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Electron-phonon coupling induced pseudogap and the superconducting transition
in Ba0.67K0.33BiO3
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We study the single-particle density of states~DOS! across the superconducting transition (Tc531 K) in
single-crystal Ba0.67K0.33BiO3 using ultrahigh resolution angle-integrated photoemission spectroscopy. The
superconducting gap opens with a pileup in the DOS,D(5.3 K)55.2 meV and 2D(0)/kBTc53.9. In addition,
we observe a pseudogap below and aboveTc , occurring as a suppression in intensity over an energy scale up
to the breathing mode phonon~;70 meV!. The results indicate electron-phonon coupling induces a pseudogap
in Ba0.67K0.33BiO3.
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From a variety of experiments and theory, it is clear th
high-Tc cuprate superconductors belong to a special clas
materials. Some of the important aspects of the cuprates
quasi-two-dimensionality, short-range antiferromagnetic c
relations, an anisotropic pseudogap in the normal phase,
dx22y2 symmetry of the superconducting gap.1,2 In contrast,
the perovskite series Ba12xKxBiO3 ~BKBO! is three-
dimensional, contains no transition metal ions, has no m
netic order but still exhibits the highestTc known for an
oxide other than the cuprates.3 The superconductivity in the
BKBO series was preceded by the analogous BaBi12xPbxO3

~BPBO! series which shares the same parent BaB3

~BBO!.4 The role of electron-phonon coupling in the prope
ties of the BKBO and BPBO series originates in the cha
density wave~CDW! state of BBO.

The parent BBO is expected to be a metal from ba
theory with a half-filled Bi 6s band, but the near perfec
nesting possible in BBO causes a three-dimensional C
gap to open up in the DOS.4,5 The CDW in BBO is coupled
to the breathing mode phonon which is due to the contrac
and expansion of oxygen octahedra surrounding neighbo
Bi ions. Substitution with K in the Ba site results in
semiconductor-metal transition at a criticalxc;0.3. While
the CDW state is weakened by substitution, resulting in
systematic lowering of the CDW energy upon doping, t
breathing mode phonon is observed even in the meta
phase.6 Optical conductivity studies7 suggest remnant loca
CDW order in the superconducting compositions withx
50.33 and 0.4. Extended x-ray-absorption fine struct
~EXAFS! measurements8 also show two types of Bi ions
with short- and long-bond nearest neighbor Bi-O distanc
On increasingx, the short and long Bi-O distances becom
equivalent aroundx50.4. This picture is derived from for
mally Bi31 and Bi51 ions constituting charge disproportion
ation in BBO,4 though x-ray and resonant photoemissi
spectroscopy studies have not shown clear evidence for
BBO and the doped compounds.9,10 The results are under
stood as due to very small charge transfer between the
equal Bi sites.5 The crystal structure also evolves with do
ing and at room temperature: forx50.0– 0.1 it is
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monoclinic, forx50.1– 0.3 it is orthorhombic, and abovex
50.3 up to 0.5(5the solubility limit), it is cubic.11

In this work we study the electronic structure
Ba12xKxBiO3 with x50.2, 0.33, and 0.46. Forx50.2, the
system is semiconducting; forx50.33 we are across th
critical concentrationxc;0.3 and into the metallic phas
with Tc531 K; x50.46 is overdoped with aTc of ;24 K.
We have done a detailed investigation of the role of cha
order ~in the absence of magnetic order! on the electronic
structure and superconducting transition in Ba0.67K0.33BiO3.
Our results show that the superconducting gap opens du
a pile up in the DOS with spectacular redistribution of spe
tral weight at low energy scales. Ba0.67K0.33BiO3 belongs to
the moderately strong electron-phonon coupling regime w
2D(0)/kBTc53.9. Significantly, we observe a pseudogap
the superconducting state, corresponding to a suppressio
intensity occurring over an energy scale up to the breath
mode phonon energy~;70 meV!. This pseudogap is ob
served even aboveTc but with a normal metallic Fermi edge
and is filled up on increasing temperature in the norm
phase. The results indicate that electron-phonon coupling
duces a pseudogap in the metallic phase of Ba0.67K0.33BiO3.

Single crystals of Ba12xKxBiO3, with x50.2, 0.33, and
0.46 were prepared by an electrochemical method and c
acterized as reported earlier.12 Magnetization measuremen
on the superconducting sample used in the photoemis
measurements confirmedTc531 K for x50.33 ~see Fig. 1
inset!. Ultrahigh resolution angle-integrated photoemissi
spectra were measured using monochromatized He Ia radia-
tion from a GAMMADATA discharge lamp and a Scient
SES 2002 analyzer. The sample was cooled using a flow
liquid helium cryostat and the sample temperature was de
mined using a calibrated silicon diode sensor to an accur
of 60.5 K. Clean surfaces were obtained by scraping
sample surfaces using a diamond file. We also attemp
cleaving but always obtained uneven surfaces which sho
no angle dependence of spectra. We confirmed all the dat
the scraped surfaces to be identical with the fractured
faces. The total energy resolution is 4.2 meV as determi
from the Fermi edge of a freshly evaporated gold film me
©2001 The American Physical Society09-1
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sured at 5.3 K. The position of the Fermi level (EF) is ac-
curate to better than60.05 meV. The temperature depende
changes have been reproducibly obtained on thermal cyc

Figure 1 shows the nearEF spectra of Ba0.67K0.33BiO3
obtained using He Ia radiation at 5.3 K~superconducting
phase! and 32 K~normal phase!. The spectrum at 32 K~just
aboveTc531 K! is like that of a normal metal with a Ferm
edge. This is confirmed by simulating the spectrum usin
linear DOS multiplied by the Fermi-Dirac distribution an
convoluted by a Gaussian of full width at half maximu
(FWHM)54.2 meV corresponding to the experimental res
lution ~see Fig. 1!. In contrast, 5.3 K spectrum shows a sha
peak at 7.0 meV binding energy with a leading edge de
mined by experimental resolution. The spectrum indicate
clear gap in the single particle DOS due to the supercond
ing transition. Using the Dynes’ function13 for the supercon-
ducting DOS, we have similarly simulated the spectrum
5.3 K ~Fig. 1! to obtain the gap value. We obtain a good
for a gap value ofD(5.3 K)55.2 meV, and aG value of 0.01
meV indicating negligible thermal smearing. While the
deviates at binding energies beyond the peak, the goo
obtained for the leading edge and peak indicate t
Ba0.67K0.33BiO3 has an isotropics-wave gap. The value o
the gap gives a 2D(0)/kBTc53.9, in agreement with
tunneling14 and optical spectroscopy experiments.15 The es-
timated electron-phonon coupling parameterl;1.260.2 for
x50.33 from tunneling14 andl;1 from theory.16 We have
also calculated the photoemission spectrum atT55.3 K us-
ing Eliashberg equations in the strong coupling framew
and we obtain a good match for al;1.260.2 and m*
50.11, confirming the tunneling result. A 2D(0)/kBTc
53.9 implies that Ba0.67K0.33BiO3 belongs to the moderatel
strong-coupling regime similar to niobium metal, which e
hibits a 2D(0)/kBTc53.8.

The spectral weight redistribution shown in Fig. 1 is d
to a systematic pile up in the DOS as shown in Fig. 2~a!. We
have also simulated the superconducting spectra so as to
tain a measure of the temperature dependence of the
e.g., the spectrum along with the simulation forT526 K is

FIG. 1. Ultrahigh resolution photoemission spectra
Ba0.67K0.33BiO3 nearEF ~photon source: He Ia, hn521.218 eV!
at 5.3 and 32 K. The 5.3 K spectrum shows a clear superconduc
gap. The lines are fits to the normal and superconducting states~see
text!. Inset: magnetization vsT.
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shown as inset to Fig. 2~b!. Very interestingly, the spectrum
shows a small but clear peak aboveEF which is also well
simulated and is due to the peak in the superconducting DO
aboveEF . As the temperature increases, the DOS just abo
the gap are populated, resulting in the peak aboveEF . At the
lowest temperature, we do not see this peak aboveEF due to
the relatively large gap compared to the Fermi-Dirac func
tion ~see Fig. 1!. The peak aboveEF grows in intensity and
moves closer toEF with temperature and finally disappears
aboveTc . A similar peak aboveEF has been observed re-
cently for V3Si belowTc .17 The gaps obtained from such fits
to the spectra are plotted as a function of reduced tempe
ture T/Tc in Fig. 2~b!. The plot matches well with the ex-
pected dependence for the gap as a function ofT/Tc from
BCS theory~shown as a line!, which is similar to the strong
coupling result.18

f

ng

FIG. 2. ~Color! ~a! The temperature dependent spectra exhibit
systematic pileup in the DOS.~b! Experimental~symbols! and BCS
~line! gap vsT/Tc . Inset to~b!: the spectrum~symbols! with the
fit ~red line! for T526 K. The small peak aboveEF originates in the
superconducting DOS~black line!.
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In order to study the changes in the electronic struct
associated with the semiconductor-metal transition, we m
sured the valence band spectra for Ba12xKxBiO3 ~x50.2 and
0.33! with He Ia radiation as shown in the inset to Fig.
The x50.2 spectrum was measured at 300 K as the sam
charged up at low temperatures, while thex50.33 spectrum
is measured at 5.3 K. The spectra are normalized at the m
intense peak at 3.0 eV and, except for a small broadenin
the peak at 3.0 eV, show little change in the gross featu
Comparing with band structure calculations it is known th
the most intense peak centered at 3.0 eV is due to nonb
ing O 2p states, with bonding Bi 6s– O 2p states at higher
binding energy and antibonding states occurring close
EF .5 The spectra are similar to that reported earlier using
II radiation but for the change in relative intensities due to
change in cross sections consistent with the photon en
used for the measurements.19 Concentrating on the Bi 6s– O
2p antibonding states~see Fig. 3!, the spectrum forx50.2
does not show any intensity atEF due to the semiconductin
nature of the sample. In comparison, thex50.33 spectrum
shows remarkable changes associated with the increase
substitution. As discussed above, the high-resolution low
ergy scale spectrum at 5.3 K shows a superconducting
belowTc and a normal metallic Fermi edge aboveTc . Most
interestingly, at intermediate energy scales, we see
pseudogap at 5.3 K in the electronic structure occurring a
suppression in intensity up to 70 meV binding energy~Fig.
3!. This energy corresponds to the highest phon
energy20 and is associated with the breathing mode phon
energy (570 cm21;70 meV) as identified by Rama
scattering.6

The temperature dependence of the pseudogap betw
5.3 K and 300 K is shown in Fig. 4. While we observe
change in slope at about 70 meV in the 5.3 K and 32

FIG. 3. The valence band spectra of Ba12xKxBiO3 ~x50.2 and
0.33! showing changes across the semiconductor-metal trans
and a pseudogap over;70 meV~arrow! for x50.33 at 5.3 K. The
superconducting transition is not clear here due to the larger
size used. The inset shows the full valence band spectra.
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spectrum, the pseudogap is really not clear at high temp
tures from a first look at the data. In order to get a cle
picture of the changes as a function of temperature, we h
normalized the spectra for the area under the curve and
vided by a corresponding Fermi-Dirac function convolut
with the experimental resolution. We see@inset A to Fig. 4#
that the pseudogap surviving in the normal phase DOS o
an energy of 70 meV gets filled up on increasing tempera
to 300 K, without any changes in higher binding energies
to at least 300 meV. Since the spectral weight ought to
conserved, the absence of any spectral feature to compe
for the changes suggests spectral weight conservation
wider energy scales. The DOS are asymmetric with resp
to EF as we limit the analysis to an energy of 3kBT aboveEF
as determined by the Fermi-Dirac function.21 We have also
measured the pseudogap and superconducting transitio
overdoped BKBO withx50.46. The pseudogap is weaker
energy and is closed byT5150 K as seen from the analys
shown in inset B to Fig. 4. This suggests that the high ene
phonons enhance theTc and the 2D(0)/kBTc to 3.9 in the
optimal doping samples while for overdoping 2D(0)/kBTc
;3.5. We note that the pseudogap is a true pseudogap
not extrinsic as it is more pronounced at low temperatu
when the solid is more conducting, in contrast to the p
posal by Joynt22 for poorly conducting solids. In comparison
a normal phase pseudogap is also observed in the un
doped cuprates2 but at low energy scales and develops in
an anisotropic superconducting gap belowTc , although a
higher energy scale pseudogap has also been discussed23,24

An effective attractive interaction between electro
~negative-U Hubbard model! due to strong electron-phono

on

ep FIG. 4. Temperature dependent Ba0.67K0.33BiO3 spectra between
5.3 and 300 K. The insets show the pseudogap energy is fi
~arrow! for a particularx; it gets filled up by 300 K forx50.33
~inset A! and 150 K forx50.46 ~inset B!.
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coupling,25,26or due to an electronic origin27,28has been dis-
cussed for the BPBO and BKBO series. Real-space on
pairing in the insulating CDW state going over to a meta
phase withk-space pairing was proposed for the BPB
series.25 The existence of a pseudogap existing over an
ergy scale of the CDW gap energy has also been calcul
for the BPBO series.25,26 ‘‘Missing’’ spectral weight identi-
fied in optical spectroscopy~Ref. 15 and references therein!
has been similarly discussed in the framework of a bi
laronic model. However, for high-Tc cuprates, the existenc
of pairing and a spin gap in the normal phase of the tw
dimensional ~2D! negative-U Hubbard model has bee
shown to be consistent with experiments.29 Further, it also
exhibits a pseudogap in the single-particle DOS. T
pseudogap we observe could also have a similar origin
pairing due to the fact that magnetic susceptibility a
shows a gradual increase with temperature in the nor
phase.12 However, in a model for high-Tc cuprates,30 it has
been shown that preformed pairs can form at a tempera
T* aboveTc with phase coherence setting in atTc . The
existence of two temperature scales is in contrast to B
behavior and may not be consistent with BCS-like behav
of the superconducting gap seen here. Alternatively, it co
be due to remnant local CDW order surviving in the meta
phase as observed in optical measurements and is cons
with the observation that the long and short Bi-O bonds
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come indistinguishable aroundx50.4 in EXAFS measure-
ments. Given the proximity of the CDW state to superco
ductivity, it is possible that the BKBO series manifes
electron-phonon coupling induced electron pairing aboveTc

as an intermediary metallic phase in Ba0.67K0.33BiO3. The
seemingly competing behavior of CDW order~or real-space
pairing! and superconductivity~or k-space pairing! could
then be derived from this intermediate phase by change
electron-phonon coupling, carrier density, and temperatu

In conclusion, the superconducting gap in Ba0.67K0.33BiO3

opens belowTc with a pileup resulting in a sharp peak in th
DOS at low energy scales. From 2D(0)/kBTc53.9,
Ba0.67K0.33BiO3 belongs to the moderately strong electro
phonon coupling regime. A pseudogap is observed below
aboveTc , occurring as a suppression in intensity up to t
highest phonon energy~;70 meV!, also associated with the
breathing mode phonon. The pseudogap fills up on incre
ing temperature in the normal phase. The results indic
electron-phonon coupling induces a pseudogap
Ba0.67K0.33BiO3.
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