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The second-order Raman scattering and the temperature dependence of the ferroelec-
tric soft mode in ABO; perovskites are explained quantitatively in terms of a nonlinear
shell model by assuming an anisotropy in the oxygen polarizability. This model yields a
new explanation for the origin of ferroelectricity in perovskites.

In 1960 Cochran and Anderson! developed the
soft mode concept, which explains the ferroelec-
tric phase transition in a great variety of ionic
crystals. In this theory a compensation of long-
and short-range forces leads to a strongly anhar-
monic behavior of the ferroelectric soft mode,
wp=wg,o(T), whose temperature dependence is
approximately described by

wp2=A(T-T,). (1)

In the last fifteen years, many experimental and
theoretical studies have been carried out in or-
der to further clarify the details of the soft mode
behavior,? particularly in the ABO, perovskites.
The explanation of the temperature dependence of
the soft mode in terms of anharmonic interactions
has been discussed®” 7 and quantitative results
have been obtained using an effective quartic po-
tential between the central B ion and its neighbor-
ing O ions.*>" In order to describe the tempera-
ture dependence of w,, however, an unrealistic
fourth-order parameter had to be used.*’

In this Letter we show that in ABO, perovskites
the behavior of the ferroelectric soft mode and
related properties may be explained by the strong-
ly anisotropic deformability of the oxygen ion,
which also determines the second-order Raman
scattering in these crystals.

The following facts led us to focus our attention
on the polarizability of the oxygen ion: (a) The
only perovskites which are known to show ferro-
electric soft modes are the oxidic ones; (b) these
are also the only ones which show a strong sec-
ond-order Raman effect; (c) in simple cubic ox-
ides (such as MgO, etc.), the Raman scattering
is dominated by the infra-ionic polarizability of
the oxygen ion®~!%; and (d) it is known that the
oxygen polarizability depends strongly on its en-
vironment in a crystal, '™

In order to account for the intra-ionic anisot-
ropy of the oxygen polarizability a(O~"), we
modify the shell model of Cowley!* and Stirling'®
by replacing the core-shell force constant by a
tensor with two parameters, K, and K o (cf.
Table I). We denote the corresponding compo-
nents of the tensor a(O~") in the directions of
neighboring A and B ions by a4 and agp, re-
spectively. Calculations have been performed
for SrTiO; and KTaO,. Both crystals are cubic
and show a ferroelectric soft mode, but they dif-
fer strongly in the ionic masses and charges. In
the case of KTaO,, only the lower phonon branch-
es have been measured by neutron spectrosco-
py,'® and the results are therefore less reliable.
In order to calculate the second-order Raman
spectra, we use a nonlinear extension of a(O~").
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TABLE I. Harmonic shell model parameters. The upper values correspond to SrTiO;, the lower to KTaO,;. The

symbols are defined in Ref. 14 and in the text.

et/ elfv
Au  Boa Ao Bog  Aoo Boo Zy Zp Y Yy Yo Ky Kp  Koa Kog
26 - 4,25 285 -43 1.9 0.74 1.62 3.3 2.3 -1.5 =27 57 1446 624 98.97
13 -0,25 340 - 62 5.0 0.0 0.95 4.6 4 7 -2,7 1000 525 500 189.95

The two parameters of the quartic intra-ionic
Raman polarizability in the isotropic case, H,
and H,,'” have to be replaced by four parameters
in the present anisotropic case. Corresponding
to the second derivatives of (O~ ") with respect
to displacements in one of the A or B directions,
we have nonlinear core-shell coupling parame-
ters Kop,p, Kop,a» Koaa and Koy 4. In Fig. 1,
the contribution of K op 5 to the second-order Ra-
man spectra is shown for KTa0O,.'* No improve-
ment is obtained by including the contributions
related to Kop 4, Koa,4 OF Koy 4r. Considera-
tions of symmetry show that the 7,, component
of the Raman tensor vanishes identically for the
mechanism considered. The agreement between
the experimental data and the one-parameter the-
ory, which is based on very restricted experi-
mental phonon data, is remarkable. In SrTiO,,

|

(Wg2) p=(B/2Nm) 0 foH (Ol V) /w ] coth(hw /2R T).
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The f’s are shell eigenvectors, x=(q,j), and the
other quantities are given in a standard nota-
tion.'” O, denotes the oxygen whose neighboring
B ions lie in « direction (x,y, or z). The tem-
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FIG. 1. Second-order Raman spectra of KTaO;. The
intensity scale is the same for the three components.
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the intensity of the high-frequency bands is too
weak. In this case we expect that inter-ionic Sr-
O polarizabilities contribute to the spectra as in
SrO.1°

The softening of wy is essentially related to the
near instability of the position of the B ion against
displacements in the direction of neighboring oxy-
gen ions. Thus, it seems obvious to study the in-
fluence of the dominating nonlinear coupling pa-
rameter Koy 5 on this mode.

For this purpose we use the simplest approxi-
mation, calculating the thermal average of the
complete quasi-harmonic core-shell B spring of

the oxygen ions,
Kop(T) =K op+ 2K 05,5{ W) 1, (2)

where <WBZ) r is the thermal average of the oxy-
gen shell displacements in the B direction, which
is given by

(3)

perature dependence of wy is given by
WAT) = wy? +3 (Kopfo?/Mo)Wg?) ¢
(4)

+higher order terms,

where w, is the harmonic frequency, which is
imaginary, and fo is the shell eigenvector of the
oxygen whose B neighbors lie in the direction of
polarization of the ferroelectric mode. w, and fo
are complicated functions of the harmonic param-
eters. The higher order terms are smaller than
the second term by a factor of 1073, In Fig. 2

the experimental data for wg(7) in SrTiO, and
KTaO, are compared with the theoretical curves
calculated from Eq. (4). The agreement is within
the experimental error. The values of Kop, g are
obtained by least-square fits, which yield 749 and
500 e*/va® for SrTiO, and KTaO,, respectively,
where v means the volume of the elementary cell
and a the lattice constant. However, we note that
the functional form of the theoretical curves is
completely determined by (W ?) ;. The param-
eter Kop 5 scales this function and contributes to
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FIG. 2. Temperature dependence of the ferroelectric
soft modes. The lines correspond to model calcula-
tions: solid line, SrTiO;; dashed line, KTaO;; dotted
line, KTaO, with O isotropically polarizable. Experi-
mental data: SrTiOj, solid circles (Ref, 19) and solid
triangles (Ref. 20); KTaO; x’s (Ref. 21), and +’s (Ref,
19).
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the zero temperature value of wz? This becomes
evident from Fig., 2, which shows a positive value
for w;%(0) although w,* is negative. The zero
point correction includes in a natural way the
coupling of the ferroelectric mode to the acoustic
modes via (W% ;. We emphasize that the anisot-
ropy of @(O~") in the harmonic model is essen-
tial for the curvature of wz*(7). This can be seen
from a calculation for KTaO, in which an isotrop-
ic polarizability, Kop=K o, is assumed. In this
case K op 5 is fitted to the low temperature part

of wA(T). As shown by the dotted line in Fig. 2,
the resulting temperature dependence is much
too weak. If, on the other hand, the fit is done in
such a way as to describe the mean temperature
slope, strong deviations from the experimental
data appear at low and high temperatures.

Our model also allows us to understand the
stress-induced ferroelectric phase transition in
SrTiO, and KTa0,.?*?* The lattice constant in-
creases in the plane perpendicular to the uniaxial
stress, This results in an increase of the oxygen
polarizability, or decrease of K g 4 in this plane.
The complete curve for wz*7) is therefore shift-
ed to lower frequencies, corresponding to an in-
crease in transition temperature. We believe
that in the homologous systems BaTiO, and KNbO,
the ferroelectric phase transition may be ex-
plained in a similar way. The correlation be-
tween Eqs. (4) and (1) can be seen if we expand
the hyperbolic cotangent in Eq. (3). In the “line-

ar” region (7 >30 K for KTaO, and 7> 60 K for
SrTiO,) we can write the approximate results

A= (kK op,pf?/2Nm A ) 0o (Oul 1) /wy?,  (5)
and
T, =-w,?/A, (8)

In contrast to the constant A in Eq. (1), the quan-
tity defined in Eq. (5) is slightly decreasing with
increasing temperature due to the renormaliza-
tion of the f4(Ogl 1),

A final important point is the consistency of the
numerical values K o g with the ratio of the sec-
ond-order Raman and the Rayleigh intensities,
which is approximately given by

IRaman /IRaylEigh - (KOB.B< W752> TV/ZKOB)2- (7)

For SrTiO,, Eq. (7) yields a value of 13x107¢,
We have measured this quantity and found a lower
limit of 8 X107¢, which is in sufficient agreement
with the theoretical result.

In conclusion, we have shown that the strong
Raman scattering and the behavior of the ferro-
electric soft mode in oxidic perovskites originate
from the unusual anisotropic polarizability of
oxygen, This explains why such behavior has not
been observed in other perovskites, such as the
fluorides; and it helps us to understand the par-
tial success of former calculations with effective
oxygen-B-metal potentials. The large anisotropy
of the oxygen ion could not be explained by simple
considerations including the radii of the A and B
ions. Indeed, such a model would lead to a larger
polarizability in the A rather than in the B direc-
tion. Therefore, we suggest that a g is enhanced,
especially dynamically, by the hybridization of
the oxygen p states with the d states of the tran-
sition metal ion B, This model is supported by
the fact that in other perovskites, such as the
aluminates, no ferroelectric soft mode has been
observed. The origin of the anisotropy of the
oxygen polarizability will be further clarified ex-
perimentally and theoretically by investigating
perovskites which differ only in the B ion, such
as the pairs KTa0O,-KNbO, or PbTiO,-PbZrO,.
Furthermore, the effect of hybridization will be
investigated in a microscopic theory. A detailed
description of our work will be given elsewhere.

The authors are grateful to Dr. R. Zeyher and
Dr. I. R. Gomersall for critical reading of the
manuscript.
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Intrinsic and Defect-Induced Surface States of Cleaved GaAs(110)*
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Photoemission-yield—spectroscopy measurements are reported for a set of cleaved n-
GaAs(110) surfaces, clean or gradually oxygen covered. Depending on the cleavage, the
Fermi level at the clean surface is observed at the bulk position or toward midgap. For
the first time, the existence of surface states in the gap, close to the conduction band is
directly demonstrated when the density of the defect-induced surface states found near

the valence-band maximum is small,

During the last few years, there has been an

increasing number of investigations, both experi-

mental and theoretical, on electronic properties

of semiconductor surfaces. On the whole, gener-

al agreement has been found for the electronic
and crystallographic surface properties of semi-

conductors such as silicon and germanium. How-

ever, for cleaved (110) surfaces of GaAs, the
matter seems to be still controversial, and con-

tradictory results have been reported for the pos-
ition of the Fermi level at the surface and the ex-

istence of surface states in the gap. Dinan, Gal-
braith, and Fischer! reported a large band bend-
ing (=0.8 eV) for n-type samples and interpreted
their results in terms of a band of surface ac-
ceptors with its lower edge 0.85 eV below the
conduction-band minimum (CBRM). In early ultra-
violet-photoemission-spectroscopy (UPS) experi-
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ments, Eastman and Grobman? found a band of
surface states near the valence-band maximum
(VBM). Gregory and co-workers®* repeated
these experiments and could not detect any filled
states in the band gap, but they claimed that an
empty surface-state band “pins” the surface Fer-
mi level at midgap on n-type GaAs. It has re-
cently been reported by Eastman and Freeouf®
that the filled states in Ref. 2 were not reproduc-
ible and that they have detected by photoemission
partial-yield measurements a band of unoccupied
surface states, the bottom of which would be lo-
cated about 0.7 eV above the VBM. However,
there is a discrepancy between these results and
those of Van Laar and Scheer® and, more recent-
ly, Huijser and Van Laar’ who reported Kelvin
measurements on n- and p-type GaAs (110) sur-
faces which they interpreted as indicating no Fer-



