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Electron-phonon coupling in superconducting Bap 6K0 4Bi03'. A Raman scattering study
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Superconducting and nonsuperconducting phases in the Bal —„K„Bi03system have been studied
at temperatures down to 4 K by use of Raman spectroscopy. For superconducting Bap.6K04Bi03,
an optical phonon at 348 cm ' (43 meV) has the distinctive Fano line shape indicative of
significant coupling between the phonon and a broad electronic continuum. For nonsuperconduct-
ing Bao.8K0.2Bi03, the same phonon is not observed to be coupled to the electronic states. Assign-
ment of the 348-cm peak to specific normal modes of vibration is discussed as is the similarity
to the phonon at 340 cm ' in YBaqCu307 that also exhibits electron-phonon coupling.

Within the framework of the new oxide superconduc-
tors, it is interesting to compare the Cu-based materials
(La-Cu-O, Y-Ba-Cu-O, Bi-Ca-Sr-Cu-O, Tl-Ca-Ba-Cu-
0, and their derivatives) with the Bi-based materials
(Ba-K-Bi-0 and Ba-Bi-Pb-0). While superconducting
transition temperatures (T, ) approaching 125 K are
found in the Cu-based materials, ' T, 's of -30 K have
been found in the Bai —„K„Bi03system. In comparison
to "conventional" superconductors, the T, 's of the
Ba~ —„K„Bi03system are still exceptional. In an effort to
compare and contrast the nature of superconductivity in
the Cu-based materials with the Bi-based materials, we
have investigated the Bai „K„Bi03system using Raman
spectroscopy. In order to explain the high T, and the low
density of electronic states at the Fermi level, several ap-
proaches have been suggested in the literature. One ap-
proach involves coupling between electrons and high-
frequency optical phonons ' while other approaches rely
on high-energy electronic excitations to mediate the super-
conductivity.

Here we show that a high-frequency optical phonon is
coupled to electronic states in superconducting Ban s-
Ko 4Bi03 (T, 24 K) but not in nonsuperconducting
Bap sKp 2Bi03. The Raman peak at 348 cm ' (43 meV)
that exhibits the distinctive Fano line shape as a result of
the electron-phonon coupling is similar in frequency to the
0 vibration at -340 cm ' in YBa2Cu307 that also ex-
hibits electron-phonon coupling.

Two sets of Ba~ — K Bi03 samples were prepared using
two different synthesis techniques: low-density samples
made by a sintering technique and high-density samples
made by a melt-processing technique. s Sintered (low-
density) samples with x 0.30, 0.35, 0.375, and 0.40 were
prepared by mixing Bi203, KO2, and BaO powders in a N2
atmosphere in a glove bag. Since the initial purity of the

BaO proved to be a crucial factor in determining sample
quality, fresh batches of BaO were prepared from BaCO3
powder prior to each preparation. The powders were first
fired at 700 C for 1 h in N2, followed by 0.5 h in 02 at
450'C. Several refirings and regrindings were necessary
to produce single-phase sintered samples ()95%), as
determined from powder x-ray diffraction. High-density
samples (x 0.20 and 0.40) were made by melting the ox-
ide mixtures and rapidly cooling them in Cu molds. These
materials were then fired in N2 and 02 as described above
for the sintered samples. The superconducting samples all
had an intense blue color. Magnetization curves obtained
using a Quantum Design superconducting quantum in-
terference device magnetometer are shown in Fig. 1. On-
set of superconductivity in the sintered samples occurred
at -28 K with the x =0.30 sample exhibiting only -2%
shielding. Onset in the high-density sample with x =0.40
occurred at 24 K and an undistorted, cubic perovskite
structure was established using neutron diffraction. The
high-density sample with x -0.20 showed contamination
by unreacted BaBi03 and was not superconducting.
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FIG. 1. Magnetization curves (zero-field cooled) for (a) sin-
tered Bal — K Bi03 samples with x=0.30, 0.35, 0.375, and
0.40; and (b) high-density sample with x =0.40. No demagneti-
zation factors have been applied to the data.

2662 1989 The American Physical Society



ELECTRON-PHONON COUPLING IN SUPERCONDUCTING. . . 2663

CD
+met

CQ

CD
C
CD

75

x = 0.40

50 150 250 350 450 550 650 750
Raman Shift (cm )

FIG. 2. Raman spectra of sintered samples of Bal — K Bi03
with x 0.30, 0.35, 0.375, and 0.40 at RT. Absolute scaling of
all spectra is the same with linear offsets for clarity.

While the structures of the noncubic Ba~ „K„Bi03
phases (0~x (0.375) are not known in great detail,
neutron-diffraction results on the x 0.20 phase indicate
a J2a x J2a x 2a supercell structure that is either ortho-
rhombic or tetragonal. In addition, an x-ray diffraction
study has deduced a supercell structure with orthorhom-
bic symmetry for Bap 9sKp o4BiOs. '

Raman spectra were obtained in a backscattering
geometry using the 488-nm line of an Ar-ion laser. " The
high-density BaosKp4Bi03 and Ban sKo2Bi03 samples
were mounted on the cold finger of a liquid-helium refri-
gerator using grease. Temperatures were measured by an
Fe-Au thermocouple mounted adjacent to the sample on
the cold finger. Spectra in the refrigerator were obtained
using 0.7 mW of power focused into a spot about 100 pm
in diameter. Spectra of the sintered samples were taken
at room temperature (RT) using about 5 mW of laser
power.

Figure 2 illustrates the Raman spectra of the sintered
Ba~ „K„Bi03 samples with x 0.30, 0.35, 0.375, and
0.40. All samples have a broad peak centered around 325
cm ' and an extremely broad peak extending from about
375 to 650 cm '. Figure 3 illustrates the Raman spectra
obtained from high-density Bao 6Kp 4Bi03 between 295
and 4 K. For x 0.40, the principal difference between
the high-density and sintered samples is the greater inten-
sity above -375 cm for the high-density sample. This
feature has maximum intensity at 573 cm ' and upon
cooling, an additional peak at -430 cm ' develops.
Several features are in common with results from super-
conducting BaPb& —„Bi„03,' most notably, both systems
have Raman peaks near 325 cm '. For Bap6Kp4Bi03,
the evolution of the peak centered around 325 cm ' with
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FIG. 3. Raman spectra of superconducting Bao.6K0.4Bi03
(high density, T, = 24 K) between RT and 4 K. Absolute scal-
ing of all spectra is the same with linear offsets for clarity. The
partial spectrum shows the comparison between the least-
squares fit to the Fano line shape (smooth curve) and the 4-K
experimental data (solid circles).

temperature is most interesting (Fig. 3). Upon cooling
below RT, the peak develops the distinctive Fano line
shape, ' i.e., the peak is highly asymmetric with the inten-
sity dropping off sharply on the high-frequency side. Fur-
ther, on the high-frequency side, the peak penetrates
below the background which is increasing in intensity
roughly linearly with increasing Raman shift. The Fano
line shape occurs when scattering from an electronic con-
tinuum interferes with scattering from a discrete pho-
non. ' Observation of a Fano line shape is persuasive evi-
dence for strong coupling between the phonon and elec-
tronic states. The data of Fig. 3 were fit to the Fano line
shape: '

I(e') Ip
&

+Ciro+ Cp
(q+ e) '
1+a

with e (ro —coo)/I. Here, coo is the position of the
"naked" phonon, co the Raman shift, I the width of the
peak, q an asymmetry parameter, and Io a scaling factor.
A background (C&ro+ Co) that increases linearly in inten-
sity with increasing Raman shift is assumed to take into
account the observed shape of the phonon plus electronic
background. The line shape reproduced the data well, as
seen in Fig. 3. Within the precision of fitting the rather
broad peak (~ 2 cm '), roc 348 cm ' and there was no
discernible variation of frequency with temperature. The
peak narrows upon cooling with I = 17 cm ' at RT and
r=13 cm ' at 4 K. The asymmetry parameter q is
about —1.3.

Figure 4 illustrates the Raman spectra of the nonsuper-
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FIG. 4. Raman spectra of nonsuperconducting Bao.8K028i03
(high density) between RT and 7 K. Low-frequency regions are
magnified by a factor of 4 compared to the high-frequency re-
gions. Absolute scaling of low-frequency regions is the same as
in Fig. 3. Spectra have linear offsets for clarity. Unlike super-
conducting Bao,6Kp4Bi03 (Fig. 3), the peak centered around 325
cm ' does not exhibit the Fano line shape.

conducting phase Bao.sKo.28i03 (high density) between
295 and 7 K. Like superconducting Bal „K„Bi03(sam-
ples prepared with x ~ 0.35), BapsKp 28103 has a broad
Peak centered around -325 cm '. Bap sKp 28105 has an
intense, sharp peak at 569 cm ' (RT value), similar to
the intense peak found at the same frequency in monoclin-
ic BaBiO&, ' Importantly, the peak centered around 325
cm ' does not develop the Fano line shape upon cooling.
That is, down to the lowest temperature measured, 7 K,
the peak lacks the characteristic asymmetric shape and
does not penetrate beneath the background on the high-
frequency side. There are, however, other changes that
occur upon cooling. The broad feature centered around
325 cm ' develops reproducible structure, roughly split-
ting into a triplet. In addition, the intense peak found at
569 cm ' at RT softens to 565 cm ' at 7 K and develops
a shoulder at -540 cm

The peaks in the Raman spectra of Bap 6Kp 4BiO3 can
be reasonably assigned to first-order phonon scattering
that derives its intensity from disorder effects. To begin
with, the lack of magnetic moments precludes magnon
scattering. With symmetries 3F~„+F2„atthe I" point of
the Brillouin zone, the optical vibrational modes of the cu-
bic perovskite Ba~ — K Bi03 are not Raman allowed in
principle in first order. (The F I „modes are Raman inac-
tive and ir active while the "silent" F2„mode is both ir
and Raman inactive. ) However, Bap6Kp48i03 has in-
herent disorder arising from the substitution of K for Ba,

in addition to other likely sources of disorder such as de-
fects. These effects reduce the local and translational
symmetry, allowing Raman scattering to occur from sin-
gle phonons not necessarily at the I point. Indeed, the
high-frequency Raman spectrum ( & 250 cm ') of
BaPbp 78lp 305 (Ref. 12) agrees well with the generalized
one-Phonon density of states of BaPbo 7581p p503. Dis-
order-induced, first-order scattering is found in other cu-
bic perovskites' and in substitutional compounds with the
NaC1 structure, another structure for which first-order
scattering is not strictly allowed.

The 348-cm ' peak of Bap 6Kp 4BiG3 cannot arise from
first- or second-ordering scattering from acoustic phonons
since the acoustic phonons in oxide perovskites, including
Bapbp 758ip 2503, all occur belo~ —140 cm
Therefore, the peak must result from an optical phonon.
The temperature dependence of the intensity is also sup-
portive of first-order scattering. The peak at 348 cm ' is
twice as intense at 4 K as at RT. While both first- and
second-order scattering should decrease in intensity, the
observed increase is more consistent with first-order
scattering since second-order scattering should diminish in
intensity significantly more than first-order scattering
upon cooling. Finally, given the high frequency of 348
cm ', the phonon must be dominated by G vibration.

Compared to cubic Ba1 — K„Bi03 nollcllblc Ba1 —„-
K Bi03 (0~ x (0.375) has increased scattering intensi-
ty above 375 cm (Fig. 2). The greater intensity arises
from vibrational modes that become Raman allowed due
to distortions of the Bi06 octahedra and a larger unit cell.
For example, the orthorhombic (Immm) structure of
Bao.96Ko.o48103 (Ref. 10) has 4Ag+281g+382g+383g
+A„+48)„+582„+583„optical modes at the I point,
with the g modes being Raman allowed and all the u
modes except A„being ir allo~ed. While it is not known
whether all the noncubic phases have this exact supercell
structure, similar normal-mode symmetries should be
found for closely related supercell structures. The princi-
pal diA'erence between Bap sKp qBi03 and Bap 6Kp 48i03 is
the intense peak at 569 cm ' in Bap 8Kp 28iG3 ~ HeIe as
for BaBi05 (Ref. 12), the 569-cm ' peak is assigned to
the "breathing" mode of the Bi06 octahedra. This mode
is Raman-allowed in orthorhombic (Immm) BaI -„K,-
8101 (Ag) alld Illollochlllc Ba8103 (Ag) hilt liot ill cubic
Ba~ — K Bi03. Since the intensity of the peak centered
around 325 cm is essentially the same in cubic and non-
cubic Ba~ —„K BiG3, it is likely that the —325-cm
peak of the noncubic phase derives its Raman intensity
from disorder effects, as in the cubic phase.

Neutron-scattering intensity has been observed in Ba-
Pbp 75Bip 2503, a superconducting phase closely related to
Bap,6Kp48i03, at —340 cm ' (42 meV). ' ' Reichardt
and co-workers analyzed tetragonal Bapbp 7581Q 25G3 in
terms of the cubic perovskite and found the I -point fre-
quencies of the TO phonons at about 104, 192, 196, and
527 cm ', apparently accounting for the 3F~„+F2„opti-
cal modes. ' This investigation could not detect the ex-
pected LO branch of "breathing-type" vibrations of the 0
octahedra. Instead, scattering intensity was found at—340 cm ' in a longitudinal geometry for phonon wave
vectors away from the I point. The inability in the neu-
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tron measurements of BaPbo75Bioq50i to trace the 340-
cm ' feature toward the I point led to the conclusion
that the feature was a local mode associated with a high-
density lattice defect. ' Further, it was proposed that the
defects were static breathing-type distortions of 0 octahe-
dra and the local phonon modes were the breathing-type
vibrations of the distorted 0 octahedra. Undoubtedly, the
-340-cm ' phonon has the same origin as the peak cen-
tered around 325 cm ' in the Raman spectra of
Ba~ „K„Bi03, 0.2~x~0.4. Further, Sugai et al. '

found Raman peaks at nearly the same frequency for
BaPb& —„Bi„03and the frequency and intensity were rela-
tively independent of x between the limits studied, 0.17 to
1.0.

While the present investigation cannot assign the
-32S-cm ' phonon of the Bi-based perovskites, several
comments are in order. First, the Raman frequency is in-
sensitive to doping on either the Ba sites (Ba~ —„K„Bi03)
or the Bi sites [BaPb~ „Bi„03(Ref. 12)). Second, within
either the K-doped system or the Pb-doped system, ' the
Raman intensity is relatively insensitive to the level of
doping. Concerning the distorted 0 octahedra invoked to
explain the 340-cm ' mode of BaPbo 75Bio 2503, ' it
seems unlikely that their density and extent of distortion
would be insensitive to the type and extent of doping.
Moreover, in cubic Ba~ —,K Bi03, there is no structural
evidence for distorted 0 octahedra. Instead, it is suggest-
ed that optical modes not involving full octahedral coordi-
nation be considered for the phonon. The layered Cu-
based superconductors have Cu coordinated by 0 in
square pyramids and square planes' while in Nd2 —-
Ce Cu04, Cu is coordinated only in square planes. The
optical modes of a square plane include, however, a nor-
mal mode of 0 vibration analogous to the silent mode of
cubic perovskite.

There are similarities between the electron-phonon cou-
pling observed in the cubic perovskite Bap6Kp 4Bi03 and
the highly anisotropic triple perovskite YBa2Cu307
(T, =90 K). The latter material has a phonon at 340
cm ' that is coupled to electronic states as evidenced by
the Fano line shape and anomalous frequency dependence
upon entering the superconducting state by changes in
temperature or magnetic Geld. ' The 340-cm ' phonon

(B~g symmetry, assuming a tetragonal unit cell) is derived
from the silent mode of cubic perovskite and consists of vi-
bration along the c axis of the 0 atoms that form a square
plane around the Cu atoms of the Cu-0 planes. ' The 0
atoms at adjacent corners of the square plane move in op-
posite directions. The B~g mode is found around 300
cm ' in other Cu-based superconducting phases: 278
cm ' in TICaBa2Cui07 (Ref. 11), and 282 cm ' in
Bi2CaSr2Cu20s. While the silent F2„mode is found
around -300 cm ' in many oxide perovskites, ' it
occurs at —196 cm ' in BaPbo 75Bio 2503. '

In this research, we have shown that an optical phonon
at 348 cm ' (43 meV) is coupled to electronic states in
superconducting Bao6Kp4B103. There are at least two
ways of considering this experimental finding. Alternative
possibilities to a conventional, phonon-mediated mecha-
nism include mechanisms mediated by predominantly
electronic excitations Our .experimental results are con-
sistent with the hypothesis that the observed electron-
phonon coupling is a consequence of "parasitic" phonon
involvement in a mechanism mediated by electronic exci-
tations. On the basis of experimental measurements, in-
cluding determinations of the energy gap, Bap6Kp4-
Bi03 and BaPbo 75Bip ig03 are hypothesized to be in the
weak-coupling limit, i.e., X, & 1. ' ' If the weak-
coupling mechanism in these relatively high-T, com-
pounds is predominantly phonon mediated, then coupling
to high-frequency phonons is required. The Raman-
scattering results reported here have identified such a
high-frequency optical phonon in the system
Ba) — K„Bi03.
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