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Change of IR spectra of Ba12xK xBiO3 crystals at the low-temperature phase transition

M. E. Kozlov,* Xiaoli Ji, H. Minami, and H. Uwe
Institute of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

~Received 9 June 1997!

IR absorption spectra of semiconducting Ba12xKxBiO3 crystals ~x50, 0.07, 0.17! were recorded in the
vicinity of band edge at temperature ranging from 6 to 490 K. The measurements reveal a sharp anomaly in the
behavior of the material nearTa565– 75 K. At this temperature the band gap in all investigated specimens
narrows inducing a steplike decrease of IR transmittance. The difference in transmittance above and belowTa

depends onx and forx50.17 compound exceeds one order of magnitude. Recorded changes are associated
with the low-temperature structural phase transition in the substance. They resemble a switching phenomenon
controlled by the transformation of crystallographic symmetry in the system with a substantial electronic
instability. @S0163-1829~97!07843-0#
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I. INTRODUCTION

Compounds of family Ba12xKxBiO3 are known to posses
both superconductivity withTc'30 K ~for x'0.4! and an
exotic insulating state~for x,0.3!. The solid alloy has a
complicated structural phase diagram.1 With the decrease o
potassium concentration simple cubic perovskite lattice
the superconducting composition transforms first into ort
rhombic ~Ibmm, x<0.3! and then to body-centered mon
clinic ~I2/m at room temperature,x,0.1! structure. The low-
ering of crystallographic symmetry in the material w
explained by tilting and breathing-mode distortions of Bi6
octahedra.1 Small deviations from ideal cubic structure e
hanced by the valence instability of Bi ions~negative-U
correlations2–5! are widely believed to result in the charg
disproportionation of Bi41 to Bi31/Bi51. Partial ordering of
two crystallographically inequivalent Bi sites causes form
tion of a charge-density wave~CDW! gap probably on
Peierls scenario. Different phase modifications
Ba12xKxBiO3 exhibit a great diversity of physical propertie
Variation of the properties with the substitution of K for B
the origin of the insulator to metal transition atx;0.3, and
the nature of superconducting state in Ba0.6K0.4BiO3 were
studied by numerous groups.6–9,11–21Their results evidence
considerable progress in the understanding of the matte
contrast to this, very little work has been done on the inv
tigation of phase transitions in semiconducting compositi
of the alloy (x,0.3), which can be induced by the alteratio
of temperature.1 Structural changes at the transitions we
characterized with electron and powder neutron diffract
measurements;1 however, to date no systematic studies
their influence on physical properties of the substances w
reported.

Because of small electrical conductivity at low tempe
ture and lack of magnetic ordering, transport or magne
measurements of the semiconducting species meet sig
cant difficulties and optical investigation would be an alt
native source of information. In order to check this possib
ity we recorded midinfrared~IR! absorption spectra o
several semiconducting Ba12xKxBiO3 crystals ~x50, 0.07,
0.17! in the broad temperature range. It was found that
behavior of all investigated specimens exhibit a sh
560163-1829/97/56~19!/12211~6!/$10.00
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anomaly nearTa565– 75 K. At this temperature band gap
the substances narrows inducing a steplike decrease o
transmittance. The difference in transmittance above and
low Ta depends onx and forx50.17 compound exceeds on
order of magnitude. Observed spectral changes are as
ated with the low-temperature structural phase transition
the material.

II. EXPERIMENT

The BaBiO3 crystal was prepared by the standard m
process; crystals of Ba0.93K0.07BiO3 and Ba0.83K0.17BiO3
were grown by an electrochemical method from a Ba-r
solution of Ba~OH!2•8H2O and Bi2O3 in KOH.8,9 Potassium
concentration was evaluated by electron-probe microan
sis. Synthesized substances were characterized with po
x-ray diffraction measurements~Rigaku MJ diffractometer,
Cu Ka radiation!; pseudocubic lattice parametersap were
evaluated usingd spacings of eight strongest peaks ca
brated against Si powder.ap in the compounds increase
with decreasing potassium concentration in excellent ag
ment with the linear relationship in Ref. 1. Simultaneous
distortion of cubic lattice evidenced by several weak refl
tions in recorded patterns showed trend to rise. According
the phase diagram1 the distortion should result in body
centered monoclinic (I2/m) and orthorhombic (Ibmm)
structures inx50,0.07 andx50.17 compounds, respec
tively.

For optical measurements, freshly prepared large b
crystals were mechanically polished into thin plates, fi
with a sand paper and then with 0.3–0.05mm abrasives.
Typical dimensions of the plates were about 33330.1 mm3.
In order to stabilize oxygen content and prevent degradat
prepared specimens were exposed to oxygen at slightly
evated temperature. Infrared absorption spectra in the ra
7000– 400 cm21 were recorded using a Bruker IFS-66v Fo
rier transform spectrometer equipped with an Oxford
1104 He-flow cryostat and a temperature controller. Coll
tion time was about 10 min per spectrum recorded with
resolution of 2 cm21 and the highest available sensitivity
The spectra were taken with the precise thermal stabiliza
of the sample space in cryostat. In order to characterize
12 211 © 1997 The American Physical Society
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12 212 56M. E. KOZLOV, XIAOLI JI, H. MINAMI, AND H. UWE
temperature changes in IR transmittance, which were
served in investigated substances below 100 K, we indep
dently recorded temperature dependencies of intensity I
center burst~the most intense peak at the origin! in interfero-
grams. This magnitude is known to be proportional to
integral intensity of light transmitted by specimens in me
sured frequency range.10 In our spectrometer the rang
7000– 400 cm21 was limited by characteristics of globa
KBr beamsplitter and DTGS detector. Without Fourier tran
formation and storing interferograms, magnitudes I could
recorded at every scan of moving mirror, i.e., quite rapid
in about 5 sec. The data were taken on slow heating of sp
mens in cryostat from liquid-He temperature. In figures th
are shown in the formI (T)/I max obtained after the normal
ization with the maximal for each specimen magnitude. F
comparison similar values were calculated using numer
integration of recorded spectra. They are presented in
same normalized form.

III. RESULTS AND DISCUSSION

All recorded spectra are divided into two parts. Tho
taken above 100 K~x50, 0.07 compounds! and 80 K
~x50.17 compound! are shown in Figs. 1–3; below thes
temperatures, in Fig. 4. Room temperature data for BaB3
crystal are in agreement with previous measurements11 and
substantially deviate from powder spectra of similar su
stances recorded as KBr pellets.12 In the latter case particle
size probably influenced the shape of absorption curves.
low- and high-energy ends of recorded spectra~Figs. 1–4!
are limited by the TO1 phonon at about 500 cm21 and the
intense interband transition, respectively.6 Sharp peaks
at 1146 cm21 ~with the side band at 1072 cm21! and
1729 cm21 in BaBiO3 can be related to the second and th
overtones of phonon at 575 cm21, see Ref. 11. The fre
quency of the phonon is very close to the position of
strongest Raman band~569 cm21 in BaBiO3!, which was
assigned to the breathing mode.7 Similar peaks in spectra o

FIG. 1. The temperature dependence of IR absorption spect
BaBiO3 crystal in the range 100–490 K. Note the sensitivity of t
spectrometer limited maximal available absorption coefficient.
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x50.07 and 0.17 compounds are located respectively
1134, 1702, and 1090, 1635 cm21 ~with the side band at
1464 cm21!. Energies of the peaks are almost temperat
independent.

Numerous reflectivity studies6,13–15showed that the maxi-
mum of the interband transition in BaBiO3 is located near
16 000 cm21 and shifts down to 7000– 8000 cm21 in
Ba12xKxBiO3 with increasingx up to x;0.3 when the ma-
terial transforms into metal. The transition was associa
with a direct charge excitation across CDW gap. It is kno
also11 that the band gap deduced from transport meas
ments of BaBiO3 ~Ref. 16! is about 4000 cm21 ~twice of
activation energyEa50.24 eV!. Both optical and transpor
data seem to be in agreement with electronic struct

of FIG. 2. The temperature dependence of IR absorption spect
Ba0.93K0.07BiO3 crystal in the range 100–400 K. Note the sensitiv
of the spectrometer limited maximal available absorption coe
cient.

FIG. 3. The temperature dependence of IR absorption spect
Ba0.83K0.17BiO3 crystal in the range 80–230 K. Note the sensitivi
of the spectrometer limited maximal available absorption coe
cient.
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56 12 213CHANGE OF IR SPECTRA OF Ba12xKxBiO3 . . .
calculations17 which demonstrated that Bi 6s bands in
BaBiO3 form a direct gap of;1.3 eV and indirect one o
;0.3 eV. The magnitudes correlate well with the results
optical and transport experiments. The same conclusion
made in Ref. 18 on the basis of photoemission and x-r
absorption spectroscopy investigations. It was reported
that potassium doping changes band filling in semicond
ing Ba12xKxBiO3 and systematically reduces CDW gap e
ergy without significantly altering the band structure of t
material.19,20

For these reasons spectra in Figs. 1–4 should be relat
the region of an indirect band-to-band transition. If exit
formation is neglected, the band edge in semiconductors
the indirect gap can be described by the express
a\v;(\v2Eg)2.22 In pure crystalline solidsEg should in-
clude the energy of phonons that have to be emitted or
sorbed at the transition in order to conserve momentum
heavily doped or disordered systems the requirement of
mentum conservation at nonvertical transitions can be
filled by scattering process involving free carriers, impu
ties, and defects.23 The quadratic frequency dependence
the absorption coefficient nearEg is also valid for many
disordered and amorphous materials.22 We found that similar
law can satisfactory approximate absorption edge~region of
steep increase of absorption coefficient! in low-temperature
spectra of all investigated compounds~see Fig. 4!. Fitting
parameterEg , which may be used to define the indirect ga
for specimens withx50, 0.07 and 0.17 is equal t
3979 cm21 ~at 100 K!, 3246 cm21 ~at 100 K!, and
1220 cm21 ~at 80 K!, respectively. Variation ofEg with po-
tassium concentration in investigated substances forms
most linear dependence~Fig. 5, open symbols!, which may
be extrapolated to the region of metallic composition~Eg50
whenx50.25!. Related downshift of the interband transitio

FIG. 4. The temperature dependencies of IR absorption spe
of three Ba12xKxBiO3 crystals in the range 6–100 K~x50,0.07
compounds! and 6–80 K~x50.17 compound!. The spectra within
6–75 K (x50), 6–50 K (x50.07), and 6–60 K (x50.17) almost
coincide. Dashed lines represent the fit of the experimental
with the expressiona\v;(\v2Eg)2 in the vicinity of the band
edge. Note the sensitivity of the spectrometer limited region
maximal available absorption coefficient.
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with increasingx and occurrence of metallic phase ne
x;0.3 was reported by many authors.13–15 This fact along
with the excellent agreement ofEg for BaBiO3 with results
of transport measurements16 can be regarded as addition
arguments in favor of validity of the analysis.

Below the band-edge spectra of all investigated s
stances reveal a residual absorption that is quite substa
even in undoped compound. In usual semiconductors s
absorption is normally ascribed to the contamination of m
terial with some impurities or intraband transition due to fr
carriers.22,23 The latter frequently obeysl2 law and has in-
tensity proportional to the number of free carries. A lon
wave exponential tail is typical for disordered and am
phous materials as well. Origin of substantial residu
absorption in BaBiO3 is not clear for us at the moment. Be
side the common sources, it can be associated with
electron-hole interaction11,21 or peculiar bipolaron
excitation.15 It is obvious, however, that the residual absor
tion increases in Ba12xKxBiO3 with increasingx. This cor-
relates with the composition-induced band-gap narrow
~Fig. 5! and the rise of reflectivity and optical conductivity i
IR region of similar compounds reported in Refs. 13–1
The effect can be related to the reduction of band filling a
substitution,19,20 which probably results in strengthening o
the intraband contribution.

Recorded spectra exhibit unusual temperature depen
cies. With decreasingT down to 100 K forx50, 0.07 and 80
K for x50.17 compounds, the band edge shifts upward
energy~Figs. 1–3! as normally observed in ordinary sem
conductors. Below 80–100 K the pattern changes; the b
edge shifts in opposite way—to the low-energy end of sp
tra ~Fig. 4!. The anomalous shift downward occurs in th
narrow temperature range 100–50 K, is quite small
BaBiO3 and becomes larger in Ba0.93K0.07BiO3. Eg values
deduced from 50 K spectra of the two substances are eq

tra

ta

f

FIG. 5. The energy gapEg vs potassium concentrationx in
Ba12xKxBiO3 deduced from spectra in Fig. 4 and extrapolated
the region of metallic composition. Open and solid symbols sta
for data recorded just above and belowTa565– 75 K, respectively.
Note thatEg for the x50.17 compound atT560 K was evaluated
only approximately. The inset showsTa defined according to Fig. 6
vs x in investigated specimens.
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respectively, to 3879 cm21 and 3054 cm21, i.e., they de-
crease by 2.5% inx50 compound and by 6% inx50.07
compound as compared with 100-K data. The behavio
heavily doped Ba0.83K0.17BiO3 crystal is very peculiar. Be-
low 80 K its IR transmittance drops down to the magnitu
when the recorded signal becomes smaller than the sen
ity of our spectrometer. The spectrum of the specimen a
K reveals only structureless noise~Fig. 4! and resembles dat
taken at 230 K~Fig. 3!. Variation of Eg in Ba0.83K0.17BiO3
with decreasing temperature from 80 to 60 K is difficult
evaluate exactly, though it should probably be comparabl
larger than that in the range 80–230 K. Takin
Eg;800 cm21, the value derived from the 190-K spectrum
as the upper limit, we can conclude that the band gap in
crystal diminishes by more than 34% when temperature
creases from 80 to 60 K. AlthoughEg at T,80 K in the
specimen is quite indefinite, the trend becomes obvious
the critical temperature region the anomalous downshift
the band edge and corresponding narrowing of band gap
velop with increasing potassium concentration. Variation
Eg deduced from the low-temperature spectra
Ba12xKxBiO3 with x is shown in Fig. 5 with solid symbols

The changes in spectra of the heavily doped material t
place quite rapidly making measurements within 80–60
difficult. Small fluctuations of temperature at the thermal s
bilization of the sample space in cryostat have a substa
influence on recorded data. In order to characterize spe
changes in this critical range we recorded temperature de
dencies of integral intensity of light transmitted by our spe
mens in the IR region. Acquired as intensities of the cen
burst at interferograms10 ~see above for details!, the data can
be taken quite rapidly on slow heating of the sample sp
from the liquid-He temperature. The magnitudes normaliz

FIG. 6. The temperature dependencies of integral transmitta
in the range 7000– 400 cm21 of three Ba12xKxBiO3 crystals nor-
malized with the maximal for each specimen value. The magnitu
recorded as intensities of the center burst at interferograms
calculated using integration of spectra in Figs. 1–4 are shown w
open and solid symbols, respectively. The temperature of the s
anomalyTa in the dependencies is marked. Note the sensitivity
the spectrometer limited signal forx50.17 compound below 65 K
and above 230 K.
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with the maximal for each specimen value are shown in F
6 ~open symbols!. One can see an unusual steplike anom
near Ta565– 75 K at all dependencies. Magnitudes of t
steps in compounds withx50, 0.07 and 0.17 are equal t
2%, 11%, and 91%, respectively. One should mention, ho
ever, that the latter values as well as the onset of the anom
were sensitive to the heating rate and slightly varied at m
surements. Besides, the signal in Ba0.83K0.17BiO3 at low tem-
perature was limited by the sensitivity of our spectrome
and could not be evaluated precisely. Temperatures of
sharp anomalyTa in specimens with differentx are shown in
inset in Fig. 5.

Solid symbols in Fig. 6 represent integral transmittan
calculated for comparison using integration of recorded sp
tra. Their agreement with valuesI (T)/I max acquired directly
is good in the whole temperature range; the data in Figs.
and Fig. 6 are evidently consistent. We can conclude he
that the steplike anomaly nearTa565– 75 K in integral
transmittance is provoked by the downshift of the band ed
A contribution from the rise of residual absorption in th
critical temperature region may also be of importance for
narrow gapx50.17 compound.

Peculiar behavior of investigated specimens can be un
stood taking into account the phase diagram of the mater1

According to it, body-centered monoclinicI2/m structure of
BaBiO3 transforms into primitive monoclinic, probably o
P2/m symmetry, at temperature below 150 K. The transiti
is evidenced by new reflections in neutron powder diffra
tion patterns. The lightly doped compound withx50.1 has
an orthorhombicIbmm lattice in the temperature range 300
200 K and is body-centered monoclinic at 10 K. In bo
instances crystallographic symmetry of the material redu
in a low-temperature phase. Structural data atT,295 K on
compositions 0.1,x,0.3 are not reported. We believe th
the instability below 150 K is common for all Ba12xKxBiO3
crystals withx5020.17 investigated by us and the trans
tion from high- to low-temperature state is responsible
sharp changes in recorded IR spectra. In other words,Ta
values in Fig. 6 should correspond to the phase transfor
tion. Slightly higher temperature of the onset of the transit
in BaBiO3 according to Ref. 1~about 100 K! than that in our
study ~70 K! was detected on ceramic specimens. An inh
mogeneity and multiple grain boundaries typical of ceram
may be a reason for the discrepancy. Quite broad transi
range in Ref. 1 is an indication of the possibility. It wa
mentioned also that oxygen content in the compou
~poorly controlled variable! is important for the occurrence
of the phase transformation.1 Our preliminary results ob-
tained onx50.17 crystal confirm the observation; anneali
of the specimen in oxygen affected itsTa value. Finally dop-
ing of BaBiO3 with potassium should influenceTa as well.
However, lack of structural data on lightly dope
Ba12xKxBiO3 at 10 K,T,200 K does not allow us to com
pare location of the phase boundary for it with our measu
ments~inset in Fig. 5!.

It appears that the transition from high- to low
temperature phase is accompanied by the narrowing of
ergy gap in semiconducting Ba12xKxBiO3 specimens. This
fact is quite surprising. Reduction of crystallographic sy
metry in the sequence cubic–orthorhombic–body-cente
monoclinic ~at room temperature! can be induced by lower
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ing of potassium concentration. The two latter structures
related by a logical progression of first tilting and the
breathing-mode distortions of the cubic lattice. The orth
rhombic phase is highly conducting forx50.3 but acquires
semiconducting properties at smallerx. The energy gap de-
velops further in substantially distorted body-centered mo
clinic phase (x,0.1). No deviation from the behavior wa
reported for compounds withx;0.1 where the transforma
tion from orthorhombic to body-centered monoclinic lattic
takes place.1 Although in this case the influence of the stru
tural transition on properties of the compound may
smeared by the effect of doping. Lowering temperature do
from 150 K seems to reduce crystallographic symmetry
Ba12xKxBiO3 in the same manner, i.e., from orthorhombic
body-centered monoclinic (x;0.1) and from body-centered
monoclinic to primitive monoclinic (x,0.1).1 However the
band gap deduced from our spectroscopic measurem
changes in opposite way, it unexpectedly decreases. Asx is
constant, the temperature-induced distortions of crystal
tice in the material should provoke a peculiar modification
its electronic structure. It is noteworthy also that the relat
decrease ofEg in the critical temperature region become
larger with increasing potassium concentration. Eviden
doping promotes the band-structure alteration.

It was reported15 that important features ofBaBiO3 band
structure cannot be reproduced by calculations involving
tice distortions alone and strong correlation effects of Bis
electrons have to be taken into account. In order to desc
the phase diagram of undoped and doped BaBiO3, a model
with negative Hubbard energyU on the Bi sites was em-
ployed by several authors.2–5 According to it, intraatomic
electronic correlations and the underlying negative-U term
are responsible for the valence instability of Bi ions a
charge disproportionation of Bi41 to Bi31 and Bi51. The
model can produce both the CDW and the superconduc
ground state as a function of doping and the coupl
strength. One may suggest that fine-structural changes
duced by the low-temperature phase transition modify
site pairing of electrons in Bi 6s states. It can take place
either directly, as a result of the interplay of on-site attract
and intersite repulsion,4,5 or via coupling with phonons and a
soft mode.2,3 Small variation of the charge disproportionatio
or related disordering of the CDW state should alter the el
tronic structure of the material and may be attributed to
band-gap narrowing detected in our spectroscopic study
so, the band-structure modification is controlled by the el
tronic instability in the compound and triggered by lattic
distortions at the phase transition. Although differences
tween band-structures of the semiconducting phases are
known and we can only speculate on their origin, it is ob
ous that the inner instability of electronic system should
v
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taken into account at the assessment of the low-tempera
state in such strongly correlated material as Ba12xKxBiO3.

The substitution of K on the Ba site decreases char
disproportionation and reduces band gap. Beside the effec
lattice expansion, it introduces an additional disorder in t
cation site energies, changes band filling, and effective
screens CDW charge fluctuations.13–15The influence of dop-
ing goes in line with the band structure alteration at the low
temperature phase transition. It should significantly affe
properties of the heavily doped substance as observed
Ba0.83K0.17BiO3, the compound located on the phase diagra
close to the boundary with the metallic phase. The tre
seems to be consistent with models.2–5

The changes of optical properties in Ba0.83K0.17BiO3 at the
phase transition resemble a switching phenomenon. The
terial has two stable states—transparent in IR and opaq
with the variation of transmittance exceeding one order
magnitude. Switching between the states is triggered by fi
structural distortions that modify crystallographic symmet
of the material. An instability of its electronic system is re
sponsible for the occurrence of the phenomenon. To so
extent it looks similar to optical switching in organic photo
nic crystals, see, for instance, Ref. 24. The ability of reve
ible switching in organic media is expected to find applic
tion in information technology.

In summary, we report measurements of IR spectra
semiconductingx50, 0.07, 0.17 crystals of Ba12xKxBiO3 in
the band-edge region at temperature ranging from 6 to 4
K. It was found that the band gap in investigated specime
anomalously narrows atTa565– 75 K, inducing a steplike
decrease of IR transmittance. The difference in transmittan
above and belowTa depends on potassium concentration an
exceeds one order of magnitude in Ba0.83K0.17BiO3. Ob-
served spectral changes are associated with the lo
temperature structural phase transition in the material. F
lattice distortions probably cause an instability of its ele
tronic system and trigger the band-structure alteration. T
influence of the transition on optical properties of the su
stance can be enhanced by K substitution and becomes
nificant in the heavily doped narrow-gap material. Th
temperature-induced spectral changes in investigated co
pounds resemble a switching phenomenon controlled by
transformation of crystallographic symmetry in the syste
with a substantial electronic instability. Advanced study
the phenomenon is now under way.
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