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The ferroelectric relaxor transitions ingQBay 3g\Nb,Og (SBN6D) and Sg g, Ce Bag 3gNb,Og (SBN61:Ce
y=0.0066) have been studied by quadrupole pertufBisth NMR. The spectra are inhomogeneous frequency
distributionsf(v) consisting of a central component due to the<2/2 1/2 transition and a broad background
due to the satellite transitions. From the temperature dependence of the width and position of the central
component spectrum and from tAedependence of, we determined thd dependence of the Edwards-
Anderson order parameter and of the normalized spontaneous polariRafitie random bond—random field
Ising model parameters ard,=485 K, J=388 K, and A/J?=0.14. The random-field contributio
=A/J? is here by two orders of magnitude larger than in the perovskite relaxor Piig 05 (PMN).
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[. INTRODUCTION charge disorder induced polar nanoclusters which are dy-
namic entities aboved . but become frozen out and con-
Strontium barium niobaté Sr,Ba, _,Nb,Og (abbreviated nected belowT, in the ferroelectric phase.
as SBN, is a prototypical relaxor systémwhich belongs to In PMN type cubic relaxors the order parameter field is
the tetragonal tungsten bronze ferroelectric oxide familyquasicontinuou8.The interactions between the polar nano-
AB,Og, rather than to the ABQ cubic perovskite family clusters and the observed linear and nonlinear dielectric re-
related to PbMgsNb,;50; (PMN). The congruently melting laxor properties have been described with the spherical ran-
Sh6BagsNb,0s (SBN61) is tetragonal both above dom bond—random field (SRBRP model®® NMR
(4/mmm) and below (4nm) T,=350 K and shows below investigations of PMR’ and related crystal$'! have re-
T, a spontaneous polarizatidhalong the tetragonal axis?  vealed both the dynamic character of the polar nanoclusters,
The ferroelectric unit cell contains five ABg units. Below as well as the temperature dependence of the Edwards-
T. all metallic ions are shifted along the tetragonal polarAnderson glass order parameter and the SRBRF predicted
axis. AboveT, the B&™ and Sf*, as well as 20% of the Gaussian line shapavhich is very different from the ones
Nb®* jons move towards symmetrical positions in the oxy-seen in Ising type dipolar glassésr simple inhomogeneous
gen layers, whereas the residual 80% of the Nimns are  ferroelectrics. The proper description of uniaxial SBN type
equivalently distributed above and below the oxygen planeg€laxor systems is still open and is at present the object of
The CE* ions are known to substitute the?Srions. The intensive research. Critical exponents emerging from the po-
system can be represented by the structural formuldarization autocorrelation function recerftfy suggested that
A,A,C,B,B505,. The A’ sites are occupied only by the SBN might be referred to as a random field dominated re-
SP*, whereas the Asites are disordered and can be occu-laxor ferroelectric.
pied both by the small 8f and the larger Bd ions. Only No NMR investigations of SBN type systems have been
5/6 of the A sites are occupied so that 1/6 of the A sites fornperformed so far to the best of our knowledge. Here we
vacancies. SBN61 is therefore referred to as an unfilledeport on an®*Nb(l =9/2) quadrupole perturbed NMR study
bronze? of pure SBN61 and Gé doped SBN61(SBN61:Ce¢ single
SBN type systems show in analogy to cubic relaxors giantrystals. SBN61:Ce is known to exhibit enhanced relaxor
polydispersivity and a huge sensitivity to external electricproperties:* We particularly wished to check on the micro-
fields® In spite of the random distribution of the®rand  scopic nature of the polar nanoclusters and the relative mag-
Ba®" ions no macroscopic concentration gradients do occunitudes of the random field and random bond contributions.
as shown by microanalysis measurement so that wide distriWe also wanted to compare the obtained results with the
butions of the Curie temperatures as suggested €acgr-  ones previously found in perovskite type relaxors and see if
not explain the relaxor properties. The primary source of thehe SRBRF model or the random bond-random field Ising
observed relaxor behavior is now beliefetito be due to model are applicable in the case of SBN.
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Il. EXPERIMENT s

=-w? : 4
SBN61 and SBN61:Ce crystals with optical quality were dt me2{mme1 @

grown by the Czochralski technique. Parallelepiped-shape
samples with{ 001} faces and siz&~6x4x4 mn? (long
edge parallel to the polac axis) were used in the NM

g/here the average transition probability per unit time is
R given by

experiments. ®*Nb(1=9/2) spin echo Fourier transform Q2 eQ|?

NMR spectra have been measured in a 9.2 T wide bore su- an me1= T2 CO J(0)+C1 J(wy)
perconducting magnet at &Nb Larmor frequencyv,

=w [2m=92.92 MHz. The width of the 90° pulse was 2

2.1 us. The central 1/2>—1/2 transition spectrum was +Co 5 J2wy). %)

studied via a Fourier transform of the spin echo, whereas the
satellite 1/2-3/2, 3/2-5/2, 5/2-7/2, and 7/2-9/2 transi- HereJ(0), J(w.), andJ(2w ) represent the spectral densi-
tion spectra were recorded by sweeping the irradiation freties of the autocorrelation functions of the EFG tensor ele-
guency and measuring the spin echo intensity. The temperanentséV,, 6V.,, and V. ,—which are related to the au-
ture dependence GFNb spin-lattice relaxation raf€é; * was  tocorrelation function of the order parameter field—at zero
measured with the saturation pulse sequencefrequency, at the Larmor frequenay , and at 2 , respec-
905...905...905...7—-90y—180°. The spin-spin re- tively. The coefficientCy, C4, andC, are

Iaxatlon rateTz1 has been measured with the Hahn,90°

—7—90y— 7—echosequence. o 97 (2m+1)2 (63)
an2-1)72 ’
lll. THEORY
2
A. Spin-spin and spin-lattice relaxation C1=7T—[I (1+1)(8m2+8m+ 6) — (8m*+ 16m®
The spin Hamiltonian of our problem is the sum of a large 2[1(21-1)1?
Zeeman ternttz, a time independent quadrupolar tettg, +34m2+26m+9)] (6b)
a chemical shift tern,,, and a dipolar ternt, as well as '
a time dependent quadrupolar perturbatifq(t): 2

Co=————[21(1+1)?=21(1 +1)(2m?+2m+3
H=Hz+HqotH,+Hp+ SHo(t)=Ho+ Ho(t). (1) ? qum—nf[ (b2l )
The time dependent parts &f, andH are here neglected +(2m*+4m3+ 16m*+ 14m+6)]. (60)
as they are small as compared ty(t). If the z axis is

chosen as the spin quantization ax@o(t) can be ex- It should be noted that in view of the §2+1)? factor C,
pressed ds =0 for m=—1/2. For half-integer spin nuclei the central

1/2< —1/2 transitionT, * thus does not reflect the low fre-

eQ ) quency EFG fluctuation spectiq0). For 1=9/2 and the

OHo(t)= 21-1) [Vo(DBIZ=1(1+1))+6V_y(1) central 1/2>—1/2 transition we thus have&C,=0, C;
=0.37, andC,=4.2. For the 3/2>1/2 satellite transition, on

Xl 1)+ oV (D -1+ 151 ) the other hand, we have he@,=0.7, C;=1.01, andC,

LV (D12 + 8V, (D121, ) =3.88. The above trend in the increase@f and C; and

decrease irC, continues(see Appendix Auntil we find for
whereVo=V,;, V1=V, *iVy,, andV.,=(Vy—Vy,)/2 the 9/2-7/2 s_atellite transitiorCy=1.1, Cl_=3.29, andC,
+iVy, are combinations of coefficientg;; of the electric =0.92. The difference between the satellite and central tran-
field gradient(EFG) tensor in a coordinate frame with tze ~ sition T, * can be thus used to estimate the low frequency
axis along the direction of the external magnetic field. In firstfluctuation spectrund(0).
order perturbation theory the eigenstatiesn) of |, are also For the case of relaxor®r more generally, a glassve
eigenstates of the large Zeeman teffnand the small quad- have to take into account that the state of the system is in the
rupole termHq. The density matrixp(t) evolves in time fast motion limit characterized by a local polarization distri-

according to the equation of motion bution functionW(p) and thatT, itself will depend on the
local polarizationT,=T,(p)=(1—p?)~%? (see Appendix
dp( ) B).
i =[Ho+ 8Hqo(1),p(1)]. 3 The T, decay of the magnetization can be written as
The equation of motion can be most easily solved in the +1 t
interaction picture. Omitting details which will be described = W(p)exp — 7 ) @)

elsewhere, we obtain the spin-spin relaxation rate from the

time development of the off-diagonal elements of the transFor a relatively narrow local polarization distribution func-
formed density matrixo. For each off-diagonal element tion W(p) expression7) can be approximated by an expo-
m,m+ 1) we find a monoexponential time decay: nential decayM | (t) ~exp(—t/T,ef) .
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The situation is somewhat different in the case of spin- 1 p2
lattice relaxation. Here EFG fluctuations induce transitions W(p)=—=expg — 2—) (13
between the diagonal elements(af) V27q q
d(o) whereq is the spherical glass Edwards-Anderson order pa-
dtm'm =2 ~WO () mm—(0)ew)- (8)  rameterW(p) is thus here Gaussian at all temperatures. The
k glass order parameter
The average transition probabilities between the energy lev- 1
elsm andk per unit_ ftimeWET{)k corresp(_)nd to tham==+1 g=lim lim <<S(O)S(t)>t’>diszﬁ 2 <Si>2 (14)
andAm= *2 transitions and are obtained as t—ooN— [
I (w)) |eQ? is here forJy— 0 determined from the equation
1= || 2m+1)Z[1(1+1)
T o2L-nPlh q=pB%1-a)*(Iq+4), (15
—m(m+1)], (98  where=1KT. ForJ(2,>J2+A andT<T, long range ferro-
electric order appears and one has
mJ(2w.) |eQ|?
e 2=————— == [I(1+1)—m(m+1)] 1 1 (p—PYy?
27 (a— P2) _
X[1(1+1)—(m+21)(m+2)]. (9b) a a

whereP is the long range order parameter, i.e., the dimen-

Neither the satellite nor the central transition spin-lattice re<jsniess normalized spontaneous polarizatiBR. is here

laxation rates here reflect the spectral density of fluctuationaiven by
at zero frequency given by(0).

J\2 T, A
B. The spherical random bond-random field model p2= { 1_(3_) }(1— J—) - ?, T<T, (16b)
0 0
The uniaxial spherical random bond-random field 0
(SRBRB model Hamiltonian of a system of interacting polar andq by
nanoclusters can be written®as
-
g=1-—. (160
Jo

H:_Zj Jijsisj_zi hS, (10
' The quadrupole perturbed NMR resonance frequency is

where thel;; are infinitely ranged random interactions @nd  for T>T, related to the local polarization as
are quenched random fields assumed to obey independent
Gaussian distributions characterized by their variances v=vo+ vip+ vop>+ - - - a7
[J515=J%N and [hih;]15,=&;A and mean value$J;; 15,
=Jo/N and[h;]5,=0. The brackets here designate the dis-
order average. Fo}§< J2+ A the system forms a glass with-

resulting in an inhomogeneous NMR line shéfe)

out long range order whereas fa§>J?+A a long range f(V)=f W(p)8(v—vo—v1p—v,p*)dp (18
ordered inhomogeneous ferroelectric occurs below the tran-
sition temperatur@ .~ Jy/k. which is Gaussian fofv,|>|v,| (linear casg The second

The dimensionless order parameter figlds proportional moment off (v) is in the linear case proportional to the glass
to the cluster polarization. It is in fact a discrete quantityorder parameter
restricted to a large but finite number of values. In the sim-

plest case we may assume tisaffluctuates continuously M,= VfQ- (19
—0<G<®, (11 If a quadratic term is present in the expansid) in
. . addition to a linear one and/(p) is symmetric, it is the first
subject to the closure relation moment off () which is proportional ta
> SP=N, (12) M1=7,q. (20
I

It should be noted that expressi¢R0) is valid also in the
whereN denotes the total number of reorientable polar clusferroelectric case, where the presence of domains makes
ters. The local polarization of a cluster is defined in the fasty(p) symmetric. It is however not valid in a poled crystal
motion limit asp;=(S;). The local polarization distribution whereW(p) is asymmetric. In this last cadé, is given by
function W(p)=(1/N)Z;6(p—p;) can be forJ>J, ex-
pressed as M;=r,P+v,q. (21
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C. The random bond-random field Ising model 1.0

SrD,S1BaO.?»QNbZOG:CeE}+
In the random bond-random fieldRBRF) Ising model {v, =92.923 MHz
the reorientable dipole can be described by an Ising pseu 0.8 ]4(cBy)=0°
dospinS’=+1 and the random bond-random field Hamil- T=420K

tonian ig®

o
[«
1

H=—2, JijSZSjZ_Z. hiS?, (22
i, !

°
kS
I

Intensity (arb. units)

where the infinitely ranged quenched random interactipns
and the quenched random fieldsare introduced in analogy
to the SRBRF model of Sec. Il B. The local polarization
distribution functionW(p) is however more complicated 0,0

©
&
1

— 1+ 1 r T r 1 T r 1 T T 7
herel? -2000 -1500 -1000 -500 O 500 1000 1500 2000
v-v, (kHz)
1 1
(p)= > 5 FIG. 1. The®Nb NMR line shape in SBN61:Ce dt=420 K
BN2m(JI°q+A) 1-p for ¢||B, anda B, exhibiting a central 1/2> —1/2 component su-

2 perimposed on a broad background due to satellite transitions. The
wexd — (arctantp— BJoP) (23  Slight asymmetry of the central component shows that in addition to
28%(J%q+A) ' the linear a small but nonzero quadratic term is also present in the

expansion of the frequency in terms of the local polarization.
In the glassy phase, which occurs fdrJ, it is single
peaked abové& s~ J/k and becomes double peaked well be-

low Tg. The inhomogeneous NMR line shapgv) is ob- P= L e X2 tanH 8329+ A x+ BI,P)dx.
tained fromW(p) as Vom) -
(26b)
_ [t _ It should be noted that according to E¢26) the slope of the
f) f—l W(p)elv—w(p)]dp (243 g vs T plot changes discontinuously at the the ferroelectric
transitionT.. The change in the slope my be however hard
or equivalently to notice in the case of large random fields.
According to the x-raj data the NB" ions move in a
W(p) double potential well which becomes asymmetric below
f(v)= dv (24D For such a case one finds for the quadrupole perturbed sat-
do ellite transitions
p
. . -1__ __n2)\3/2
with the help of the relatiorf17). T, ~C(1-p)~~ (27)
Here we again assumed to be in the fast motion regime
where the NMR nucleus “sees” the time averaged value of IV. RESULTS

the pseudospis(t), so that the local polarization is given

by pi=(S?). The glass order parameter can be obtained from The “Nb quadrupole perturbed NMR spectrum of a
the moments of (v) in the same manner as described in SecSBN61:Ce single crystal is shown in Fig. 1 for=420 K

Il B. A ferroelectric transition occurs af.~J,/k provided >T,, c||Bo, andal By. Instead of sharp lines as in ordered
thatJy>J. It should be noted that in the absence of randoncrystals one finds here a frequency distribution consisting

fields, i.e., forA=0 andJy<J, one has of a central component superimposed on a broad back-
ground. The spectra in SBN61 and SBN61:Ce are much
q=0, T>Tg=J/k, (259  broader than the corresponding ones found in cubic relaxors
like PMN.® Both the central component, which is about 60
>0, T<Te. (25p ~ KHz broad, and the background, which extends over more

than 4 MHz, are characteristic foF'Nb spectra in charge
and site disordered relaxors. What one expects to see is a
central 1/2-—1/2 NMR transition shifted in second order
by quadrupole interaction and four pairs of first order quad-
rupole split satellites corresponding tam==1 trans-
1 (e itions *1/2—-+3/2, =*+3/2-=*5/2, =*5/2—~+*7/2, and

_ %212 A A +7/2—£9/2. The relative intensities of these transitions are
a V2w 8 tantf(5I"a+ A x+ pIoP)dx given by the matrix elemertm|l,/m—1)|?> and amount to

(263 9:16:21:24:25:24:21:16:9. The intensity of the central transi-

For Jo>J the glass order parametgiand the normalized
polarizationP are obtained from the following two coupled
self-consistent equations:
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a.) Pure b.) Doped T(K)
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FIG. 2. Temperature dependence of b 1/2——1/2 NMR
line shape in(@ SBN61 at the orientatio= 2 (c,By)=25°: T 1000 |
=450 K (100 K aboveT,=350 K), T=355 K, T=345 K, and
T=250 K; (b) SBN61:Ce at the orientatiofi=/ (C,Bo)=25°: T
=430 K (100 K aboveT.=328 K), T=335 K, T=325 K, and
T=230 K RPN U
: 2.0 2.5 3.0 3.5 4.0
1000/T (1000/K)

tion should thus amount to about 14% of the total NMR
intensity. This indeed corresponds to the observed relative FiG. 3. Temperature dependence®b spin-lattice relaxation
intensities of the central component and the broad backime T, in SBN61 aty=»_+200 kHz. The solid line represents a
ground. One can thus ascribe the central component speguide for the eye.

trum to a set of disorder induced shifts of the 4/2-1/2

transitions, whereas the background is obviously due to Stgnd (M,) moments of the central component spectrum and
perimposed satellite transitions smeared out by charge angle corresponding fits to the random-bond random-field Ising

site disorder affecting bothq and’,, . and SRBRF modelsolid lineg are shown in Fig. 4 and Fig.
The temperature dependence of fHdlb central compo- 5, respectively.
nent spectra for pure SBN61 at(c,B,) =25° andal B is In the Ising caséFig. 4) the parameters in the expansion

shown in Fig. 2. The line shapes of the Ce-doped SBN6bLf the NMR frequency[Eq. (17)] are v,=2.8 kHz, v,
have a similar temperature dependence shifted for about 2867 kHz, andv,=—18 kHz. The NMR spectrum is here
K to the lower temperatures. The width and position of theobtained as
central component varies with temperature. The variation in

the width is much smaller than the variation of the width of ¥
the ®*Nb central component in PMRiwhere the central line f(v)=f
is much narrower. In SBN the static EFG tensuy;{ distri-
bution Pg(V;;) induced by the substitutional charge disorder
obviously dominates the site disorder induced by the glassy
EFG distribution Pg(Vj;) reflecting dynamic polar nano-
clusters. The distributioRs(V;;) is for each of the five EFG
tensor elements an independent Gaussian distribttion.

The static substitutional disorder induced width of the
NMR lines in SBN makes a determination of the local po-
larization distributionW(p) from the NMR line shape rather
difficult and unreliable. Thus one cannot make a straightfor-
ward discrimination between the SRBRF model and the
RBRF Ising model on the basis of the difference between
W(p) in these two cases.

The temperature dependence of b effective spin-
lattice relaxation timeT, is presented in Fig. 3. On cooling
from 450 K, T, slowly decreases with decreasing tempera- .
ture down to 350 K and then starts to increase. The results T T T
show that we are similarly as in PMKRef. 6 in the fast 250 300 350 400 450
motion regimeAwr<<1 above 250 K so that the analysis T T
developed in Secs. Il B and Ill C can be applied. The sharp  F|G. 4. Temperature dependence(af M, and (b) M, for the
increase inT, below T, is the result of the development of 93Np NMR line shape in SBN61 at=25° The solid lines represent

long range order, i.e., the macroscopic polarization. the corresponding fits from the RBRF Ising model with the param-
The temperature dependences of the fiMt) and sec- etersJ,=485 K, J=388 K, andA/J?=0.14.

1 1
Slv=v(p)I5[W(p)+W(—p)ldp (28)

-1

0 —T T T T "
250 300 350 400 450
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———
J, = 485 K
J=388K 1

1.0 H

0.8+

0.6
O -
0.4
0.2
o
0 100 200 300 400
T(K)

FIG. 6. Temperature dependence of the Edwards-Anderson glass
order parameteq in SBN61, where the open squares represent the
experimental values obtained from tf8Nb NMR line shape and
the solid line represents the fit to the RBRF Ising model with the
parameters mentioned in the text. The change ingthe T plot is

FIG. 5. The fits(solid lineg with the SRBRF model to the shown in the inset.
temperature dependences of the fikf (circles and secondv,

(open squarésnoments of the*Nb line shape. The SRBRF model

parameters ard,=495 K, J=347 K, andA/J?=0.30.

To check on the onset of static long range order in SBN
we decided to study the homogeneous linewidth, i.e., the
temperature dependence of the effective spin-spin relaxation

since two 180° domains with P and — P exists in SBN for  time T, In order to minimize the dynamic contribution, we
T<T.. The first moment is here directly related to the glassyecided to study the behavior at+200 kHz, i.e., theTeq

order parameteq

of the satellite transitions where tl3¢0) term is present as
well.
As it can be seen in Fig. 7T, is here practically

M= f_m"f(v) dv=v0, (29 T-independent between 450 K and 350 K. It should be noted

whereas the second moment is more complex

o o +1
Mzzj (V—v)zf(v)dv=v§q+ ngilpA'W(p)dp—V%q .
(30)

—o0

The RBRF Ising model parameters obtained from the fits are 1000 ' T ' T " T
Jo=485 K, J=388 K, A=21210 K, andT,=350 K. It
should be noted that the random field contributidin)?
=0.14 is here significantly larger than in PMN type relaxors, 800

whereA/J%2~1073.8

It should be stressed that the above set of parameters de
scribes rather well the temperature dependences of Mgth 600 -
and M,. Within the limits of experimental error it also de- __
scribes the static linear susceptibility data obtained by Klee-€ ]
The M, data could not be well described with :N

mannet al*®

that the homogeneous width given by#Tl,~2 kHz is
much smaller than the inhomogeneous width 60 kHz of the
spectrum(Fig. 2), thus confirming that the NMR spectra are
in fact disorder induced inhomogeneous frequency distribu-
tions. BelowT.=350 K it sharply increases until a value of
T,=950 us is reached. We believe that this limiting value is

2

SBN61 |
SBN61:Ce

O

the SRBRF model as it can be seen from Fig. 5. Nevertheles
it should be stressed that here too the random field contribu _
tion A/J?=0.3 turns out to be much larger than in perovskite

type relaxors. The fact that the random field contribution in 200
uniaxial SBN is much larger than in cubic relaxors is thus

model independent.

The temperature dependence of the Edwards-Andersol 0 , : , : , : ,
glass order parameter obtained from the data in SBN61 ac 250 300 350 400 450
cording to the RBRF Ising model fit is shown in Fig. 6. T(K)

The inhomogeneous NMR linewidth as well &, and
M;—and hence the glass order paramegerare not much FIG. 7. Temperature dependence BNb spin-spin relaxation
affected by the ferroelectric transition &t . This can be time T, in SBN61 and SBN61:Ce at= v, +200 kHz. The solid
well understood in view of the huge random field contribu-lines represent the fits with the Eq82) and (33) and parameters
tion which smears out the glass transition. Py=1.1 andg=0.15.
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SBN the order parameter critical exponghis dominated by
random fields rather than by random bonds.

This finding corroborates previous inferences when dis-
cussing tendencies of other critical exponents deduced from
linear birefringence datay—1 andy—1.88 in accordance
with predictions of the three-dimensional random-field Ising
model*®

In connection with the description of tAg data in terms
of critical exponents it should be noted that there is no dis-
o w0 20 =0 400 continuity in the NMR T, data nor in the slowly cooled

T (K) susceptibility data., _whl_ch would give hint at a possible first-
order phase transition in SBN and SBN:Ce. One should also

FIG. 8. Temperature dependence of the reduced polarizRion mention that in order to be sure, the linear birefringence has
in SBN61. The circles represent the polarization as determined frotheen carefully measured as a function of temperature at cool-
the NMRT, data, while the solid line represents the polarization asing rates 10 mK/min in order to avoid any smearing effects
determined from the pyroelectric measurements of the polarizatiodlue to the expected large critical slowing down. The mea-
as determined by Glasst al. (Ref. 1). The critical exponenf3  surements have been done on microscopically small regions
=0.15 was determined from the experimental points above the dolef the sample £20x 20X 100 um?), hence avoiding tem-

1.0+
0.8+
0.6

reduced P

0.4 1
0.2 1

0.0

ted line, i.e., close td.. perature gradients.
determined by th&-independent dipole-dipole contribution
to the homogeneous linewidth. The critical quadrupolar con- V. CONCLUSIONS
tribution T, is now obtained from The ®Nb NMR spectra of the uniaxial relaxor com-
pounds SBN61 and SBN61:Ce are dominated by substitu-
t_t. 1 (3 tional charge disorder rather than by site disorder. Neverthe-
Toett T2o Top-p' less a careful analysis of the data allowed for a determination
of the random-bond and random-field contributions as well
whereTyp_p=950 us. _ as for a determination of the temperature dependence of the
The T-dependence of 5o given by Edwards-Anderson glass order parameter. The random-field
contribution is in SBN by two orders of magnitude larger
1 X . . .
e (1-P2)E2) (32) than in cubic relaxors like PMN where the order parameter is

Tao quasicontinuous. The polar order paramd®eas measured
by the spin-spin relaxation timé&, steeply increases below

can be now well described with the dependence of the T, with a critical exponent which within the limits of experi-

spontaneous polarizatidifFig. 8) mental error agrees with = 3 random field Ising model one.
Though both random bonds and random fields are present,
b_p (TC—T)B (33 the critical behavior close td. is dominated by random
o T, ' fields and is of the 3D-random field Ising model type.
where the exponen@=0.15+0.03 is within the limits of the
experimental error the same as the one obtained by Giass ACKNOWLEDGMENTS
the pyroelectric measurement of the spontaneous polariza- The authors would like to thank the Ministry of Educa-
tion (Fig. 7) in SBN60. HerePo=1.1. tion, Science and Sport of Slovenia, the German Bundesmin-

A fit which is not quite as good can be obtained by thejsterium fir Bildung und Forschung, and Deutsche Fors-
D=3 Ising model critical exponerg=0.31 but not with the  chungsgemeinschatt for financial support, and Dr. B. Tadic

spherical model exponeng=0.5. It should be mentioned for yseful discussions on the random field critical exponents.
that the obtained rather low value of the order parameter

exponentB=0.15+0.03 is compatible with the numerical
estimates for thdD =3 random field Ising modeB=0.06 APPENDIX A: COEFFICIENTS C,, C;, AND C,

+0.07%% It should be also noted that the critical exponent L .

The coefficientCy, C4, andC, determining the depen-
B=0.35 of the dilutéd) Ising model° which belongs to the dence of the spin-sp?in rélaxationz g’ g P
same universality class as the random exchange model, Is

significantly higher than the experimental value in SBN. ) 5 5
In fact in SBN both random fields and random bonds are —1_ . |€Q 30)+C eQ )+ C eQ 320,

present, as shown by thé; andM, results. In the presence 2 % h Y'h L 2l h L

of both random fields and random bonds, one of these two (A1)

contributions becomes dominant and suppresses the effect of

the other as far as the value of the effective critical exponenon the spectral densitidg0), J(w, ), andJ(2w,) are shown

is concerned! The above results thus seem to show that inin Table | for some typical values of the nuclear spin
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TABLE I. CoefficientsC,, C4, andC, for different nuclear spin  dipole moment+ 1) local minimum, respectivelyV_ . and
I values as determined from Eq$6a—(6c). The transitions W, _ are the probabilities per unit time of a transition from a
m—m-+1 labeled with positive numbera are omitted, since sym- higher to a lower minimum and vice versa. These two prob-
metric satellite transitionsnf—~m+1 and—m«< —m+1) have the  gpjlities per unit time are assumed to be thermally activated

same spin-spin relaxation rafg *. and can be expressed in the following form:
| mem+1 Co C, C, 1A Ep
1 —1-1 22.21 14.80 9.87 W‘+_W°eXp( T2k ) B23
3/2 —3/2—~—-1/2 9.87 6.58 6.58 1 AE
32 —1/2+1/2 0 6.58 6.58 W, _ =W0exp( -3 k—{’) , (B2b)
2 —2-—1 5.55 5.35 4.11
2 —-1-0 0.62 3.70 5.76 1 AE,
Wo= 17, exr{ - W) . (B20)
5/2 —5/2«—3/2 3.55 4.74 2.76
5/2 —3/2-—1/2 0.98 3.55 4.54 Here AE, is the height of the potential barrier and the
5/2 2 +1/2 0 1.58 5.53 correlation time in the absence of the polarization at very
3 —3e—2 247 4.8 1.97 high temperatures. The asymmef, is the difference be-
3 21 0.89 3.75 355 tw_egn the height of the pc_)tentlals of the r_ngher and_ lower
3 150 0.10 1.38 4.87 minimum of the asymmetric double potential well. It is re-
lated to the polarizatiop as
712 —7/2—~—5/2 1.81 3.89 1.48
712 —5/2——3/2 0.81 3.89 2.82 AEp
712 —3/2—1/2 0.20 1.75 4.16 p:ta”"(m)' (B3)
712 —1/2—+1/2 0 0.67 4.70
By introducing a new variablAp=(n, —n_)—p and not-
9/2 =92 —1712 1.10 3.29 0.92 ing thatn, +n_=1 the master equations, E®1a), have a
9/2 —7/2—=5]2 0.62 3.93 1.87 particularly simple solution:
9/2 —5/2——3/2 0.27 2.56 3.02
9/2 —3/2—~—1/2 0.07 1.01 3.88 t
9/2 — 1204112 0 0.37 4.20 Ap(t)zAp(tzo)EXP( - ;)’ (B4)
where
APPENDIX B: SPECTRAL DENSITY OF THE EFG
AUTOCORRELATION FUNCTION IN AN ASYMMETRIC B AE,
DOUBLE POTENTIAL WELL T=(W_ +W, ) =1, eXp( W) 1-p* (B

A particle moving in an asymmetric double potential well : L
can be described with the probabilities of finding the particIeThe autocorrefation function is then

in a given potential well. These obey the master equations t
. Ap(O)Ap(t)=Ap(0)2exn( - —)- (B6)
n_=—n_W_,+n.W,_, (B1a) T
No=—n.W, +n. W_,, (B1b) The average autocorrelation functidmp(0)Ap(t) is then

found as the thermal average of two cases, i.e., for the par-
wheren_ andn, are the probabilities of finding the particle ticle in the higherAp(0)=—1—p and in the lowerAp(0)
in the higher(with a dipole moment-1) and lower(with a  =1—p potential well minimum

)2 - 2
eXp(AE,/2KT) (1= p)?+exp( — AE,/2KT)(1+p) exp(_i), (B7)

Ap(0)Ap(H)= >

whereZ=expAEy/2kT) + exp(—AEy/2kT). The real part of the spectral densitfw) is finally

J(w):f:Ap(O)Ap(t)exp(—iwt)dt=(1—pZ)H—;zTZ, (B8)

with 7 given by expressioliB5).
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