NMR spectra
PMN and PSN are related to characteristic features of theipelongs to resonances from nuclei located in the disordered
EFG that depend on lattice ions charges and their positionsegions of the crystal, where the random distribution of non-
thus providing information on the local structure of crystals.equa”y charged’/B" ions produces random electric-field
Covalent contributions to the EFG are important too. gradients. Possible ionic shifts give an additional contribu-
tion to the EFG tensor components.

The second-order quadrupole shift of the<t/2 1/2 tran-
sition is proportional to the squared EFG. It can be written as

B 11 [111]

B. Analysis of °Sc and ®*Nb spectra in PSN and determination
of the EFG tensors

The integral intensity ratio 40:60 obtained above for the ) 1 3
narrow and wide parts of th&Sc and®*Nb NMR spectra in v=avg, a= 6_VI_( (1+1)— Z) fo(6,0), @
PSN is in agreement with the Sc/Nb degree of ordering
which varied in the studed crystals in the range of 30—40 %where vQ=3e2q Q/21(2I=1)h, eq=V,,, and 7= (V,
So, it can be naturally assumed that narrow and wide parts of V,)/V,,.
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The functionf (8, ¢) in Eq. (1) describes the dependence with § being a half of the Gaussian width.
of the frequency shift on relative orientations of the external One can see that Eq&) and (6) give an asymmetrical
magnetic field and EFG tensor principal axeg.is the Lar-  line shape which depends also on the paramigtere) that
mor frequency and,y,z form the principal EFG tensor ref- takes into account the mutual orientations of the EFG and the
erence frame. magnetic fieldB,,.

The angular variation of the broad part of the NMR spec- One can expect that in disordered materials, there are mi-
tra can be qualitatively understood if one assumes the presroregions with different “degree of order” and different di-
ence of an axial EFG pointed &01) cubic directions. In  rections(and mean valugsf the ion displacements. Obvi-
this case, the angular part of expressidn takes simple ously, in such a case the NMR line should be composed of
form the lines “stemming” from these microregions, i.e.,

f(0,0)=—2(1—cog0)(9 cogh—1). 2
(0,9) 8 0)( 0 ) 2 Iq(V):Z Iqi(V)l @

The expected resonances for all 801) directions of the '

EFG tensor are shown by histograms in Fig. 1. In our simplavhere the subscripti“numerates the microregions.
interpretation, we have to take into account that due to a The results of a simulation on the basis of Eg8—(7) of
large disorder in the ion positions, the EFG values becoméhe “°Sc NMR line shape foB||[001] are presented by the
randomly distributed leading to a strong inhomogeneousolid line in Figs. 1a) and ib). Figure 1a) shows the line
broadening of NMR lines. As a result, only the shift of the shape for the case of EFG with the largest principal axis
center of gravity is visible in the experimental spectrum un-pointing in (001) directions only. The contribution from or-
der crystal rotation. Due to the nonlinear relation betweerdered regions, whereQO:O was also included. The best fit
the resonance frequency shift and the quadrupole frequencyas been achieved fpr|:755 kHz andA =210 kHz. One
the inhomogeneously broadened NMR line acquires essefan see that the calculated NMR line has a strongly asym-
tially the asymmetrical form, which depends on the orientametrical shape, which fits very well the right “shoulder” of
tion of the crystal in the external magnetic field. For such ahe measured spectrum. The fitting of left shoulder is not so
complex spectrum, its decomposition into simple Gaussiagood. This can be expected because for8@4) orientation
components cannot give true values of quadrupole frequeryf the EFG, only a positive quadrupole shift of the resonance
cies. o frequency existdsee Egs.(1) and (2) when §=90°;0°].

We introduce the distribution of the largest EFG compo-Therefore, to fit the left shoulder of the observed spectrum,
nent, which leads to the distribution of quadrupole frequenyther orientations of EFG axes are required. The negative
ciesvq. Let us assume that the distribution function can beshift is possible for EFG axes pointing alof@11) and
expressed in Gaussian form, i.e., (111) directions. The reason for this type of local distortions

can be related to the substitutional disorder in the relaxors.
1 p( (vo— V0Q)2> Finally, the experimental line shape &fSc is well fitted
Flrvg)=——exp —————|,
V27A 2A2

) by the following theoretical curve:
wherev, is the mean value of the quadrupole frequency and lq(¥) = Colora(¥) + C1l 00y () + Col (110/(¥) + C3l(113(»)
A is the width of its distribution. tS)
Allowing the nonlinear relation between and vq [see With Cy~0.3C;~0.45C,~0.11C,~0.14: the subscri
. . =0.3C,=0. =0. =0.14; pts
Ea. (1] the shape of the inhomogeneously broadened IIn%enoteothe direlction of t2he EFG ;xes. The result of a com-
can be written atRef. 19 plete “°Sc spectrum simulation is presented in Figo)1
9 The obtained set of fitting parametefall of them are
P(r)=> F(vq=rq)) B \ﬁ 4) presented in Table) Ipermits to describe theoretically the
=1 | dv ' Quz- = Vo NMR line shapes measured for any other orientation of mag-

% netic field. In particular, in Figs.(t) and 1d), the observed
"QT Qi and calculated line shapes f@|[011] and B|[111] are
shown.

Substitution of Eq(1) into Eq.(4) gives Similar simulations performed for th&Nb NMR spectra

N 012 are presented in Fig. 2 by solid lines and the corresponding

P(v)= i eXp( v a(vg) )coshi\ﬁ. 5) fitting parameters are listed in Table I. The agreement be-

V2mavA 2aA? 2N a tween measured and calculated spectra is good. However,

due to small intensity of the broad part of the spectrum, the

To take into account the additional homogeneous broadobtained parameters contain significantly bigger errors than
ening mechanism with a Gaussian lineshape one has to maker the *Sc spectra.

the integration
C. Analysis of ®*Nb NMR spectra in PMN

oo _ . 1\2
|(v)= ! J P(v')ex Lzy) dv', (6) It can be seen from Fig. 3 that practically the whéfelb
N2m6J —= o spectrum in PMN is strongly broadened in comparison with
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TABLE I. “*Sc and®*Nb NMR parameters determined in disordered PSN and PMR=a450 K.

Compound €°qQ/h) (MHz) Distribution Homogeneous |V,](107°Vm~2)  Orientation

A (MHz) width (kHz) of V,,

PbSg,,Nby/,05
4s¢ 10.65) 2.94) 4 201) (001)
9(1) 4.95) 17(2) (013
8.8(10) 4.905) 16(2) (111)
%Nb 46(3) 15(2) 8 69(5) (001)
42(6) 20(4) 62(8) (011)
56(6) 27(4) 83(10) (111

PbMgy/sNDby505
“Nb 46(3) 24(3) 18 685) (001
60(3) 29(3) 89(6) (012
36(3) 29(3) 53(5) (112

the dipole-dipole width that is equal to 2.8—3.6 kkims in The second reason to undertake numerical calculation of

the case of PSN The portion of the spectrum unbroadenedNMR line shape and EFG is related to the attempt to deter-
by the quadrupole mechanism or by an anisotropic chemicahine main sources of the EFG in both relaxor systems. In
shift accounts only for 2—3 % of the total intensity. It is clear view of the complexity and substantial uncertainty of the
that the Nb nuclei, which contribute to this narrow spectrum/ocal structure of these compounds, we used the simple
are located at positions close to the regular cubic ones. Thgoint-charge point-dipole model. However, we also took into
broad main part of thé€3Nb spectrum is related to the disor- account effects related to partial covalency of bonds in the

dered, locally noncubic, regions of the crystal. BOg octahedron as well as an electronic polarization to over-
The %Nb spectrum for PMN was fitted assuming local come the restrictions of point-charge model.
distortions along001), (110, or(111) directions, i.e., asin In the point-charge point-dipole approximation, the

the case of the PSN by E¢B). Since the procedure of the electric-field-gradient components at the site of the nucleus
simulation is similar to that described for PSN, we here pre-are given by
sented in Table | only the spectral parameters derived. Com-
paring spectral data for disordered PSN and PMN one can
emphasize a similarity in the symmetry and sometimes even Vij=(1- Vm)zk X0
in the values of electric-field gradients at Nb positions. How- :
ever, the homogeneous width of 18 kHz obtained in PMN iswhere g, and u are the electric point charge and dipole
much larger than that expected for t&Nb dipole-dipole moment of thekth ion, respectivelyr, is the distance be-
width. A reason for this will be discussed in the following tween thekth ion and the observation point, and- Jy.. is the
section. One can also see that the distribution of EFG irantishielding parameter. FGPNb the parameter 4 y..= 16
PMN is larger than in PSN. This is in agreement with the factwas taken as in othekBOj; crystals such as KNbQ" For
that in PMN local lattice distortions should be much largerthe 4°Sc ion, the antishielding parameter is rather uncertain.
due to bigger differences in the ionic chargesBdfand B” However, clearly its value has to be smaller in comparison
cations. with %Nb due to smaller number of electronic orbitals. The
value 1- v, =9 leads to the best agreement with the experi-
mental spectrum.

Three different contributions to the EFG were considered
in the sum(9). The first contributionVv{" is related to the

In the preceding section, the mean values of quadrupoleandom distribution of charges 8f /B” ions at lattice points
coupling constants at the Sc and Nb cation positions as webf the idealAB O; perovskite structure. Contributions of ions
as their dispersions were obtained on the basis of an analytat a distance up to five lattice consta@sm) were summed
cal calculation of the shape of the inhomogeneously broaddp. However, usually the distance up to 1.2-1.5 nm was
ened NMR line. The method has allowed to take into accounsufficient due to the rapid decay bf; with the distance. In
only the distribution of the quadrupole frequencigg, but  the calculations, thB-type ions were randomly distributed at
the presence of random deviations of EFG axes from theilattice sites or they were located in the 1:1 or 1:2 ordered
most probable directions, i.e., the fluctuationfg6,¢) [see  regions. The main condition for any ion configuration was
Eqg. (1)] was not taken into account to obtaine simple ana-lectroneutrality, i.e., the stoichiometrizy average 1:1 for
lytical formulas. Ignoring these fluctuations has resulted inPSN and 1:2 for PMINcomposition in the calculated region
much too high values of the homogeneous width, 4 kHz andvas conserved.
8 kHz for the*°Sc and®*Nb in PSN and 18 kHz for th&Nb As an example, the result of the calculation of the largest
in PMN. componentV,, as a function of polar anglé for PMN is

2
%'F likMik

e

, ©)

D. Numerical calculation of the EFG tensor and NMR
line shape
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0 where @, d,, d,) are vector components of the Nb or Sc
20 - 7 shift, zga' is the effective valence charge of the oxygen, and
b=a/2 (ais the lattice constantFor simplicity, thez“oaI was
1.5 - taken as an average value over all six oxygen ions. Its value
may lay in the range between 1.63¢e|(BaTiO;) (Ref. 20
10L and —0.89e| (KNbO;).%
The last term in Eq(9) is related to the induced electric
< o5l dipole momentsu;. Assuming that only the electronic po-
£ ' larization of the nearest six oxygenions gives a marked con-
@S tribution to the EFG(the other ions in the unit cell and the
o 00F next-nearest oxygens give contributions that are an order of
= magnitude smallgr the dipole contibution is
2 05|
84u
1ol Vi =(1- ')’w)Fda Vxx:Vyy: —V,/2,
L 84
15 vij:—(l—yw)FM'dj, i), (11)
20~ 180 wherepu is assumed to be in the direction of thexis of the

field gradient.

FIG. 4. Polar plot of th4V,] EFG component at Nb sites in  The electronic dipole moment is usually calculated from a
PMN calculated for random distributions KMgand NE* at lattice  knowledge of the polarization and the internal electric field.
points of the ideahBO; structure. For disordered relaxors, this is not suitable because only a

local polarization exists and there is a large uncertainty in the
presented in Fig. 4. Here, we took the effective valencedon positions. Therefore, for the calculation\sf we applied
charges of M§" and NB" as one-half of their formal the method of effective dipole moments, where electronic
charges. It is seen that,, lies close or along cubic direc- dipole moment can be expressediasZgd; , andZg is the
tions, but is strongly distributed in both the magnitude andBorn effective charge of oxygen. Taking into account the
orientation. The mean value|V,,|=0.78x10' V/cm?  special role of Pb ions, namely, their strong hybridization
(e?qQ/h=15 MHz) is much less than that expected fromwith oxygen ions, we used the effective charges derived in
the coupling constant measured. Thus, this contribution t&bTiO; where they successfully describe the spontaneous
the EFG cannot be responsible for the wide component opolarization?? For simplicity, the same avarage valueZf
the ®Nb NMR line. It can give only some contribution to =—4|e| was taken for six oxygenions in the octahedron.
homogeneous broadening of NMR line because it leads to @ne can see that under these conditions, expressis
distribution of directions of principal axes of the total EFG. and(11) become similar but with predominance of electronic
Note that in PbSgNDb,,0s, this part of EFG is small in  part becaus&®>7%?'. Note that similar results were ob-
comparison even with the dipole-dipole width due to thetained in KNbQ (Ref. 19 and BaTiQ.?

smaller difference between charges of Sand NB* and, Taking into account that the ion shifts have random values

in addition, 1:1 type relaxors have a more symmetrical disdue to the disorder of the Mg, Nb, and Sc positions, the ion

tribution of B'/B” ions. shift distribution function was assumed in the Gaussian form
The second contributio\di(jz) to the EFG accounts for the

shifts of B’/B” ions themselves relatively to the nearest six 1 (d—dg)?

oxygen ions. Possible shifts of Pbions were not taken into f(d)= 0(2—77)1/29)( 252 | (12)

account due to their smallgi0—15 time} contribution to
the EFG for the same values of the shifts. In a general casehered, is the mean value of the shift andis its disper-
for an arbitraryB-type ion shift with respect to the center of sion.
the undistorted oxygen octahedron, the following expres- The NMR spectrum intensity(») was obtained by sum-
sions for the EFG tensor components were obtained: ming the contributions of the NMR lines from a large num-
ber of clustergusually, 15 000—-20 000in which theB-type
el i<ons]>coult<d b%shiﬁed in one of the three directio(801),
o) 011, or(111.
ViP=(1- Vw)?(?’diz_dz)' As an example, the results 8¥Sc spectrum calculation in
PSN and®Nb spectrum calculation in PMN fds||[001] are
presented in Figs.(8) and 3b), respectively. The individual
val contributions that are related to the Sc and Nb shifts in dif-
V-(-2)=—(l—yoc)—odid-, i#], (10) ferent directions with respect to oxygen positions are pre-
N 5 J sented in the figures as well. Corresponding values of ion
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TABLE Ill. Parameters of ionic shifts in PMN at =450 K

@ ‘ © ‘ ‘ ‘
PSN: “S¢ B 1l [001) PMN: “Nb B fo01] derived from NMR data. Estimated error bar of ionic shifts is 25—
v, =923 MHz v =92.9 MHz 30 %
T=420K T=450K :
- 2 geermen Direction of ions shifts
—d [l <001> ——d Il <001>
T , P 1:2 Ordered (001  (011) (111
------- 1:1 8c/Nb order | IS ~--—~1:2 Mg/Nb order ;
y Portion (%) 2 56 21 21
dnb.o (NM) 0 0.016 0.021  0.017
Distribution o (nm) 0 0.005 0.01 0.01
0 20 Ho 02030 200 0 o 100 200 model of EFG calculation because they follow directly from
v (kHz) v (kHz2) the observed shape and width 8¢ and®*Nb NMR lines.

FIG. 5. Comparison between calculated on the base of Egs.
(9)—(12) and measured®Sc NMR spectrum in PSNa) and **Nb

NMR spectrum in PMN(b) at orientationB||[001]. Separate con- . o .
tributions to the NMR spectrum connected with different type of ~ 11€ key to understanding the origin of unusual physical

ion shifts are shown in the bottom panels by solid li(001)), ~ Properties of relaxor ferroelectrics is their local structure. At
dashed line ¢|(011)), and dotted line ¢[(111)); contributions ~ any temperature and even on a micrometric scale, the aver-

from 1:1 Sc/Nb and 1:2 Mg/Nb ordered regions are shown by thedge symmetry of PMN, for instance, is cubic rather than a
dash-dot lines. lower one(see, for instance, Refs. 3 and)2#h contrast to

PMN, PSN afT<T¢ (Tc=~350-360 K) undergoes a transi-
shifts and their distribution are given in Tables Il and 1. tion into theR3m rhombohedral ferroelectric phab&’ Note

Obtained data clearly show that the dipole moments of offfhat the polar long-range order appears not only in perfect
center shifted lattice ions are the main source of large EFG if+1 SCQNb ordered PSN, but even in partially ordered
PMN and disordered PSN. As it follows from Fig(bh such crystals: The compositional disorder thus does not prevent
local noncubic regions occupy practically whole volume ofthe establishing of long-range order. This may correspond to

the PMN crystal. In these noncubic regions, lattice ions aré Mixed ferroglass phase. It is important to compare the local
randomly shifted away from their cubic lattice sites in one ofStructures of PSN and PMN on the basis of NMR data be-

the directions(001), (011), or (111). The larger part of ~Cause many of the new models, which describe the behavior

ions (~50%) experiences a shift alo@01) axes. On the of PMN at low temperatures, are based on the existence of
contrary, in the ordered regions the3S¢ Nb>*, and G~ 1:1 Mg/Nb ordered microregions similar to 1:1 Sc/Nb re-

ions occupy completely cubic lattice positions, i.e., they aredions in PSN. ,
not shifted. It is clearly seen from Figs. 1 and 2 that for 1:1 ordered

However, the following two comments should be made. r€gions in PSN a distinct narrow lines in bottsc and**Nb
(i) The values presented in Tables Il and IIl are the relaNMR spectra are obtained. In these regions, Sc and Nb ions

tive shifts between NSO and oxygen ions, i.edypsg o are located in regular cubic lattice sites, where the total

A larger contribution tadyysg o Values due to oxygen-ion electric-field gra_dient is zero or_c!ose to zero. TA&Db
shift rather than that of NIS0 ions is expected in accor- MR spectrum in PMN also exhibits a narrow component
dance with x-ray datA. (Figs. 3 and 5 but its integral intensity is only about 2.5—

(i) The real values of ion shifts can be somewnhat differeng % Of the total spectrum intensitfrable 11l). Evidently, this
from those given in Tables Il and Il due to simplifications S the reason to ascribe thSNb resonance to the regular 1:2

made in the calculations, including the point-charge modelM9/Nb ordered regions of the crystal. Note that this reso-

However, the conclusion about the existence of the displacd}@nce could not belong to 1:1 Mg/Nb ordered regions be-
ments, their directions and distribution is not related to the"auss.in agreement with high-resolution electron microscopy
study?® the portion of such ordered regiori they exish

0, i — .

TABLE II. Parameters of ionic shifts in PSN @t=420 K de- SIhO‘:'d be%.3?./° 'PTI\Z‘ES}E 'Og.a' ¢15 2'5t B”P Ll O&d,\ﬁked g
rived from NMR data. Estimated error bar of ionic shifts is 25— ©USters €XIst In - (NE disagreement between an
30 %. electron microscopy data can be overcome only by assuming
that in these local regions the niobium and oxygen ions are

Direction of ions shifts off-center shifted as in completely disordered regions. This

1:1 Ordered (001 (011 (111 fact seems to be strange. Let us remind thap the Sc and Nb
ions in 1:1 Sc/Nb ordered PSN are situated in correct cubic

Portion (%) 30 35 15 20 lattice sites. Taking into account this argument, the model

IV. DISCUSSION

dsco NM) 0 0.015 0.016 0.017 based on the alternation of Nb and ()dlb,,5) layers which
Distribution o (nm) 0 0.001 0.001 0.001 also explains the observation of {1A1) superlattice dif-
dnpo (NM) 0 0.016 0.018 0.022 fraction peak??"?® seems to be more convincing. In this
Distribution o (nm) 0 0.005 0.005 0.0056 model local strains induced by the charge disbalance be-

tween the Nb and Mg/Nb layers can be locally compensated
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by oxygen-ion displacements which will give a contribution as well. According to a model proposed by some of us sev-
to the electric-field gradient. Additional contributions to EFG eral years agé® strong random fields existing in noncubic
are also due to (MgNby,3) layer compositional disorder.  structure completely destroy the ferroelectric long-range or-
It is important to emphasize that our data relating to theder that could be established B T, because the correla-
noncubic local structure of PMN clearly demonstrate that wejon radiusr, decreases a<T, (here,r, is the correlation
cannot describe the relaxor state in PMN as consisting ofadius of the lattice that should be responsible for the phase

static polar nanoregions embedded in a nonpolar cubic Maransition atT,). As a result only small movable polar clus-
trix as it was assumed in Ref. 10 because even on the NM rs would appear beloW,. In such a picture, the strong

time scale_ (105._1@8 s) the cubic symmetry is locally bro- dispersion and/-F law, observed in the temperature depen-
ken practically in whole crystal volume. Consequently, thedence of dielectric permitivity in PMNsee, e.g., Ref. 30,

relaxor state in PMN has to be considered as polar nanore- ) . . .
; . ) > P and reference thereirtan be considered as a manifestation
gions embedded in a nonpolar noncubic matrix.

The above results by themselves cannot exclude the pogJc the reentrant of the Burn's reference phaiee that in

sibility that ion shifts in one out of three observed directionsmagnetlc systen)§1

may be the result of a ferroelectric phase transition at the NOt€ that no anomalou$ dependence of the Nb NMR
Burn's temperaturd 4= 640 K. A recent neutron inelastic- N€ Shape has been observed by us at Burn's temperature,
scattering measurement of the lowest-energy TO phonoﬁlﬂt this cannot speak against the possibillity thataferroelec—
branch in PMN really have shown that abdvgzone center, tric transition occurs afly because, for example, in PSN
TO mode softens in a manner consistent with that of a ferro- "Nb, NMR spectrum does not show any anomaly at the
electric soft modd.Below Ty, the soft mode is overdamped temperature of phase transition as wélon the contrary,

by randomly oriented polar nanoregions which aris@@t  2°Pb NMR spectrum changes drastically in PSN Tat
Obviously, the noncubic local structure of PMN has to be<Tc. Thus, further studies, especialfj’Pb NMR spectra,
accounted for the temperature behavior of the soft TO modare necessary to clear up all a forementioned questions.

1G.A. Smolenskii and V.A. Isupov, Dokl. Akad. Nauk SSSR,  °C.G.F. Stenger and A.J. Burggraaf, Phys. Status SoliéiL,A275
653 (1954. (1980.

2L.E. Cross, Ferroelectricgs, 241 (1987. 1A, Abragam, The Principles of Nuclear MagnetisiClarendon,

3p. Bonneau, P. Garnier, G. Calvarin, E. Husson, J.R. Gavarri, Oxford, 196J.
AW. Hewat, and A. Morell, J. Solid State Cherl, 350 °M.D. Glinchuk and I.V. Kondakova, Sov. Sol. St. Phy€, 340
(1991). » (1998.

4C. Malibert, B. Dkhil, J.M. Kiat, D. Durand, J.F. Berar, and A. . R-R. Hewitt, Phys. Revi21, 45 (1961).

20
Spasojevic-de Bire, J. Phys.: Condens. Ma8e7485 (1997). R.E. Cohen and H. Krakauer, Phys. Rev4B 6416(1990.

21 s, .
5p. Bonneau, P. Garnier, E. Husson, and A. Morell, Mater. Res. R:I- Edlitis, A.V. Postnikov, and G. Borstel, Phys. Rev. 58,

2421(1996.
Bull. 24, 201(1989. -
®S. Vakhrushev, S. Zhukov, G. Fetisov, and V. Chernyshov, J23U'V' Waghmare and K-M. Rabe, P_hys. Rev5B 6161(1997).
A.S. Viskov and Yu.N. Venevcev, Fiz. Tverd. Tdlat. Peterburp
Phys.: Condens. Matte;, 4021(1994). 8, 416(1966
'G. Burns and F.H. Dacol, Solid State Commas, 423 (1973; 24N., -de Mathén E. Husson, G. Calvarin, J.R. Gavarri, A.W.
, Phys. Rev. &28, 2527(1988. Hewat, and A. Morell, J. Phys.: Condens. MaBe8159(1997).
A. Naberezhnov, S. Vakhrushev, B. Dorner, D. Stranch, and Hasy g knight and K.z. Baba-Kishi, Ferroelectritg3 341(1995.

. Mouddeq, Eur. Phyg. J. B1, 13(1999. _ 26C. Boulesteix, F. Varnier, A. Llebaria, and E. Husson, J. Solid
P.M. Gehring, S. Wakimoto, Z.-G. Ye, and G. Shirane, Phys. Rev. giate Chem108, 141 (1994).

Lett. 87, 277601(200D. 27T, Egami, W. Dmowski, S. Teslic, P.K. Davies, I.-W. Chen, and
19K, Hirota, Z.-G. Ye, S. Wakimoto, P.M. Gehring, and G. Shirane,  H. Chen, Ferroelectric206-207 231 (1998.

Phys. Rev. B65, 104105(2002. 283, Chen, H.M. Chan, and M.P. Harmer, J. Am. Ceram. S@c.
1pK. Davies and M.A. Akbas, J. Phys. Chem. Solls 159 593(1989.

(2000. 29M.D. Glinchuk and R. Farhi, J. Phys.: Condens. MaBe6985
12y van, S.J. Pennycook, Z. Xu, and D. Viehland, Appl. Phys. Lett.  (1996.

72, 3145(1998. 30M.D. Glinchuk and V.A. Stephanovich, J. Appl. Phy5, 1722

BM.D. Glinchuk, V.V. Laguta, I.P. Bykov, S. Nokhrin, V.P. Bovtun, (1999.
M.A. Leschenko, J. Rosa, and L. Jastrabik, J. Appl. Pjs. 31J.Ya. Korenblit and E.F. Shender, Usp. Fiz. Nal&7, 267

3561(1997). (1989.
¥R. Blinc, A.A. Gregorovic B. Zalar, R. Pirc, V.V. Laguta, and 2V.V. Laguta, M.D. Glinchuk, I.P. Bykov, R. Blinc, and B. Zalar, in
M.D. Glinchuk, J. Appl. Phys89, 1349(2001. Proceedings of the Second Open Franco-Ukraine Workshop on
5R. Blinc, J. Dolingk, A. GregorovicB. Zalar, C. Filipic Z. Kut- Ferroelectricity, Dinard, France, 20Q2dited by A. PerrifUni-
njak, A. Levstik, and R. Pirc, Phys. Rev. Le®3, 424(1999. versity of Rennes, Rennes, 2008. 7.

104106-8



