PHYSICAL REVIEW B VOLUME 61, NUMBER 17 1 MAY 2000-I

Phonon-coupled impurity dielectric modes in Sk_; 5Bi,TiO4

Chen Ang and zhi YU
Department of Physics and Department of Materials Science and Engineering, Zhejiang University,
Hangzhou 310027, People’s Republic of China
(Received 29 October 1999

SrTiO; (ST) doped with Bi shows three Bi-induced dielectric mode®desA, 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, rAcates
B merge into a ferroelectric-relaxor mode, magdeshowing an evolution process towards ferroelectric relaxor.

Two materials in nature, SITEXST) and KTaQ (KT),  samples are single cubic phase and the Bi concentration is in
display quantum paraelectric behavi@PB), i.e., pure ST agreement with the nominal composition within the experi-
or KT exhibits the continuously increasing dielectric permit- mental error, and that the distribution of Bi atoms is uniform.
tivity with decreasing temperature until 4 K, and then showsThe results also confirmed that Bi ions are located at Sr sites.
the leveling off of the permittivity to near 0 K* It is well The temperature dependence of the permittivity of the
known that deliberately doping leads to permittivity peaksSr —; 5BiTiO3 (x=0-0.04) is plotted in Figs. 1 and 2.
occurring in both ST and KT8 but the physical interpreta- The evolution of the dielectric behavior with increasing Bi

tions of the induced permittivity peaks are uncléd®Rel-  concentration is clearly observed.

evant theoretical modéfs*? were developed based on the

conjecture that dipole impurities can at certain concentra- 4000 Tc

tions induce ferroelectric instability. The theoretical critical x-oot

concentration of impurity for the occurrence of the long 2000 | 8

range order is, however, far lower than the experimental '

value!*? 0 . .
On the other hand, the ultrasonic, electron spin resonance 4000 | 00138 s 1°

and dielectric anomalies around 37 K, 65 K, and 10 K were Al

reported in nominally pure and doped &r8various mod- 2000 |

els, including the coherent quantum stHtethe second

sound!’ and anharmonic phonon interactifhhave been or ——

proposed. However, the physical nature is still a subject of 4000} ooz '} !

controversy. All this indicates that the physics in nominally Tw

pure and doped quantum paraelectric ST or KT needs further 2000 a0

study. 0 _152 [ A
Recently, the present authors have reported that two di- 020,40 .

X=0.0005 A+ B

electric modes induced by Bi doping in $¥;*°whoseT,,

(temperature of the permittivity maximyrs independent of 3000

Bi concentration, implying that some “intrinsic” mecha- 1500

nisms are involved. In this paper, we report some additional

results in Bi-doped ST: the evidence of the dielectric modes 0 . .
coupling with optical phonons is pointed out; the dielectric 4000

behavior can be described by the modified Debye-Langevin

model; the upper limit of the displacement ©f0.5-0.7 A 2000

for off-center Bi ions is obtained; an evolution from

impurity-dielectric modes towards the ferroelectric-relaxor 0] - 00

mode with increasing Bi concentration, and all the dielectric
anomalies being superimposed on the background of the

QPB are emphasized. _ o FIG. 1. Temperature dependenceetffor Sr, _ 5Bi, TiO5 with

The dielectric properties of &r;5BixTiO3 (X x=0-0.04at0.1, 1, 10, 100, and 1000 kHz, from upper to bottom;
=0-0.04) were measured with an HP 4284A Meter in thegpen circles: experimental data; solid curves: Fits to the Barrett
frequency range 20 Hz-1 MHz in the temperature ranggelation. The inset shows the’ vs T at 0.1 kHz; open circles:
1.5-300 K. X-ray diffraction, scanning electronic micros- experimental data; solid curves: calculated data according to Eq.
copy (SEM), and x-ray line profile analysis indicated that the (3).
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FIG. 2. Temperature dependence &f open circles: experi-
mental data; solid curves: calculated data according to(&q.

(1). There are several dielectric modes induced by Bi dop

ing, which are superimposed on the background of the pur

ST-like QPB. The distinct leveling off of the permittivity at

low temperatures i.e., the QPB, can be fitted to the Barret?

relation® €’ = C/[(T/2)coth(T,/2T)—T,] with T;=84 K,
To,=16.9 K, and C=8x10* K for x=0.0005; T,
=84 K, Tp=12.4 K, andC=8x10" K for x=0.001, etc.
(in the present work, for pure ST,;=84 K, T;=25.1 K,
andC=8x10* K are obtaineil

(2). For low concentration Bi dopingx&0.002), only
two dielectric anomalies occur in boti and€e” (denoted as
modesA and B, respectively. It should be stressed that al-
though modesA and B are frequency dependent, thdif,
(the €” maximum temperatujeat a certain frequency does
not change with increasing Bi concentration. However, th
amplitudes of mode# and B increase first with increasing
Bi concentration, and reach the maximumxat0.0053 for
mode A and atx=0.001 for modeB, then decrease. The
modes disappear at=0.02 for modeA and atx=0.1 for
modeB.

(3). With increasing Bi concentration asexceeds 0.002,
in addition to modesA and B, mode C occurs, whoseT,
increases with increasing Bi concentration. 6y modeC
overlaps with modeB, however, the corresponding’ for
mode C is well separated from mode B. The mo@ein-
creases quickly and dominates abowe0.0267.

It is found that the relaxation timesfor modesA andB
strictly follows the Arrhenius law in the frequency range
10-10 Hz; = ryexpE/kgT). The energy barrieE and o
were found to beE,=33=1 meV andrya=6x10 *? s,
andEg=62+2 meV andryg=0.6x10 *? s, respectively.
However, for mode C with Bi concentration-depend&pt,

7 follows the Vogel-Fulcher law? 7= roexd U/kg(T—Ts)].
For example, the best fit gives parametegs=10"° s, T;
=70 K for x=0.04, andr,=10"° s, T;=50 K, for x
=0.0133. That is, mod€ displays typical “relaxor” behav-
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What are the physical mechanisms of modeand B?
First, experimental fact shows that mod&sand B are in-
duced by Bi doping. Second, the temperatdrg of the
modesA andB does not change regardless of the large varia-
tion of Bi content, implying that an “intrinsic” mechanism
is involved. The possibility of the ferroelectricity can be ex-
cluded due to the Bi concentration independence pf

The symmetric profile of the frequency dependence”of
implies that a Debye-like impurity dielectric relaxation pro-
cess may exist Assuming that the excess polarization
comes from the motion of the off-center Bi ions, the dipole
polarization momenp associated with the dielectric permit-
tivity is given in a simple Debye-Langevin mod@l,

Ae=e)—el,=np?3kgTeg, 1)

where €/ is the static permittivitye., is the permittivity at
the optical frequency, the polarization momgntqés (g
=3e for Bi®* ions,eis an electron charge, artis displace-
ment of Bi iong, kg is Boltzmann constant, is the free
space permittivity,T is the temperature, amais density of
the dipoles. For x=0.0053, n=8.86x10"°> m 3, Ae
=2980 (T=36 K) for modeB. Substituting these param-
eters into Eq(1), we getsg=13.8 A . Similarly, for the six
éamples with different Bi concentrations in the rangexof
=0.0005-0.0067, we obtaindg=13.8t2 A for modeB

nd 8,=6.5-1.5 A for modeA. The almost uniform val-
ues of 5, and &g for these samples indicate that the Debye-
like impurity dielectric relaxation is reasonable. However,
the values seem too large to realize for the motion of Bi ions.
Therefore, these dielectric relaxations are expected to be re-
lated to the cooperative motion of Bi ions.

Many experimental results reported in the literature indi-
cate that the simple Debye-Langevin model cannot explain
the high dielectric polarization steps, and hence an enhance-
ment factor has to be taken into account to obtain a reason-
able explanatio>?? The theoretical work has been carried
out by Vugmeister and Glinchu®, Stacchiotti and Migont?
and the high permittivity induced in Li-doped KTaQvas
attributed to the enhancement effect of the effective polariza-
tion moment caused by the interaction between the impuri-
ties and the host lattice via the optical phonons.

In this work, an enhancement factris introduced into
the Debye-Langiven model, i.e., an effective polarization
momentp* =Np is taken into account. The permittivity step
is expressed as

Ae=n(Nqd)%/3kgTeq, 2

whereN is an empirical parameter that depends mainly on
the host lattice and the impurities. In this work, takiNg
=20, we obtain53=0.69+0.1 A for mode B and
=0.33+0.08 A for modeA. Using the valuessg and &,
and substitutingA e=n(Nqd)%/3kgTe, into the Cole-Cole
equatior?® we obtain,

€(8,T,0)=e.+mn(Ng6)?/3kgTeg[ 1+ (iwT)t ™ 4],
)

wherer is the relaxation time for the dielectric modes,is
the angry frequencyq is the width parameter leading to

ior, which has been described in Ref. 15. In this letter, wesymmetric broadening of the Debye relaxation, ands a

mainly discuss mode& andB.

constant. The calculated curves of the temperature depen-
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FIG. 3. Temperature dependence of the polarization under zero-
field cooling/field heatindZFC/FH) and field cooling/field heating
(FC/FH) at 1 kV/cm for Sg_ 4 5Bi,TiO3 with x=0.002. The data
were obtained form the measurement of hysteresis loop at 1 Hz. PN I R R AR B
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dence ofe” are in good agreement with the experimental v (cm™)
data, as shown in the inset of Figs. 1 and 2. o _

The polarization data have been obtained from the mea- F!C: 4. Raman spectra for Sr, 5BiTiO; with x=0, 0.0133,
surement of hysteresis loops for the sample with0.002, at ~ 21d 0-04 at 50 K. The lines at 20, 40, 54, 150, 178, 240, 270, 290,
1 Hz after zero-field cooling/field heatin@ZFC/FH and 450, an_d 550 cm, are labeled as a, b, ¢, d, &, f, g, h, i, and j,
field cooling/field heatingFC/FH) at 1 Kv/cm, with cooling ~ "eSPectively.
and heating rates of 1 K/min. The temperature dependence of As seen from Fig. 4, with increasing Bi concentration, the
the polarizatiorP is shown in Fig. 3. It can be seen that there|ines at 20, 40, and 54 cit merge into a rounded band and
are two clear steps of the polarization processes which cOkhe Jine at 150 cm' remains. The lines at 240, 270, 290,
respond well to the modesandB, respectively’* From Fig.  and 450 cm! decrease with increasing Bi concentration,
3, we can get APg=0.0011 C/ and AP,  and almost disappear far=0.04. The defect-induced modes
=0.0008 C/n. In terms of the simple picture of an isolated 4t 178 and 550 cmt increase greatly with increasing Bi
single dipolesp=qé/V, (V is the volume in which a dipole = concentration. The results indicate that the phonons modes
is included. Here forx=0.002, V=500V ||, Vcen iS the  are greatly modulated by Bi doping. It is reasonable to as-
volume of an unit cejl we obtain 5;=0.68 A anddx  sume that the change is due to distortion of the lattice struc-
=0.49 A. These results are in agreement with the data oltyre induced by Bi doping. The results of x-ray diffraction
tained from the Eq(2). indicated that all the samples are cubic. However, with a

However, considering that the equatipr qo/V is based  very careful inspectior(at very slow scanning speed and
on the hypothesis that the dipoles are isolated. If the dipolesmall stepswe found that in addition to the distortion from
are cooperativéwe know that is trug the 5 value must be  Cu Ka,; and CuKa,, the splitting of the(200 peak be-
decreased. It could be concluded that thealue obtained comes clearer with increasing Bi concentration, indicating
from p=qd/V is an upper limit of the displacement of the that the samples become more distorted towardse#rago-
off-center Bi ions. In addition, thé value, obtained from the nal” system. The great enhancement in the defect-induced
Eq. (2), Ae=n(Nqd)?/3ksTep, depends on what valud  modes(178 and 550 cm) may reflect this distortion.
we take. In this work, we tookl=20, perhapsN should be It should be emphasized that, for the Bi-doped samples,
higher than 20, i.e., thé value might be smaller than the two new lines appear, one at261 cni ! and another at
upper limit value obtained from the polarization calculation. ~520 cm . Interestingly, these frequencies of the optical
If taking N= 100, we obtainsg=0.14+0.02 A for modeB  phonons at-520 cni'! (64.5 meVf and~261 cni? (32.4
and 5,=0.07£0.02 A for modeA. These data are near the meV) are exactly coincided with the activation energies of
displacementd=~0.2 A calculated by Skanavetal”® mode B (62=2 meV) and modeA (33+1 meV) ob-
from an empirical estimation taking into account the en-tained from the dielectric relaxation. This result strongly sug-
hancement of the internal electric field. At this stage, a firmgests that the modesandB are very probably related to the
theoretical basis for this enhancement fadtbhas not yet phonons of the host lattice of ST, i.e., the motion of the
been established. off-center Bi ions that contribute to the modésndB could

Raman spectra of Bi-doped ST at 50 K are shown in Figpbe correlated via the phonons interactf8rObviously, this
4. At 50 K, for the nominally pure ST sample, the optical supports the enhancement effect of the effective polarization
phonons at th& point of the Brillouin zone are at 20, 40, 54, moment in Bi-doped ST.

150, 178, 240, 270, 290, 450, and 550 Cmthese lines Based on the above results, a simple picture can be drawn.
have been reported in the earlier literatéfte’ The lines at  For ST with deliberate Bi doping, off-center Bi ions form
20, 54, 150, 240, and 450 crh were attributed to the noninteracting polar clusters via the interaction with the
proper first-order modes, which are predicted by the grougphonons of the ST host lattice, giving rise Tg,-unshifted
theoretical analysis for the tetragonal structtee cell-  permittivity peaks with a single relaxation time that follows
doubled tetragonal4/mcm) of ST?® The lines at 270 and the Arrhenius law. These peaks are superimposed upon the
290 cmit were associated with the second-order badds; background of the QPB of ST. The dielectric response could
and the lines at 40, 178, and 550 chwere attributed to the be described by the modified Debye-Langevin model. The
modes induced by the unavoidable defects and impuffies. present work indicates that a theoretical model should take
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into account of the possible coexistence of several differenbehavior is present. This provides an example which shows
dielectric modes induced by the impurity. ST doped withan evolution of the ferroelectric relaxor mode and might be

very low concentration Bi ions behaves as a noninteractin$16|pr| in understanding the physical nature of the
polar clusters system. erroelectric-relaxor behavior.

With further increasing impurity concentration, some of  The authors would like to thank Professor J. Scott for
the noninteracting clusters become interacting clusters, angending his preprint to the authors, and to thank Professor K.
these clusters contribute to a ferroelectric relaxor modeA. Miiller, Professor A. Loidl, Professor W. Kleemann, and
whose relaxation time follows the Vogel-Fulcher law. WhenProfessor J. Toulouse for their stimulating discussion. The
Bi concentration reaches a critical value, all the noninteractauthors thank, particularly, Dr. Meng Li-Jian for the experi-
ing clusters become interacting clusters, and only the relaxanent of Raman spectroscopy.
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