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Phonon-coupled impurity dielectric modes in Sr1À1.5xBixTiO3
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SrTiO3 ~ST! doped with Bi shows three Bi-induced dielectric modes~modesA, B, andC) that are super-
imposed upon the quantum paraelectric behavior of pure ST. In ST doped with low concentration Bi, the
modesA and B exhibit dielectric behavior arising from noninteracting polar clusters. The evidence of the
dielectric modes coupling with optical phonons is observed from Raman spectra. The dielectric steps induced
by Bi doping can be well described by the modified Debye-Langevin model involving the correlation effect of
Bi ions via interaction with the optical phonons of the host lattice. With higher Bi concentration, modesA and
B merge into a ferroelectric-relaxor mode, modeC, showing an evolution process towards ferroelectric relaxor.
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Two materials in nature, SrTiO3 ~ST! and KTaO3 ~KT!,
display quantum paraelectric behavior~QPB!, i.e., pure ST
or KT exhibits the continuously increasing dielectric perm
tivity with decreasing temperature until 4 K, and then sho
the leveling off of the permittivity to near 0 K.1–4 It is well
known that deliberately doping leads to permittivity pea
occurring in both ST and KT,5–8 but the physical interpreta
tions of the induced permittivity peaks are unclear.7–10 Rel-
evant theoretical models11,12 were developed based on th
conjecture that dipole impurities can at certain concen
tions induce ferroelectric instability. The theoretical critic
concentration of impurity for the occurrence of the lo
range order is, however, far lower than the experimen
value.11,12

On the other hand, the ultrasonic, electron spin resona
and dielectric anomalies around 37 K, 65 K, and 10 K w
reported in nominally pure and doped ST.13–18Various mod-
els, including the coherent quantum state,16 the second
sound,17 and anharmonic phonon interaction,18 have been
proposed. However, the physical nature is still a subjec
controversy. All this indicates that the physics in nomina
pure and doped quantum paraelectric ST or KT needs fur
study.

Recently, the present authors have reported that two
electric modes induced by Bi doping in ST,13–15 whoseTm
~temperature of the permittivity maximum! is independent of
Bi concentration, implying that some ‘‘intrinsic’’ mecha
nisms are involved. In this paper, we report some additio
results in Bi-doped ST: the evidence of the dielectric mo
coupling with optical phonons is pointed out; the dielect
behavior can be described by the modified Debye-Lange
model; the upper limit of the displacement of;0.5–0.7 Å
for off-center Bi ions is obtained; an evolution from
impurity-dielectric modes towards the ferroelectric-relax
mode with increasing Bi concentration, and all the dielec
anomalies being superimposed on the background of
QPB are emphasized.

The dielectric properties of Sr121.5xBixTiO3 (x
50 –0.04) were measured with an HP 4284A Meter in
frequency range 20 Hz–1 MHz in the temperature ran
1.5–300 K. X-ray diffraction, scanning electronic micro
copy~SEM!, and x-ray line profile analysis indicated that th
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samples are single cubic phase and the Bi concentration
agreement with the nominal composition within the expe
mental error, and that the distribution of Bi atoms is unifor
The results also confirmed that Bi ions are located at Sr s

The temperature dependence of the permittivity of
Sr121.5xBixTiO3 (x5020.04) is plotted in Figs. 1 and 2
The evolution of the dielectric behavior with increasing
concentration is clearly observed.

FIG. 1. Temperature dependence ofe8 for Sr121.5xBixTiO3 with
x50 –0.04 at 0.1, 1, 10, 100, and 1000 kHz, from upper to botto
open circles: experimental data; solid curves: Fits to the Bar
relation. The inset shows thee9 vs T at 0.1 kHz; open circles
experimental data; solid curves: calculated data according to
~3!.
11 363 ©2000 The American Physical Society
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~1!. There are several dielectric modes induced by Bi d
ing, which are superimposed on the background of the p
ST-like QPB. The distinct leveling off of the permittivity a
low temperatures i.e., the QPB, can be fitted to the Bar
relation:4 e85C/@(T1/2)coth(T1/2T)2T0# with T1584 K,
T0516.9 K, and C583104 K for x50.0005; T1
584 K, T0512.4 K, andC583104 K for x50.001, etc.
~in the present work, for pure ST,T1584 K, T0525.1 K,
andC583104 K are obtained!.

~2!. For low concentration Bi doping (x<0.002), only
two dielectric anomalies occur in bothe8 ande9 ~denoted as
modesA and B, respectively!. It should be stressed that a
though modesA and B are frequency dependent, theirTm
~the e9 maximum temperature! at a certain frequency doe
not change with increasing Bi concentration. However,
amplitudes of modesA and B increase first with increasing
Bi concentration, and reach the maximum atx50.0053 for
mode A and atx50.001 for modeB, then decrease. Th
modes disappear atx50.02 for modeA and atx50.1 for
modeB.

~3!. With increasing Bi concentration asx exceeds 0.002
in addition to modesA and B, modeC occurs, whoseTm
increases with increasing Bi concentration. Fore8, modeC
overlaps with modeB, however, the correspondinge9 for
mode C is well separated from mode B. The modeC in-
creases quickly and dominates abovex50.0267.

It is found that the relaxation timest for modesA andB
strictly follows the Arrhenius law in the frequency rang
10–109 Hz; t5t0exp(E/kBT). The energy barrierE andt0
were found to beEA53361 meV andt0,A56310212 s,
andEB56262 meV andt0,B50.6310212 s, respectively.
However, for mode C with Bi concentration-dependentTm ,
t follows the Vogel-Fulcher law,19 t5t0exp@U/kB(T2Tf)#.
For example, the best fit gives parameterst051029 s, Tf
570 K for x50.04, andt051029 s, Tf550 K, for x
50.0133. That is, modeC displays typical ‘‘relaxor’’ behav-
ior, which has been described in Ref. 15. In this letter,
mainly discuss modesA andB.

FIG. 2. Temperature dependence ofe9; open circles: experi-
mental data; solid curves: calculated data according to Eq.~3!.
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What are the physical mechanisms of modesA and B?
First, experimental fact shows that modesA and B are in-
duced by Bi doping. Second, the temperatureTm of the
modesA andB does not change regardless of the large va
tion of Bi content, implying that an ‘‘intrinsic’’ mechanism
is involved. The possibility of the ferroelectricity can be e
cluded due to the Bi concentration independence ofTm .

The symmetric profile of the frequency dependence ofe9
implies that a Debye-like impurity dielectric relaxation pr
cess may exist.15 Assuming that the excess polarizatio
comes from the motion of the off-center Bi ions, the dipo
polarization momentp associated with the dielectric permi
tivity is given in a simple Debye-Langevin model,20

ne5e082e 8̀ 5np2/3kBTe0 , ~1!

wherees8 is the static permittivity,e 8̀ is the permittivity at
the optical frequency, the polarization momentp5qd (q
53e for Bi31 ions,e is an electron charge, andd is displace-
ment of Bi ions!, kB is Boltzmann constant,e0 is the free
space permittivity,T is the temperature, andn is density of
the dipoles. For x50.0053, n58.8631025 m23, ne
52980 (T536 K) for modeB. Substituting these param
eters into Eq.~1!, we getdB513.8 Å . Similarly, for the six
samples with different Bi concentrations in the range ox
50.000520.0067, we obtaindB513.862 Å for modeB
and dA56.561.5 Å for modeA. The almost uniform val-
ues ofdA anddB for these samples indicate that the Deby
like impurity dielectric relaxation is reasonable. Howeve
the values seem too large to realize for the motion of Bi io
Therefore, these dielectric relaxations are expected to be
lated to the cooperative motion of Bi ions.

Many experimental results reported in the literature in
cate that the simple Debye-Langevin model cannot exp
the high dielectric polarization steps, and hence an enha
ment factor has to be taken into account to obtain a reas
able explanation.21,22 The theoretical work has been carrie
out by Vugmeister and Glinchuk,11 Stacchiotti and Migoni,12

and the high permittivity induced in Li-doped KTaO3 was
attributed to the enhancement effect of the effective polar
tion moment caused by the interaction between the imp
ties and the host lattice via the optical phonons.

In this work, an enhancement factorN is introduced into
the Debye-Langiven model, i.e., an effective polarizati
momentp* 5Np is taken into account. The permittivity ste
is expressed as

ne5n~Nqd!2/3kBTe0 , ~2!

whereN is an empirical parameter that depends mainly
the host lattice and the impurities. In this work, takingN
520, we obtaindB50.6960.1 Å for mode B and dA
50.3360.08 Å for modeA. Using the valuesdB anddA ,
and substitutingne5n(Nqd)2/3kBTe0 into the Cole-Cole
equation,23 we obtain,

e~d,T,v!5e`1mn~Nqd!2/3kBTe0@11~ ivt!12a#,
~3!

wheret is the relaxation time for the dielectric modes,v is
the angry frequency,a is the width parameter leading t
symmetric broadening of the Debye relaxation, andm is a
constant. The calculated curves of the temperature de



ta

e

e
re
co

d

o

le

e

e
n

e

n
rm

ig
a
,

u

s;

s.

he
d
0,
n,
s
i
des
as-
uc-
n
a

d

ing

ced

les,

al

of

g-
e
he

tion

wn.

he

s
the

uld
he

ake

er

z.

90,
j,

PRB 61 11 365PHONON-COUPLED IMPURITY DIELECTRIC MODES IN . . .
dence ofe9 are in good agreement with the experimen
data, as shown in the inset of Figs. 1 and 2.

The polarization data have been obtained from the m
surement of hysteresis loops for the sample withx50.002, at
1 Hz after zero-field cooling/field heating~ZFC/FH! and
field cooling/field heating~FC/FH! at 1 kV/cm, with cooling
and heating rates of 1 K/min. The temperature dependenc
the polarizationP is shown in Fig. 3. It can be seen that the
are two clear steps of the polarization processes which
respond well to the modesA andB, respectively.24 From Fig.
3, we can get nPB50.0011 C/m2 and nPA
50.0008 C/m2. In terms of the simple picture of an isolate
single dipoles,p5qd/V, (V is the volume in which a dipole
is included. Here forx50.002, V5500Vcell , Vcell is the
volume of an unit cell!, we obtain dB50.68 Å and dA
50.49 Å . These results are in agreement with the data
tained from the Eq.~2!.

However, considering that the equationp5qd/V is based
on the hypothesis that the dipoles are isolated. If the dipo
are cooperative~we know that is true!, the d value must be
decreased. It could be concluded that thed value obtained
from p5qd/V is an upper limit of the displacement of th
off-center Bi ions. In addition, thed value, obtained from the
Eq. ~2!, ne5n(Nqd)2/3kBTe0, depends on what valueN
we take. In this work, we tookN520, perhaps,N should be
higher than 20, i.e., thed value might be smaller than th
upper limit value obtained from the polarization calculatio
If taking N5100, we obtaindB50.1460.02 Å for modeB
anddA50.0760.02 Å for modeA. These data are near th
displacementd5;0.2 Å calculated by Skanaviet al.25

from an empirical estimation taking into account the e
hancement of the internal electric field. At this stage, a fi
theoretical basis for this enhancement factorN has not yet
been established.

Raman spectra of Bi-doped ST at 50 K are shown in F
4. At 50 K, for the nominally pure ST sample, the optic
phonons at theR point of the Brillouin zone are at 20, 40, 54
150, 178, 240, 270, 290, 450, and 550 cm21; these lines
have been reported in the earlier literature.26–28 The lines at
20, 54, 150, 240, and 450 cm21 were attributed to the
proper first-order modes, which are predicted by the gro
theoretical analysis for the tetragonal structure~the cell-
doubled tetragonalI4/mcm) of ST.26 The lines at 270 and
290 cm21 were associated with the second-order band27

and the lines at 40, 178, and 550 cm21 were attributed to the
modes induced by the unavoidable defects and impuritie28

FIG. 3. Temperature dependence of the polarization under z
field cooling/field heating~ZFC/FH! and field cooling/field heating
~FC/FH! at 1 kV/cm for Sr121.5xBixTiO3 with x50.002. The data
were obtained form the measurement of hysteresis loop at 1 H
l
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As seen from Fig. 4, with increasing Bi concentration, t
lines at 20, 40, and 54 cm21 merge into a rounded band an
the line at 150 cm21 remains. The lines at 240, 270, 29
and 450 cm21 decrease with increasing Bi concentratio
and almost disappear forx50.04. The defect-induced mode
at 178 and 550 cm21 increase greatly with increasing B
concentration. The results indicate that the phonons mo
are greatly modulated by Bi doping. It is reasonable to
sume that the change is due to distortion of the lattice str
ture induced by Bi doping. The results of x-ray diffractio
indicated that all the samples are cubic. However, with
very careful inspection~at very slow scanning speed an
small steps! we found that in addition to the distortion from
Cu Ka1 and Cu Ka2, the splitting of the~200! peak be-
comes clearer with increasing Bi concentration, indicat
that the samples become more distorted towards a ‘‘tetrago-
nal’’ system. The great enhancement in the defect-indu
modes~178 and 550 cm21) may reflect this distortion.

It should be emphasized that, for the Bi-doped samp
two new lines appear, one at;261 cm21 and another at
;520 cm21. Interestingly, these frequencies of the optic
phonons at;520 cm21 ~64.5 meV! and;261 cm21 ~32.4
meV! are exactly coincided with the activation energies
mode B (6262 meV) and modeA (3361 meV) ob-
tained from the dielectric relaxation. This result strongly su
gests that the modesA andB are very probably related to th
phonons of the host lattice of ST, i.e., the motion of t
off-center Bi ions that contribute to the modesA andB could
be correlated via the phonons interaction.29 Obviously, this
supports the enhancement effect of the effective polariza
moment in Bi-doped ST.

Based on the above results, a simple picture can be dra
For ST with deliberate Bi doping, off-center Bi ions form
noninteracting polar clusters via the interaction with t
phonons of the ST host lattice, giving rise toTm-unshifted
permittivity peaks with a single relaxation time that follow
the Arrhenius law. These peaks are superimposed upon
background of the QPB of ST. The dielectric response co
be described by the modified Debye-Langevin model. T
present work indicates that a theoretical model should t

o-

FIG. 4. Raman spectra for Sr121.5xBixTiO3 with x50, 0.0133,
and 0.04 at 50 K. The lines at 20, 40, 54, 150, 178, 240, 270, 2
450, and 550 cm21, are labeled as a, b, c, d, e, f, g, h, i, and
respectively.
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into account of the possible coexistence of several differ
dielectric modes induced by the impurity. ST doped w
very low concentration Bi ions behaves as a noninterac
polar clusters system.

With further increasing impurity concentration, some
the noninteracting clusters become interacting clusters,
these clusters contribute to a ferroelectric relaxor mo
whose relaxation time follows the Vogel-Fulcher law. Wh
Bi concentration reaches a critical value, all the nonintera
ing clusters become interacting clusters, and only the rela
n

nt

g
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or

behavior is present. This provides an example which sho
an evolution of the ferroelectric relaxor mode and might
helpful in understanding the physical nature of th
ferroelectric-relaxor behavior.
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