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Probing polar nanoregions in Sr0.61Ba0.39Nb2O6 via second-harmonic dielectric response
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5Fachbereich Physik, Universita¨t Osnabrück, D-46069 Osnabru¨ck, Germany

~Received 8 July 2003; published 22 September 2003!

The dielectric susceptibility of pure and chromium-doped Sr0.61Ba0.39Nb2O6 single crystals reveals an ap-
preciable second-harmonic componentx2 along with the usual first- and third-order ones,x1 and x3. It is
attributed to irreversible prepoling due to trapping of mobile charge carriers in the first half-cycle of theac
probing field. In agreement with predictions for a biased ferroelectric phase transition, the second- and third-
order nonlinearity coefficients are observed to minimize at the transition temperatureTc .
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Relaxor ferroelectric materials include a large group
solid solutions with a perovskite or tungsten bronze str
ture. In contrast to ordinary ferroelectrics,1 relaxors posses
the following main features:~i! a significant frequency de
pendence of the electric permittivity,~ii ! absence of both
spontaneous polarization and structural macroscopic sym
try breaking, and~iii ! ferroelectriclike response arising afte
field cooling to low temperature.2 The archetypical perov
skitelike lead-containing relaxor PbMg1/3Nb2/3O3 ~PMN!
system is known for nearly 50 years.3

In contrast to the cubic family related to PMN, the pola
ization, as an order parameter, of the strontium-barium n
bate SrxBa12xNb2O6 ~SBN! family is a single-componen
vector directed along the tetragonalc direction, which drives
the symmetry point group from 4/mmmto 4mmat the phase
transition into the polar phase at lowT.4 Since SBN is te-
tragonal on the average, it belongs to the Ising model u
versality class rather than to the Heisenberg one as prop
for PMN-like systems.5 Assuming the presence of quench
random fields~RF’s!, theory predicts the existence of a pha
transition into long-range order within the RF Ising mod
~RFIM! universality class6 preceded by giant critical slowing
down aboveTc .7,8 Only recently, the SBN system has be
found to fulfill the above necessary conditions9 and the fer-
roic RFIM seems to be materialized at last.10

The appearance of fluctuating polar precursor cluster
temperaturesT.Tc , which is widely accepted to be at th
origin of the unusual relaxor behavior,2,11 can be considered
in a natural way as the primary signature of the polar RF
in its fluctuation regime.10 Acting as precursors of the spon
taneous polarization, which is expected to occur belowTc ,
the polar clusters have been evidenced in various zero-fi
cooling ~ZFC! experiments comprising linea
birefringence,2,12 linear susceptibility,13 and dynamic14 and
Brillouin light scattering.15 After freezing into a metastabl
domain state atT,Tc , the clusters were also directly ob
served using high resolution piezoresponse fo
microscopy.16

A very sensitive probe of the precursor clusters is p
vided by optical second-harmonic~SH! generation. Although
the global inversion symmetry is not broken in the parael
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tric regime atT.Tc , an incoherent superposition of SH in
tensity is clearly observed up toT'1.1Tc .17 This principle is
not applicable to low-frequency dielectric spectrosco
where polarization waves are excited coherently. Here
superimposed SH of uncorrelated clusters are expecte
interfere destructively. Hence, the dielectric second-or
susceptibility x2 should vanish in the absence of a n
polarization.18 Surprisingly, however, this simple symmetr
requirement does not seem to hold in relaxors like SB
where an unexpectedly large SH susceptibility respons
observed in the paraelectric phase. It will be shown that
phenomenon sheds some light on the nonergodic natur
the precursor cluster state and on the irreversibility of
initial poling process in a virgin sample of SBN.

Large and clear optical quality single crystals of cong
ently melting pure and 0.36 mole % Cr3O4 doped
Sr0.61Ba0.39Nb2O6 ~SBN61! were grown by the Czochralsk
technique. Platelet-shaped samples with typical dimens
63630.5 mm3 were cut with the polarc-axis normal to the
large plane and polished to optical quality. In order to era
the memory of any poling history and to enhance the rela
properties,19 the samples were annealed without electrode
T5893 K for 2 h and then slowly zero-field cooled to roo
temperature at a cooling rate ofṪ524 mK/s. Vacuum
deposition of copper and subsequent gold films was use
cover the major faces with electrodes. Prior to each meas
ment carried out on cooling, the samples were refreshe
420 K for 1 h inorder to warrant identical conditions for a
measurements and in order to eliminate possible mem
effects of all previous treatments.

Two types of measurements have been carried out. F
the linear susceptibility was measured using a Solartron 1
impedance analyzer with a 1296 dielectric interface in
frequency range of 1022< f <102 Hz using a weak probing
ac electric field with amplitudeE05200 V/m. Second, the
linear and nonlinear components of the electric susceptib
which appear in the expansion of the polarizationP with
respect to the electric fieldE referring to the polarc axis,18

P5e0~x1E1x2E22x3E36••• !, ~1!
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were measured simultaneously at several selected freq
cies between 1 Hz and 10 kHz. This procedure significan
reduces noise in the subsequent computation of the rele
nonlinearity coefficients. Herex1 , x2, andx3 are the first-,
second-, and third-order susceptibilities, respectively. T
basically different set-ups have been used in our exp
ments. In ‘‘setup 1’’ the pure SBN61 sample was connec
to a low-loss standard capacitor in series, and the volt
across the standard capacitor was picked up and analyze
using a HP35665 A Dynamic Signal Analyzer. In ’’set-up 2
the chromium doped SBN61 sample was connected to a
noise current preamplifier SR570~Stanford Research Sys
tems! in series, and the displacement current thus obtai
was elaborated by a computer using fast Fourier transfor
tion. A probing field as low asE0515 kV/m was chosen for
all nonlinear experiments in order to avoid contributions
higher than third order in Eq.~1!, and the cooling rates wer
typically Ṫ521 mK/s for all kind of measurements.

Linear susceptibility data measured on cooling in the s
Hertz and Hertz limit are presented in Fig. 1. At a first glan
one notices differences in the peak temperatures of the
ceptibility of both the real@Fig. 1~a!# and the imaginary@Fig.
1~b!# parts for pure and Cr-doped SBN61, respectively. T
observed shifts are due to the increase of quenched ch
disorder10 owing to the replacement of Nb51 by Cr31.
Closer inspection shows that both samples display large
quency dispersion in the ordered ferroelectric state. Rem
ably, the losses@Fig. 1~b!# increase with decreasing fre
quency, thus demonstrating a new dispersion region ascr
to a domain-wall contribution to the dielectric response.20 It
is observed to survive in the paraelectric phase, thus indi
ing the presence of slowly relaxing polar regions. This p

FIG. 1. Temperature dependences of the real~a! and the imagi-
nary part~b! of the linear dielectric susceptibility of SBN61 an
SBN61:0.36% Cr taken on ZFC in the frequency range of 1022

< f <102 Hz at an oscillation levelE05200 V/m.
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ticular behavior of the susceptibility is absent in the case
the prototypical PMN system.1

Figure 2 presents temperature dependences of the ele
susceptibilitiesx1 ~a!, x2 ~b!, andx3 ~c! taken on ZFC in the
frequency range of 100< f <104 Hz using setup 1. In addi-
tion to already published results onx1 andx3 ~Ref. 13!, the
second-harmonic response in dielectric susceptibility is
expectedly large@Fig. 2~b!#. In contrast tox1 and x3, the
peaks ofx2 are strongly asymmetric relative to the pe
temperatureTm. The SH susceptibility is much more signifi
cant in the paraelectric part of the curve than in the fer
electric one. Similar results were obtained on the SBN61
sample by using setup 2. As shown in Fig. 3, the relat
peak heights (x2 /x1)@Tm# are four times larger than thos
observed on pure SBN~Fig. 2!. This is a clear hint at the
relaxor typical precursor clusters, which are more active
the doped than in pure SBN61 owing to the enhanced c
centration of pinning centers.

In order to explain the occurrence of a SH susceptibi
in the paraelectric regime,T.Tc , globally broken inversion
symmetry has to be verified. We have to stress that
memory of previous poling procedures was erased in
samples used in this study by an initial annealing at h
temperatures,T5893 K. It is well known that strong repol
ing occurs in SBN61 and SBN61:Cr on cooling, if th

FIG. 2. Temperature dependences of the electric susceptibil
x1 ~a!, x2 ~b!, andx3 ~c! taken on ZFC on a pure SBN61 sing
crystal. The insets to~b! and ~c! display the temperature depen
dences of the appropriate nonlinearity coefficientsb andB, respec-
tively; ~a! indicates the frequencies within the range 100< f
<104 Hz and applies to~b! and ~c! as well.
5-2
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samples were annealed at a temperature no higher than a
Tc1100 K.21 In order to exclude this ‘‘trivial’’ source of
symmetry breaking, complete absence of the pyroelec
current was confirmed upon reheating in the case of
SBN61:Cr sample. Hence, the situation encountered h
rather involves the nonergodic dynamics of the polar prec
sor clusters in the vicinity ofTc . Its presence is clearly in
dicated by the appearance of hysteresis in periodicP vs E
cycles and of dielectric losses,x9 vs T, aboveTc @Fig. 1~b!#.
Remarkably, bothx9 @Fig. 1~b!# andx2 @Figs. 2~b! and 3~b!#
increase in a very similar way as the frequency decrea
Obviously, both the phase shift between polarization a
field, i.e. x9, and the symmetry-breaking internal polariz
tion, i.e.,x2, are based on similar slow processes.

It is well known20 that the linear dielectric response
SBN is strongly determined by domain wall (T,Tc) and
cluster surface pinning (T.Tc), respectively, due to
quenched RF’s. It gives rise to a conduction-type respo
x9} f 2b with b,1. On the other hand, the field-induce
domain wall and cluster surface motions, respectively, hav
retroactive effect onto the charge distribution in the crys
While the ionic charges are not displaced at moderate t
peraturesT'Tc , a redistribution of the mobile charge carr
ers inherent to SBN is known to take place upon poling22

Let us now assume that the very first half-cycle of the ex
nal field activates the motion of free charges and that a
tain percentage of these carriers becomes trapped in
local potential wells. As a consequence, a new internal fi
distribution arises, which biases theac field in forthcoming
periods. It should be noticed that a similarfirst half-cycle

FIG. 3. Same as in Fig. 2, while replacing SBN61
SBN61:0.36% Cr.
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process was proposed to explain a dielectric seco
harmonic response in the dipolar glass KTa12xNbxO3 (x
50.009).23 Similarly, Taylor and Damjanovic observed th
the state of a thin film of Pb(Zr,Ti)O3 is severely modified
during the first dielectric hysteresis cycles while increas
the field amplitudeE0.24 Hence, odd harmonics may arise
the lattice potential, which enable spurious dielectric seco
harmonic generation~SHG!.25

Under this field the mobile polar clusters are partially o
dered, forming a net polarizationP0 of the sample, and give
rise to the second-harmonic polarization response.
abrupt decrease ofx2 in the ordered state atT'Tc210 K
@Figs. 2~b! and 3~b!# is due to the onset of spontaneous p
larization with a multitude of up- and down-oriented ferr
electric domains. They gradually make the system mac
scopically centrosymmetriclike. The mobile polar cluste
are freezing into a metastable domain state and thus
their dynamic properties. Thedc field produced by the
trapped charges, however, is not strong enough to overc
the coercive field. That is why it cannot produce any po
state, and the second-harmonic component in the polar
tion response virtually vanishes in the ferroelectric state.

The empirical equation~1! can be deduced from a free
energy expansion

F̃~ P̃!5
1

2
ÃP̃21

1

4
B̃P̃42ẼP̃, ~2!

where Ã5ã(T/Tc21) with ã.0 and B̃.0 are the usual
coefficients referring to even powers of the scalar order
rameterP̃, and Ẽ is the apparent electrical field. Now w
assume that the system is polarized by an internal bias
larization P0. Then any change of the free energy is det
mined by the shifted variableP5 P̃2P0. Insertion into Eq.
~2! yields the modified free energy

F~P!5
1

2
Ã~P1P0!21

1

4
B̃~P1P0!42Ẽ~P1P0!

5F01aP1
1

2
AP21

1

3
bP31

1

4
BP42ẼP, ~3!

where F05 1
2 ÃP0

21 1
4 B̃P0

42ẼP0 , a5ÃP01B̃P0
3, A5Ã

13B̃P0
2, b53B̃P0, and B5B̃. Apart from the modified

second-order coefficientA and a shift of the equilibrium by
F(0)5F0, the appearance of odd order coefficients,a andb,
is noticed. The equilibrium condition (]F/]P) Ẽ50 then
yields the equation of stateẼ5a1AP1bP21BP3, where
a5Ẽ(P50) is the internal field. Hence we obtain the mod
fied equation of state involving the external electric fieldE

5Ẽ2Ẽ(P50) in the form

E5AP1bP21BP3, ~4!

which can be inverted into Eq.~1! by assuming that Eq.~4!
represents the beginning of a converging infinite series
pansion. The coefficients appearing in Eq.~4! are easily
shown to be given byA5(«0x1)21, b52«0

22x2x1
23, and

B5«0
23x1

25(x1x312x2
2), wherex1 , x2 andx3 are the ex-
5-3
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perimentally determined linear and nonlinear susceptibili
as given by Eq.~1!. While the second term in the coefficien
B is only a small correction with respect to that alrea
published,13 a novel SH coefficientb is recognized to occu
in the paraelectric state of SBN.

The insets to Figs. 2~b,c! and 3~b,c! show the temperature
dependences of the two non-linearity coefficientsb and B,
respectively, in the vicinity of the phase transition point. It
well known26 that the behavior of the nonlinear polarizatio
response is a key issue distinguishing between long-ra
ferroic order and dipolar glass behavior. As discuss
previously,13 the appearance of a minimum ofB at Tc is a
clear hint at the ferroelectric nature of the relaxor transit
in SBN and rules out a glassy scenario like that applied
PMN.27 Remarkably, the novel coefficientb also minimizes
at Tc , thus corroborating the predicted proportionality b
tweenb andB @Eq. ~3!#. It remains to be shown thatb is also
proportional to the background polarizationP05b/3B,
which turns out to be roughly constant atT.Tc and in the
order 1023 Cm22 when inserting the experimental data ofb
andB @Figs. 2~b,c! and 3~b,c!#. Preliminary pyroelectric cur-
rent measurements being capable of resolvingdP
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'1024 C/m2 did not show, within errors, any release
charges when heating the sample up toTc1100 K. This
seems to indicate an anomalous temperature stability ofP0 ,
which might be explained by the immobilization of the fiel
inducing charge carriers in their deep trapping levels.

In summary, large SH contributions to the dielectric su
ceptibility of SBN61 and SBN61:Cr have been observed
ter high-temperature depoling and ZFC. They are propo
to originate from a bias polarization arising after applyi
theac probing field by deep level trapping of mobile charg
carriers. Very probably similar mechanisms may apply a
to other systems with dielectric SH generation of hithe
unknown origin~e.g., D-BP-BPI, where specific propertie
of an underlying three-state Potts model were invoked,28 and
SBN61, where the appearance of dielectric SHG was dire
interpreted to signify the existence of polar clusters29!.
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