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93Nb NMR of the random-field-dominated relaxor transition in pure and doped SBN
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The ferroelectric relaxor transitions in Sr0.61Ba0.39Nb2O6 ~SBN61! and Sr0.612yCeyBa0.39Nb2O6 ~SBN61:Ce
y50.0066) have been studied by quadrupole perturbed93Nb NMR. The spectra are inhomogeneous frequency
distributionsf (n) consisting of a central component due to the 1/2↔21/2 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 theT dependence ofT2 we determined theT dependence of the Edwards-
Anderson order parameter and of the normalized spontaneous polarizationP. The random bond–random field

Ising model parameters areJ05485 K, J5388 K, and D/J250.14. The random-field contributionD̃
5D/J2 is here by two orders of magnitude larger than in the perovskite relaxor PbMg1/3Nb2/3O3 ~PMN!.

DOI: 10.1103/PhysRevB.64.134109 PACS number~s!: 61.43.2j, 77.84.Dy, 76.60.2k
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I. INTRODUCTION

Strontium barium niobate,1 SrxBa12xNb2O6 ~abbreviated
as SBN!, is a prototypical relaxor system2,3 which belongs to
the tetragonal tungsten bronze ferroelectric oxide fam
AB2O6, rather than to the ABO3 cubic perovskite family
related to PbMg1/3Nb2/3O3 ~PMN!. The congruently melting
Sr0.61Ba0.39Nb2O6 ~SBN61! is tetragonal both above
(4/mmm) and below (4mm) Tc5350 K and shows below
Tc a spontaneous polarizationP along the tetragonalc axis.4

The ferroelectric unit cell contains five AB2O6 units. Below
Tc all metallic ions are shifted along the tetragonal po
axis. AboveTc the Ba21 and Sr21, as well as 20% of the
Nb51 ions move towards symmetrical positions in the ox
gen layers, whereas the residual 80% of the Nb51 ions are
equivalently distributed above and below the oxygen plan
The Ce31 ions are known to substitute the Sr21 ions. The
system can be represented by the structural form
A28A49C4B28B89O30. The A8 sites are occupied only by th
Sr21, whereas the A9 sites are disordered and can be occ
pied both by the small Sr21 and the larger Ba21 ions. Only
5/6 of the A sites are occupied so that 1/6 of the A sites fo
vacancies. SBN61 is therefore referred to as an unfi
bronze.4

SBN type systems show in analogy to cubic relaxors gi
polydispersivity and a huge sensitivity to external elect
fields.5 In spite of the random distribution of the Sr21 and
Ba21 ions no macroscopic concentration gradients do oc
as shown by microanalysis measurement so that wide di
butions of the Curie temperatures as suggested earlier2 can-
not explain the relaxor properties. The primary source of
observed relaxor behavior is now believed6–8 to be due to
0163-1829/2001/64~13!/134109~9!/$20.00 64 1341
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charge disorder induced polar nanoclusters which are
namic entities aboveTc but become frozen out and con
nected belowTc in the ferroelectric phase.

In PMN type cubic relaxors the order parameter field
quasicontinuous.6 The interactions between the polar nan
clusters and the observed linear and nonlinear dielectric
laxor properties have been described with the spherical
dom bond–random field ~SRBRF! model.6,9 NMR
investigations of PMN6,7 and related crystals10,11 have re-
vealed both the dynamic character of the polar nanoclust
as well as the temperature dependence of the Edwa
Anderson glass order parameter and the SRBRF predi
Gaussian line shape6 which is very different from the ones
seen in Ising type dipolar glasses12 or simple inhomogeneou
ferroelectrics. The proper description of uniaxial SBN ty
relaxor systems is still open and is at present the objec
intensive research. Critical exponents emerging from the
larization autocorrelation function recently4,13 suggested tha
SBN might be referred to as a random field dominated
laxor ferroelectric.

No NMR investigations of SBN type systems have be
performed so far to the best of our knowledge. Here
report on an93Nb(I 59/2) quadrupole perturbed NMR stud
of pure SBN61 and Ce31 doped SBN61~SBN61:Ce! single
crystals. SBN61:Ce is known to exhibit enhanced rela
properties.14 We particularly wished to check on the micro
scopic nature of the polar nanoclusters and the relative m
nitudes of the random field and random bond contributio
We also wanted to compare the obtained results with
ones previously found in perovskite type relaxors and se
the SRBRF model or the random bond–random field Is
model are applicable in the case of SBN.
©2001 The American Physical Society09-1
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II. EXPERIMENT

SBN61 and SBN61:Ce crystals with optical quality we
grown by the Czochralski technique. Parallelepiped-sha
samples with$001% faces and sizeV'63434 mm3 ~long
edge parallel to the polarc axis! were used in the NMR
experiments. 93Nb(I 59/2) spin echo Fourier transform
NMR spectra have been measured in a 9.2 T wide bore
perconducting magnet at a93Nb Larmor frequencynL
5vL/2p592.92 MHz. The width of the 90° pulse wa
2.1 ms. The central 1/2↔21/2 transition spectrum wa
studied via a Fourier transform of the spin echo, whereas
satellite 1/2↔3/2, 3/2↔5/2, 5/2↔7/2, and 7/2↔9/2 transi-
tion spectra were recorded by sweeping the irradiation
quency and measuring the spin echo intensity. The temp
ture dependence of93Nb spin-lattice relaxation rateT1

21 was
measured with the saturation pulse sequen
90°x . . . 90°x . . . 90°x . . . t290°y2180°. The spin-spin re-
laxation rateT2

21 has been measured with the Hahn 9x

2t290°y2t2echosequence.

III. THEORY

A. Spin-spin and spin-lattice relaxation

The spin Hamiltonian of our problem is the sum of a lar
Zeeman termHZ , a time independent quadrupolar termHQ ,
a chemical shift termHs , and a dipolar termHD , as well as
a time dependent quadrupolar perturbationdHQ(t):

H5HZ1HQ1Hs1HD1dHQ~ t !5H01dHQ~ t !. ~1!

The time dependent parts ofHs andHD are here neglected
as they are small as compared toHQ(t). If the z axis is
chosen as the spin quantization axis,dHQ(t) can be ex-
pressed as15

dHQ~ t !5S eQ

I ~2I 21! D @dV0~ t !„3I z
22I ~ I 11!…1dV21~ t !

3~ I 1I z1I zI 1!1dV11~ t !~ I 2I z1I zI 2!

1dV22~ t !I 1
2 1dV12~ t !I 2

2 #, ~2!

whereV05Vzz, V615Vxz6 iVyz , and V625(Vxx2Vyy)/2
6 iVxy are combinations of coefficientsVi j of the electric
field gradient~EFG! tensor in a coordinate frame with thez
axis along the direction of the external magnetic field. In fi
order perturbation theory the eigenstatesuI ,m& of I z are also
eigenstates of the large Zeeman termHZ and the small quad
rupole termHQ . The density matrixr(t) evolves in time
according to the equation of motion

i\
dr~ t !

dt
5@H01dHQ~ t !,r~ t !#. ~3!

The equation of motion can be most easily solved in
interaction picture. Omitting details which will be describe
elsewhere, we obtain the spin-spin relaxation rate from
time development of the off-diagonal elements of the tra
formed density matrixs. For each off-diagonal elemen
um,m11& we find a monoexponential time decay:
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d^s&m,m11

dt
52Wm,m11

(2) ^s&m,m11 , ~4!

where the average transition probability per unit time
given by

Wm,m11
(2) 5T2

215C0UeQ

h U2

J~0!1C1UeQ

h U2

J~vL!

1C2UeQ

h U2

J~2vL!. ~5!

HereJ(0), J(vL), andJ(2vL) represent the spectral dens
ties of the autocorrelation functions of the EFG tensor e
mentsdV0 , dV61, anddV62—which are related to the au
tocorrelation function of the order parameter field—at ze
frequency, at the Larmor frequencyvL , and at 2vL , respec-
tively. The coefficientsC0 , C1, andC2 are

C05
9p2

4@ I ~2I 21!#2
~2m11!2, ~6a!

C15
p2

2@ I ~2I 21!#2
@ I ~ I 11!~8m218m16!2~8m4116m3

134m2126m19!#, ~6b!

C25
p2

2@ I ~2I 21!#2
@2I 2~ I 11!222I ~ I 11!~2m212m13!

1~2m414m3116m2114m16!#. ~6c!

It should be noted that in view of the (2m11)2 factor C0
50 for m521/2. For half-integer spin nuclei the centr
1/2↔21/2 transitionT2

21 thus does not reflect the low fre
quency EFG fluctuation spectraJ(0). For I 59/2 and the
central 1/2↔21/2 transition we thus haveC050, C1
50.37, andC254.2. For the 3/2↔1/2 satellite transition, on
the other hand, we have hereC050.7, C151.01, andC2
53.88. The above trend in the increase ofC0 and C1 and
decrease inC2 continues~see Appendix A! until we find for
the 9/2↔7/2 satellite transitionC051.1, C153.29, andC2
50.92. The difference between the satellite and central tr
sition T2

21 can be thus used to estimate the low frequen
fluctuation spectrumJ(0).

For the case of relaxors~or more generally, a glass! we
have to take into account that the state of the system is in
fast motion limit characterized by a local polarization dist
bution functionW(p) and thatT2 itself will depend on the
local polarizationT25T2(p)}(12p2)23/2 ~see Appendix
B!.

The T2 decay of the magnetization can be written as

M'~ t !5E
21

11

W~p!expS 2
t

T2~p! Ddp. ~7!

For a relatively narrow local polarization distribution fun
tion W(p) expression~7! can be approximated by an expo
nential decay:M'(t)'exp(2t/T2eff).
9-2
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The situation is somewhat different in the case of sp
lattice relaxation. Here EFG fluctuations induce transitio
between the diagonal elements of^s&

d^s&m,m

dt
5(

k
2Wm,k

(1) ~^s&m,m2^s&k,k!. ~8!

The average transition probabilities between the energy
els m andk per unit timeWm,k

(1) correspond to theDm561
andDm562 transitions and are obtained as

Wm,m11
(1) 5

p2J~vL!

2@ I ~2I 21!#2 UeQ

h U2

~2m11!2@ I ~ I 11!

2m~m11!#, ~9a!

Wm,m12
(1) 5

p2J~2vL!

2@ I ~2I 21!#2 UeQ

h U2

@ I ~ I 11!2m~m11!#

3@ I ~ I 11!2~m11!~m12!#. ~9b!

Neither the satellite nor the central transition spin-lattice
laxation rates here reflect the spectral density of fluctuati
at zero frequency given byJ(0).

B. The spherical random bond–random field model

The uniaxial spherical random bond-random fie
~SRBRF! model Hamiltonian of a system of interacting pol
nanoclusters can be written as9

H52(
i , j

Ji j SiSj2(
i

hiSi , ~10!

where theJi j are infinitely ranged random interactions andhi
are quenched random fields assumed to obey indepen
Gaussian distributions characterized by their varian
@Ji j

2 #av
c 5J2/N and @hihj #av

c 5d i j D and mean values@Ji j #av
c

5J0 /N and @hi #av
c 50. The brackets here designate the d

order average. ForJ0
2,J21D the system forms a glass with

out long range order whereas forJ0
2.J21D a long range

ordered inhomogeneous ferroelectric occurs below the t
sition temperatureTc'J0 /k.

The dimensionless order parameter fieldSi is proportional
to the cluster polarization. It is in fact a discrete quant
restricted to a large but finite number of values. In the s
plest case we may assume thatSi fluctuates continuously

2`,Si,`, ~11!

subject to the closure relation

(
i

Si
25N, ~12!

whereN denotes the total number of reorientable polar cl
ters. The local polarization of a cluster is defined in the f
motion limit aspi5^Si&. The local polarization distribution
function W(p)5(1/N)( id(p2pi) can be for J.J0 ex-
pressed as
13410
-
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W~p!5
1

A2pq
expS 2

p2

2qD , ~13!

whereq is the spherical glass Edwards-Anderson order
rameter.W(p) is thus here Gaussian at all temperatures. T
glass order parameterq

q5 lim
t→`

lim
N→`

^^Si~0!Si~ t !& t8&dis5
1

N (
i

^Si&
2 ~14!

is here forJ0→0 determined from the equation

q5b2~12q!2~J2q1D!, ~15!

whereb51/kT. For J0
2.J21D andT,Tc long range ferro-

electric order appears and one has

W~p!5
1

A2p~q2P2!
expF2

1

2

~p2P!2

q2P2 G , ~16a!

whereP is the long range order parameter, i.e., the dim
sionless normalized spontaneous polarization.P2 is here
given by

P25F12S J

J0
D 2G S 12

T

J0
D2

D

J0
2

, T,Tc ~16b!

andq by

q512
T

J0
. ~16c!

The quadrupole perturbed NMR resonance frequenc
for T.Tc related to the local polarizationp as

n5n01n1p1n2p21••• ~17!

resulting in an inhomogeneous NMR line shapef (n)

f ~n!5E W~p!d~n2n02n1p2n2p2!dp ~18!

which is Gaussian forun1u@un2u ~linear case!. The second
moment off (n) is in the linear case proportional to the gla
order parameter

M25n1
2q. ~19!

If a quadratic term is present in the expansion~17! in
addition to a linear one andW(p) is symmetric, it is the first
moment off (n) which is proportional toq

M15n2q. ~20!

It should be noted that expression~20! is valid also in the
ferroelectric case, where the presence of domains ma
W(p) symmetric. It is however not valid in a poled cryst
whereW(p) is asymmetric. In this last caseM1 is given by

M15n1P1n2q. ~21!
9-3



e
il-

n
d

e

im
o

n
o
ec

om

d

tric
rd

sat-

a

d
ing
ck-

uch
ors
0

ore

is a
r
d-

re

si-

The
n to
the

R. BLINC et al. PHYSICAL REVIEW B 64 134109
C. The random bond–random field Ising model

In the random bond–random field~RBRF! Ising model
the reorientable dipole can be described by an Ising ps
dospinSz561 and the random bond–random field Ham
tonian is16

H52(
i , j

Ji j Si
zSj

z2(
i

hiSi
z , ~22!

where the infinitely ranged quenched random interactionsJi j
and the quenched random fieldshi are introduced in analogy
to the SRBRF model of Sec. III B. The local polarizatio
distribution function W(p) is however more complicate
here:12

W~p!5
1

bA2p~J2q1D!

1

12p2

3expF2
~arctanhp2bJ0P!2

2b2~J2q1D!
G . ~23!

In the glassy phase, which occurs forJ.J0, it is single
peaked aboveTG'J/k and becomes double peaked well b
low TG . The inhomogeneous NMR line shapef (n) is ob-
tained fromW(p) as

f ~n!5E
21

11

W~p!d@n2n~p!#dp ~24a!

or equivalently

f ~n!5
W~p!

Udn

dpU
~24b!

with the help of the relation~17!.
Here we again assumed to be in the fast motion reg

where the NMR nucleus ‘‘sees’’ the time averaged value
the pseudospinSi

z(t), so that the local polarization is give
by pi5^Si

z&. The glass order parameter can be obtained fr
the moments off (n) in the same manner as described in S
III B. A ferroelectric transition occurs atTc'J0 /k provided
that J0.J. It should be noted that in the absence of rand
fields, i.e., forD50 andJ0,J, one has

q50, T.TG5J/k, ~25a!

q.0, T,TG . ~25b!

For J0.J the glass order parameterq and the normalized
polarizationP are obtained from the following two couple
self-consistent equations:

q5
1

A2p
E

2`

`

e2x2/2 tanh2~bAJ2q1D x1bJ0P!dx,

~26a!
13410
u-

-

e
f

m
.

P5
1

A2p
E

2`

`

e2x2/2 tanh~bAJ2q1D x1bJ0P!dx.

~26b!

It should be noted that according to Eqs.~26! the slope of the
q vs T plot changes discontinuously at the the ferroelec
transitionTc . The change in the slope my be however ha
to notice in the case of large random fields.

According to the x-ray4 data the Nb51 ions move in a
double potential well which becomes asymmetric belowTc .
For such a case one finds for the quadrupole perturbed
ellite transitions

T2
21'C~12p2!3/2. ~27!

IV. RESULTS

The 93Nb quadrupole perturbed NMR spectrum of
SBN61:Ce single crystal is shown in Fig. 1 forT5420 K
.Tc , cW iBW 0, andaW'BW 0. Instead of sharp lines as in ordere
crystals one finds here a frequency distribution consist
of a central component superimposed on a broad ba
ground. The spectra in SBN61 and SBN61:Ce are m
broader than the corresponding ones found in cubic relax
like PMN.6 Both the central component, which is about 6
kHz broad, and the background, which extends over m
than 4 MHz, are characteristic for93Nb spectra in charge
and site disordered relaxors. What one expects to see
central 1/2↔21/2 NMR transition shifted in second orde
by quadrupole interaction and four pairs of first order qua
rupole split satellites corresponding toDm561 trans-
itions 61/2↔63/2, 63/2↔65/2, 65/2↔67/2, and
67/2↔69/2. The relative intensities of these transitions a
given by the matrix elementu^muI xum21&u2 and amount to
9:16:21:24:25:24:21:16:9. The intensity of the central tran

FIG. 1. The 93Nb NMR line shape in SBN61:Ce atT5420 K

for cW iBW 0 andaW'BW 0 exhibiting a central 1/2↔21/2 component su-
perimposed on a broad background due to satellite transitions.
slight asymmetry of the central component shows that in additio
the linear a small but nonzero quadratic term is also present in
expansion of the frequency in terms of the local polarization.
9-4
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tion should thus amount to about 14% of the total NM
intensity. This indeed corresponds to the observed rela
intensities of the central component and the broad ba
ground. One can thus ascribe the central component s
trum to a set of disorder induced shifts of the 1/2↔21/2
transitions, whereas the background is obviously due to
perimposed satellite transitions smeared out by charge
site disorder affecting bothHQ andHs .

The temperature dependence of the93Nb central compo-
nent spectra for pure SBN61 at/(cW ,BW 0)525° andaW'BW 0 is
shown in Fig. 2. The line shapes of the Ce-doped SBN
have a similar temperature dependence shifted for abou
K to the lower temperatures. The width and position of t
central component varies with temperature. The variation
the width is much smaller than the variation of the width
the 93Nb central component in PMN,6 where the central line
is much narrower. In SBN the static EFG tensor (Vi j ) distri-
bution PS(Vi j ) induced by the substitutional charge disord
obviously dominates the site disorder induced by the gla
EFG distribution PG(Vi j ) reflecting dynamic polar nano
clusters. The distributionPG(Vi j ) is for each of the five EFG
tensor elements an independent Gaussian distribution.17

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

The temperature dependence of the93Nb effective spin-
lattice relaxation timeT1 is presented in Fig. 3. On coolin
from 450 K, T1 slowly decreases with decreasing tempe
ture down to 350 K and then starts to increase. The res
show that we are similarly as in PMN~Ref. 6! in the fast
motion regimeDvt!1 above 250 K so that the analys
developed in Secs. III B and III C can be applied. The sh
increase inT1 below Tc is the result of the development o
long range order, i.e., the macroscopic polarization.

The temperature dependences of the first (M1) and sec-

FIG. 2. Temperature dependence of the93Nb 1/2↔21/2 NMR

line shape in~a! SBN61 at the orientationu5/(cW ,BW 0)525°: T
5450 K ~100 K aboveTc5350 K), T5355 K, T5345 K, and

T5250 K; ~b! SBN61:Ce at the orientationu5/(cW ,BW 0)525°: T
5430 K ~100 K aboveTc5328 K), T5335 K, T5325 K, and
T5230 K.
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ond (M2) moments of the central component spectrum a
the corresponding fits to the random-bond random-field Is
and SRBRF models~solid lines! are shown in Fig. 4 and Fig
5, respectively.

In the Ising case~Fig. 4! the parameters in the expansio
of the NMR frequency@Eq. ~17!# are n052.8 kHz, n1
57 kHz, andn25218 kHz. The NMR spectrum is her
obtained as

f ~n!5E
21

11

d@n2n~p!#
1

2
@W~p!1W~2p!#dp ~28!

FIG. 3. Temperature dependence of93Nb spin-lattice relaxation
time T1 in SBN61 atn5nL1200 kHz. The solid line represents
guide for the eye.

FIG. 4. Temperature dependence of~a! M1 and ~b! M2 for the
93Nb NMR line shape in SBN61 atu525° The solid lines represen
the corresponding fits from the RBRF Ising model with the para
etersJ05485 K, J5388 K, andD/J250.14.
9-5
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since two 180° domains with1P and2P exists in SBN for
T,Tc . The first moment is here directly related to the gla
order parameterq

M15E
2`

`

n f ~n! dn5n2q, ~29!

whereas the second moment is more complex

M25E
2`

`

~n2 n̄ !2f ~n!dn5n1
2q1n2

2E
21

11

p4W~p!dp2n2
2q2.

~30!

The RBRF Ising model parameters obtained from the fits
J05485 K, J5388 K, D521210 K2, andTc5350 K. It
should be noted that the random field contributionD/J2

50.14 is here significantly larger than in PMN type relaxo
whereD/J2'1023.6

It should be stressed that the above set of parameters
scribes rather well the temperature dependences of bothM1
and M2. Within the limits of experimental error it also de
scribes the static linear susceptibility data obtained by Kl
mannet al.18 The M2 data could not be well described wit
the SRBRF model as it can be seen from Fig. 5. Neverthe
it should be stressed that here too the random field contr
tion D/J250.3 turns out to be much larger than in perovsk
type relaxors. The fact that the random field contribution
uniaxial SBN is much larger than in cubic relaxors is th
model independent.

The temperature dependence of the Edwards-Ande
glass order parameter obtained from the data in SBN61
cording to the RBRF Ising model fit is shown in Fig. 6.

The inhomogeneous NMR linewidth as well asM2 and
M1—and hence the glass order parameterq—are not much
affected by the ferroelectric transition atTc . This can be
well understood in view of the huge random field contrib
tion which smears out the glass transition.

FIG. 5. The fits~solid lines! with the SRBRF model to the
temperature dependences of the firstM1 ~circles! and secondM2

~open squares! moments of the93Nb line shape. The SRBRF mode
parameters areJ05495 K, J5347 K, andD/J250.30.
13410
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To check on the onset of static long range order in S
we decided to study the homogeneous linewidth, i.e.,
temperature dependence of the effective spin-spin relaxa
time T2. In order to minimize the dynamic contribution, w
decided to study the behavior atnL1200 kHz, i.e., theT2eff
of the satellite transitions where theJ(0) term is present as
well.

As it can be seen in Fig. 7,T2 is here practically
T-independent between 450 K and 350 K. It should be no
that the homogeneous width given by 1/pT2'2 kHz is
much smaller than the inhomogeneous width 60 kHz of
spectrum~Fig. 2!, thus confirming that the NMR spectra a
in fact disorder induced inhomogeneous frequency distri
tions. BelowTc5350 K it sharply increases until a value o
T25950 ms is reached. We believe that this limiting value

FIG. 6. Temperature dependence of the Edwards-Anderson g
order parameterq in SBN61, where the open squares represent
experimental values obtained from the93Nb NMR line shape and
the solid line represents the fit to the RBRF Ising model with
parameters mentioned in the text. The change in theq vs T plot is
shown in the inset.

FIG. 7. Temperature dependence of93Nb spin-spin relaxation
time T2 in SBN61 and SBN61:Ce atn5nL1200 kHz. The solid
lines represent the fits with the Eqs.~32! and ~33! and parameters
P051.1 andb50.15.
9-6
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determined by theT-independent dipole-dipole contributio
to the homogeneous linewidth. The critical quadrupolar c
tribution T2Q

21 is now obtained from

1

T2eff
5

1

T2Q
1

1

T2D2D
, ~31!

whereT2D2D5950 ms.
The T-dependence ofT2Q given by

1

T2Q
}~12P2!(3/2) ~32!

can be now well described with theT dependence of the
spontaneous polarization~Fig. 8!

P5P0S Tc2T

Tc
D b

, ~33!

where the exponentb50.1560.03 is within the limits of the
experimental error the same as the one obtained by Glas1 in
the pyroelectric measurement of the spontaneous pola
tion ~Fig. 7! in SBN60. HereP051.1.

A fit which is not quite as good can be obtained by t
D53 Ising model critical exponentb50.31 but not with the
spherical model exponentb50.5. It should be mentioned
that the obtained rather low value of the order parame
exponentb50.1560.03 is compatible with the numerica
estimates for theD53 random field Ising modelb50.06
60.07.19 It should be also noted that the critical expone
b50.35 of the dilute~d! Ising model,20 which belongs to the
same universality class as the random exchange mode
significantly higher than the experimental value in SBN.

In fact in SBN both random fields and random bonds
present, as shown by theM1 andM2 results. In the presenc
of both random fields and random bonds, one of these
contributions becomes dominant and suppresses the effe
the other as far as the value of the effective critical expon
is concerned.21 The above results thus seem to show tha

FIG. 8. Temperature dependence of the reduced polarizatioP
in SBN61. The circles represent the polarization as determined f
the NMRT2 data, while the solid line represents the polarization
determined from the pyroelectric measurements of the polariza
as determined by Glasset al. ~Ref. 1!. The critical exponentb
50.15 was determined from the experimental points above the
ted line, i.e., close toTc .
13410
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SBN the order parameter critical exponentb is dominated by
random fields rather than by random bonds.

This finding corroborates previous inferences when d
cussing tendencies of other critical exponents deduced f
linear birefringence data,n→1 andg→1.8,8 in accordance
with predictions of the three-dimensional random-field Isi
model.19

In connection with the description of theT2 data in terms
of critical exponents it should be noted that there is no d
continuity in the NMR T2 data nor in the slowly cooled
susceptibility data, which would give hint at a possible fir
order phase transition in SBN and SBN:Ce. One should a
mention that in order to be sure, the linear birefringence
been carefully measured as a function of temperature at c
ing rates 10 mK/min in order to avoid any smearing effe
due to the expected large critical slowing down. The m
surements have been done on microscopically small reg
of the sample ('203203100 mm3), hence avoiding tem-
perature gradients.

V. CONCLUSIONS

The 93Nb NMR spectra of the uniaxial relaxor com
pounds SBN61 and SBN61:Ce are dominated by subs
tional charge disorder rather than by site disorder. Never
less a careful analysis of the data allowed for a determina
of the random-bond and random-field contributions as w
as for a determination of the temperature dependence o
Edwards-Anderson glass order parameter. The random-
contribution is in SBN by two orders of magnitude larg
than in cubic relaxors like PMN where the order paramete
quasicontinuous. The polar order parameterP as measured
by the spin-spin relaxation timeT2 steeply increases below
Tc with a critical exponent which within the limits of exper
mental error agrees withD53 random field Ising model one
Though both random bonds and random fields are pres
the critical behavior close toTc is dominated by random
fields and is of the 3D-random field Ising model type.
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APPENDIX A: COEFFICIENTS C0 , C1, AND C2

The coefficientsC0 , C1, andC2 determining the depen
dence of the spin-spin relaxation rateT2

21

T2
215C0UeQ

h U2

J~0!1C1UeQ

h U2

J~vL!1C2UeQ

h U2

J~2vL!

~A1!

on the spectral densitiesJ(0), J(vL), andJ(2vL) are shown
in Table I for some typical values of the nuclear spinI.

m
s
n

t-
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APPENDIX B: SPECTRAL DENSITY OF THE EFG
AUTOCORRELATION FUNCTION IN AN ASYMMETRIC

DOUBLE POTENTIAL WELL

A particle moving in an asymmetric double potential w
can be described with the probabilities of finding the parti
in a given potential well. These obey the master equatio

ṅ252n2W211n1W12 , ~B1a!

ṅ152n1W121n2W21 , ~B1b!

wheren2 andn1 are the probabilities of finding the particl
in the higher~with a dipole moment21) and lower~with a

TABLE I. CoefficientsC0 , C1, andC2 for different nuclear spin
I values as determined from Eqs.~6a!–~6c!. The transitions
m↔m11 labeled with positive numbersm are omitted, since sym
metric satellite transitions (m↔m11 and2m↔2m11) have the
same spin-spin relaxation rateT2

21.

I m↔m11 C0 C1 C2

1 21↔1 22.21 14.80 9.87

3/2 23/2↔21/2 9.87 6.58 6.58
3/2 21/2↔11/2 0 6.58 6.58

2 22↔21 5.55 5.35 4.11
2 21↔0 0.62 3.70 5.76

5/2 25/2↔23/2 3.55 4.74 2.76
5/2 23/2↔21/2 0.98 3.55 4.54
5/2 21/2↔11/2 0 1.58 5.53

3 23↔22 2.47 4.28 1.97
3 22↔21 0.89 3.75 3.55
3 21↔0 0.10 1.38 4.87

7/2 27/2↔25/2 1.81 3.89 1.48
7/2 25/2↔23/2 0.81 3.89 2.82
7/2 23/2↔21/2 0.20 1.75 4.16
7/2 21/2↔11/2 0 0.67 4.70

9/2 29/2↔27/2 1.10 3.29 0.92
9/2 27/2↔25/2 0.62 3.93 1.87
9/2 25/2↔23/2 0.27 2.56 3.02
9/2 23/2↔21/2 0.07 1.01 3.88
9/2 21/2↔11/2 0 0.37 4.20
13410
e

dipole moment11) local minimum, respectively.W21 and
W12 are the probabilities per unit time of a transition from
higher to a lower minimum and vice versa. These two pro
abilities per unit time are assumed to be thermally activa
and can be expressed in the following form:

W215W0expS 1
1

2

DEp

kT D , ~B2a!

W125W0expS 2
1

2

DEp

kT D , ~B2b!

W05t`
21expS 2

DE0

kT D . ~B2c!

Here DE0 is the height of the potential barrier andt` the
correlation time in the absence of the polarization at v
high temperatures. The asymmetryDEp is the difference be-
tween the height of the potentials of the higher and low
minimum of the asymmetric double potential well. It is r
lated to the polarizationp as

p5tanhS DEp

2kTD . ~B3!

By introducing a new variableDp5(n12n2)2p and not-
ing thatn11n251 the master equations, Eq.~B1a!, have a
particularly simple solution:

Dp~ t !5Dp~ t50!expS 2
t

t D , ~B4!

where

t5~W211W12!215t` expS DE0

kT DA12p2. ~B5!

The autocorrelation function is then

Dp~0!Dp~ t !5Dp~0!2expS 2
t

t D . ~B6!

The average autocorrelation functionDp(0)Dp(t) is then
found as the thermal average of two cases, i.e., for the
ticle in the higherDp(0)5212p and in the lowerDp(0)
512p potential well minimum
Dp~0!Dp~ t !5
exp~DEp/2kT!~12p!21exp~2DEp/2kT!~11p!2

Z
expS 2

t

t D , ~B7!

whereZ5exp(DEp/2kT)1exp(2DEp/2kT). The real part of the spectral densityJ(v) is finally

J~v!5E
0

`

Dp~0!Dp~ t !exp~2 ivt !dt5~12p2!
t

11v2t2
, ~B8!

with t given by expression~B5!.
9-8
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