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Composition dependence of the oxygen isotope effect in Ba, _, K, BiO;:
Evidence for oxygen-mass dependence of the coupling constant
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We report measurements of the oxygen isotope effect and temperature dependence of the penetration
depth for high-T, superconductors Ba;._ K, BiO; with x=0. 45, 0.375, and 0.36. We find that, with the
decrease of the K content, both the oxygen isotope exponent ao=—d InT, /d InM and reduced energy
gap 5=2A(0)/ky T, increase: ag=0.2110.02, §=4.0+0.2 for x =0.45; ap=0.26+0.02, 5=4.5+0.2 for
x=0.375; ap=0.34+0.03, §=4.8:+0.2 for x =0.36. Our results can be explained by a picture in which
the electron-phonon coupling constant is oxygen-mass dependent due to the anharmonicity of phonon
modes and/or the breakdown of the Migdal adiabatic approximation.

Whether the conventional phonon-mediated mecha-
nism is responsible for the high-T, superconductivity in
the oxide superconductor Ba,_,K,BiO; (BKBO) is still
an open question. One way to address this question is the
isotope-effect experiment. For conventional (BCS) super-
conductors containing a single type of atom, the isotope-
effect exponent a=—d InT,/d InM ~0.5, if one assumes
no anharmonicity for the phonon modes and no Coulomb
interaction.’? The anharmonicity of the phonon modes
and Coulomb interaction will significantly modify the iso-
tope effect in the weak-coupling limit."* In the strong-
coupling limit, however, the modification is small."2

While Batlogg et al.’ reported a reduced oxygen iso-
tope effect (@g~0.2) in BKBO, the other two groups
(Hinks et al.* and Kondoh et al.%) observed a large oxy-
gen isotope effect (ag~0.3-0.4). It appears that the re-
sult reported by Batlogg et al. looks convincing for two
reasons. One is that the isotope-exchange temperature is
low {(~350°C) so that the loss of potassium is not expect-
ed. The second reason is that the observed oxygen iso-
tope effect for BKBO is similar to that for a similar com-
pound BaPb, ;5Bij ;50; [@g=0.22 (Ref. 3)]. On the other
hand, we cannot find anything wrong in Hinks et al. ex-
periment. The question is why these results appear to
conflict. One possible explanation to this apparent con-
tradiction is that the oxygen isotope effect in this system
is composition or sample dependent.

Here we report measurements of the oxygen isotope
effect and temperature dependence of penetration depth
for high-T, superconductors Ba,_ K BiO; with
x =0.45, 0.375, and 0.36. We find that, with decreasing
K content, both the oxygen isotope exponent
ap=—dInT,/dInM, and reduced energy gap
8=2A(0)/ksT, increase: ap=0.21%0.02, 6=4.0+0.2
for x =0.45; ¢5=0.2610.02, 5=4.5£0.2 for x =0.375;
ao=0.3410.03, 5=4.8+0.2 for x =0.36. Our results
can be explained by a picture in which the electron-
phonon coupling constant is oxygen mass dependent due
to the anharmonicity of phonon modes and/or the break-
down of the Migdal adiabatic approximation.

The isotope-exchange experiments were carried out in
two parallel quartz tubes separated by about 2 cm.5 The
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starting materials for the %0 and 30 samples were taken
from the same well-ground powder mixtures of high-
purity K,CO; (99.995%), BaCO; (99.999%), and Bi,0,
(99.999%), and had the same weight (~150 mg). The
two samples were wrapped in gold foils (which had simi-
lar size) and placed inside respective quartz tubes for the
160 and '#0 treatment. The powder mixtures were react-
ed in vacuum at 720°C for 2 h and then quickly cooled to
100°C in ~3 min. Throughout the reaction, the system
was continuously pumped to keep a high vacuum (the °0
and 20 sides of the diffusion apparatus were connected
together and had the same vacuum). Then the %0 side
was filled with °0, gas (99.993% !0, 0.005% 'O,
0.002% '*0, CO <14 ppm, CO,<7 ppm, CH,<5 ppm,
H <39 ppm, He <13 ppm, and N < 18 ppm), and the %0
side was filled with '30, gas (96.9% '%0, 2.6% %0, 0.5%
170, CO <18 ppm, CO,< 18 ppm, CH,<7 ppm, N<21
ppm, H< 18 ppm, and He <15 ppm). The oxygen pres-
sure for the 1°0 and 'O sides was the same within +3%.
The furnace was then heated to 450°C at 5°C/min, held
for 0.5 h, and cooled to room temperature at 5°C/min.
This technique prevents the samples from being exposed
to the atmosphere throughout the preparation. X-ray
diffraction results indicate that a large portion of the
samples (> 85%) is the superconducting phase with sharp
diffraction peaks (a clear Cu Ka1-Cu K a2 splitting is ob-
served above a diffraction angle of 60°%, and ~5-15%
portion of the samples are K poor and nonsuperconduc-
tive. As the K content increases, the percentage of the
nonsuperconducting phase increases slightly. From the
measured lattice constants, we find that the K content x
of the superconducting phase is close to the starting com-
position, while the x of the nonsuperconducting phase is
~0.2 lower than the starting composition. The thermo-
gravimetric analysis shows that the ®O samples have
~80+5 % %0, in excellent agreement with Hinks et al.
observation? that a single cycle of oxygen isotope ex-
change (as in our case) will give an 85% exchange frac-
tion.

The susceptibility was measured with a Quantum
Design SQUID magnetometer. The powder samples of
~130 mg (without further grinding) were placed in a
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gelatin capsule. The field-cooled, measured-on-warming
susceptibility (FCW) was measured in a field of
~5.01+0.3 Oe, which was calibrated by measuring the
field dependence of magnetization for the x =0.36 sample
at 5 K, and kept unchanged throughout the whole series
of measurements. The samples were cooled in the field
from 35 to 2 K. The data were collected upon warming.

The reduced energy gap 2A(0)/kpT, can be deter-
mined by the temperature dependence of penetration
depth A(¢) at low temperatures which, for an s-wave su-
perconductor, follows’

AMO=ME)—M0)=MONBm/2) %t~ 2 exp(—B/t) , (1)

where t=T/T,<0.5 and B=A(0)/kyT,. For fine-
grained, decoupled powder samples, AA(z) can be evalu-
ated from the temperature dependence of the Meissner
fraction f(#)=f(A(t),{r}), where {r} represents any
particle-radius distribution. At low temperatures where
AA(2)/M0) << 1, we can make a Taylor expansion for
Sf()=F(A(2),{r}), leading to

—Af()/f(0)=BAA1t)/MO) , (2)

where B=—[A(0)/f(0)][3f(A(2), {r})/3A(t)], =g, which
depends on A(0) and the particle size distribution {r}.
Equation (2) is a general expression which is valid for any
particle-radius distribution as long as AA(#)/A(0)<<1,
which is always satisfied for # <0.5 as seen from Eq. (1).

It is known that the measured FCW susceptibility y(¢)
is the sum of trapped susceptibility m (¢) (due to flux-
pinning and surface-barrier effects), and the Meissner sus-
ceptibility f(z). For the FCW measurement, m (¢) has
the weakest temperature dependence and is nearly tem-
perature independent below ¢~0.5, as shown by Clem
and Hao.! We can write x(2)=m(t)+f(t)=m(t)
+f(0)+Af(¢). For s-wave superconductors, the
penetration depth A(z) is nearly temperature independent
below ¢ =0.18=0.18 according to Eq. (1). In this tem-
perature range (¢ <0.18), both AA(¢) and Af(t) are negli-
gible, and m (¢)+ f(0)=x(¢). For the samples studied
here, we find y(¢) is nearly temperature independent
below ¢ =0.18. This implies that the temperature depen-
dence of the trapped susceptibility in our samples can be
neglected at low temperatures.

In Fig. 1, we show the temperature dependence of
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FIG. 1. The temperature dependence of FCW susceptibility
for the %0 and '®0 samples of Ba,_,K,BiO; with x =0.36.
The measuring magnetic field was calibrated and determined to

be 5.010.3 Qe.
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FIG. 2. The normalized susceptibility near T, for the '°0 and
30 samples of Ba;_,K,BiO; with (a) x =0.45, (b) x =0.375,
and (c) x =0.36. At low temperatures, the Meissner fractions of
the %0 and *O samples are the same within +3% in all the
cases. The Meissner fractions at 5 K are determined to be
~47+5% with a correction of demagnetization factor of %

The 80 samples have ~80+5 % '%0.

FCW susceptibility for the ®0 and O samples of
Ba,_,K,BiO; with x=0.36. At low temperatures, the
Meissner fractions for the O and 80 samples are the
same within £1.5%. With a correction of demagnetiza-

tion factor of 1, we evaluate the Meissner fraction

f(0)~50%. .

Figures 2(a)-2(c) show the normalized susceptibility
(normalized to the susceptibility at 2 K) near T, for the
60 and %0 samples of Ba, K, BiO; with x =0.45,
0.375, and 0.36, respectively. At low temperatures, the
Meissner fractions of the '°0 and '¥0 samples are the
same within £3% in all the cases, and have the magni-
tudes of ~47%5 % with a correction of demagnetization
factor of 1. The diamagnetic shielding fraction is ~10%
larger than the Meissner fraction, implying a small flux
trapping. The observation that the Meissner fractions for
the %0 and 'O samples are nearly the same indicates
that the members of the sample pairs are similar in grain
size, demagnetization factor, and composition. Further-
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more, the diamagnetic transitions for the '°0 and '*0
samples are parallel, so the isotope shifts measured at
different places along the transition curves are the same
within +4%.

For the x =0.45 sample, the T, and transition width
are similar to those reported by Batlogg et al.> The oxy-
gen isotope-effect exponent co=—d InT,/d InMq, is
determined to be cg=0.20£0.02 if we take AT, =—0.56
K, T,=28 K (onset T,), and AMy/M5=10%1%. Our
result is in excellent agreement with that observed by
Batlogg et al. On the other hand, the samples with
x=0.375 and 0.36 have a very sharp diamagnetic transi-
tion, indicative of excellent sample homogeneity. The ox-
ygen isotope-effect exponent ap is evaluated to be
0.26+0.02 for x =0.375, and 0.344-0.03 for x =0.36 by
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FIG. 3. The result of —~Af(1)/(0) vs ¢ for Ba,_,K,BiO;
with (a) x =0.45, (b) x =0.375, and (c) x =0.36. The so-

lid dots are for the fitted curves: (a) —Af(2)/f(0)
=1.6t"/2%exp(—2.00/t) for x=0.45; (b) —Af()/f(0)
=1.8t""2exp(—2.25/t) for x=0.375; (¢) —Af(t)/f(0)

=2.0t "2 exp( —2.38/1) for x =0.36. The reduced energy gap
is determined as 4.010.2 for x =0.45, 4.5+0.2 for x=0.375,
and 4.810.2 for x =0.36.

—agreement with our result.
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taking T,=29.6 K for x =0.375 and 29.9 K for x =0.36.
The oxygen isotope exponent (czg=0.34) for the x =0.36
sample is similar to those reported by Hinks et al.
[2p=0.36 evaluated from T,=29.6 K, AT,=—1.35 K
and AMo/My=12.5% (Ref. 4)] and Kondoh et al.
[ap=0.35 (Ref. 5)].

In Figs. 3(a)-3(c), we show the results of
—Af(t)/f(0) vs t for x =0.45, 0.375, and 0.36 samples,
respectively.  The  temperature dependence of
—Af(t)/f(0) can be fitted by 1.6¢ 1 %exp(—2.00/¢) for
the x =0.45 sample; by 1.8t !"2exp(—2.25/t) for the
x =0.375 sample; and by 2.0t "2 exp(—2.38/¢) for the
x =0.36 samples (see solid dots in Fig. 3). Comparing
these results with Egs. (1) and (2), we find
B=A(0)/kpT,=2.00 for x=0.45, pB=2.25 for
x=0.375, and =2.38 for x =0.36. So the reduced en-
ergy gap is 86=2A(0)/kzT,=4.0£0.2 for x =0.45,
8=4.5+0.2 for x =0.375, and 5=4.8+0.2 for x =0.36.

Carbotte! has shown that the reduced energy gap is a

unique function of the electron-phonon coupling constant
A..pn and Coulomb pseudopotential p* when A, <2. If
we take u*=0.1 for BKBO, then we can estimate A,_, to
be ~1.00+0.10 for x =0.45, 1.45+0.10 for x =0.375,
and 1.803:0. 10 for x =0.36 from the data summarized in
Ref. 1. For the x =0.36 samples, Affronte et al. have es-
timated A, ;~1.7-2.1 from their resistivity data,’
_ These resulis consxstently
suggest that the coupling indeed becomes stronger as the
composition closes to the boundary of insulating and su-
perconducting phases [x ~0.35 (Ref. 10)].

The above results indicate that both oxygen isotope ex-
ponents and coupling constants increase when the K con-
tent is reduced toward the phase boundary. Since the
transition temperature in BKBO depends on the oxygen
and K contents as shown by Idemoto et al.,!' the compo-
sition dependence of the oxygen isotope effect may be ex-
plained as due to the differences in oxygen and/or K con-
tents of the %0 and '*0 samples. Since Batlogg et al. 3

e-ph

"“have carried out the oxygen diffusion at a temperature

less than 350°C, the loss of potassium would not be ex-

‘pected and the 160 and 10 samples would have the same

K content. The same oxygen isotope exponent was found
in our samples which were diffused at 450°C, implying
that the K contents in our '%0 and 'O samples were also
the same even if the loss of potassium was likely. It is
also possible that the %0 and '®0 samples may have
slightly different oxygen contents. However, the reversi-
bility of the transition tem 8perature upon back exchange*
suggests that the '°0 and ®O samples may have the same
oxygen content. Since our samples with x =0.36 and
0.375 have the transition temperatures close to the
highest one (optlmally doped), any small difference in ox-
ygen contents of the 1°0 and '30 samples will not lead to
an observable difference in T,. Moreover, we have shown
that a similar diffusion procedure for La,CuO, and
Gd, ¢Cey CuO, systems causes the same oxygen content
in the '%0 and *O samples.'?

The close correlation of the oxygen isotope exponent
with the reduced energy gap (or the coupling constant)
leads us to suggest an unconventional interpretation to
the observed results. As shown below, the isotope ex-



ponent will strongly depend on the electron-phonon cou-
pling constant A,y if A, _;, is ion-mass dependent.

For conventional superconductors, the superconduct-
ing transition temperature 7T, can be expressed as
T, =T (ApppQ,p*), where Q represents an average of
phonon spectrum. Then the partial isotope-effect ex-
ponent (= —d InT, /d InM) is given by

a=—(d InT,/d nQ)(d InQ/d loM)
—(d InT, /d Ing*)(d Ing* /d InM )
—(d InT, /d InA,;,)(d In,.;,/d InM) . (3)

For conventional superconductors, one has a,
=—dlnA,,/d InM~0, ag=—dnQ/dInM~0.5 (for
metals with a single atom), and a~0.5. However, Pick-
ett, Cohen, and Krakauer!® have shown that a,70 if
there is a strong anharmonicity of phonon modes. The
strong anharmonicity of phonon modes makes the aver-
age electronic structure or N(Ey) (the average density of
states) dependent on the ionic mass.!* Using
Aeoh=N(Ep){I)*/MQ? [where (I} is the average ma-
trix element of the electron-phonon interaction (Ref. 15)],
we have

o, =—[d InN(Eg)+d In({I)?)—d In(MQ?)]/d InM .
4)
Equation (4) indicates that the ionic-mass dependence
of MQ? will contribute to &;. Crespi, Cohen, and Penn?
have shown that the anharmonicity of phonon modes will
make M Q? depend on the ionic mass. :
An alternative origin for the ionic-mass dependence of
N(Eg) could be the breakdown of the Migdal adiabatic
approximation. With the aid of a generalized Ward’s
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FIG. 4. The dependence of isotope effects on the coupling
constant. The solid dots represent the curve of Eq. (5) (see text)
with ag=0.5, ay=—0.20, and p*=0.1. The open circles along
with the error bars represent our experiment results. The same
parameters also agree with the results reported by Hinks et al.
[0 ~0.40+0.03 and 2A(0) /ky T, ~5.3-5.5 (Ref. 4)].

tion [i.e., I'(p,q)~ 1] does not hold when the phonon’s
phase velocity is of the order or greater than the Fermi
velocity. For compounds, there exist long-wavelength
(g—0) optical phonons which have the phase velocity
Q/g— o, so that the Migdal approximation breaks
down. In this case, I'(p,q =0)~1+g>N,(Ep)/(Q?
—g,)~2,'* where g is the matrix element of electron-
phonon interaction and N, (Ey) is the density of states as-
suming the rigid lattice. The real density of states N(Ey)
will depend on the average of I'(p,qg =0) which is ionic
mass dependent.

Regardless of the origin of «;, we can deduce a general

identity for the electron-phonon vertex I'(p,q), Engeles- expression for a partial isotope exponent using
berg and Schrieffer'* showed that the Migdal approximal- McMillan’s T, formula,'®
a=caq—[1.04ag(1+A, n (1+0.624, ; )u*> — 1.04A, ;i (1+0.38u* )ty 1 /[ Ay —p* (140,624, ) 1 . (5)

In Fig. 4, we plot the curve of Eq. (5) with aq=0.5,
a;=-0.20, and p*=0.1. The open circles along with
the error bars represent our experimental results.

Our fitting parameters (@g=0.5, a,=—0.20 for oxy-
gen) seem to indicate that only the phonons related to ox-
ygen contribute to the pairing. However, the combined
results of tunneling spectra!® and molecular-dynamics
simulation!” suggest that the phonons (~ 15 meV) related
to the Bi ion also have a small contribution to the pairing
interaction, so that ag <0.5. Because McMillan’s T, for-
mula is not very accurate when A,_;; > 1.5, and there are
limited data points, the fitting parameters will have a sub-
stantial error.

In conclusion, we have measured the oxygen isotope
effect and temperature dependence of the penetration
depth for high-T, superconductors Ba,_, K, BiO; with
x =0.45, 0.375, and 0.36. We find that with the decrease
of K content both the oxygen isotope exponent c and
the reduced energy gap 2A(0)/kpT, increase. Qur re-
sults can be explained by a picture in which the electron-
phonon coupling constant is oxygen mass dependent due
to the anharmonicity of phonon modes and/or the break-
down of Migdal adiabatic approximation.

The authors thank B. Batlogg for valuable comments
and suggestions on this paper.
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