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Muon spin relaxation and magnetic measurements on Ba, ;K 37BiO;:
Evidence for polaronic strong-coupling phonon-mediated pairing
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A penetration depth measurement was carried out on the optimally doped bismuthate superconductor
Bay 3K 37Bi03 (7,=29.2 K) using the muon-spin-relaxation technique. We find that the temperature depen-
dence of the penetration depth \(7) of this compound is in excellent agreement with strong-coupling phonon-
mediated superconductivity with a reduced energy gap of 2A(0)/kzT.=4.4 and a retarded electron-phonon
coupling constant A,_,=1.4. The observed large reduced energy gap rules out the possibility of pairing mecha-
nisms based on coupling to high-energy electronic excitations. Quantitative data analyses indicate that high-
temperature superconductivity in bismuthates arises from the Cooper pairing of polaronic charge carriers.
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About 20 years after the discovery of high-temperature
superconductivity in cuprate! and bismuthate>3 perovskite
oxides, the microscopic pairing mechanism responsible for
high-temperature superconductivity in these oxides remains
elusive, despite tremendous experimental and theoretical ef-
forts. Unlike the cuprate superconductors, which contain
two-dimensional CuO, planes, the bismuthate Ba,K;_,BiO3
has a cubic structure in its superconducting phase.* This sug-
gests that two-dimensionality is not an essential condition for
high-temperature superconductivity. The Bi-O network with
itinerant Bi 6s conduction electrons excludes the possibility
of any magnetic mechanism as suggested for the cuprate su-
perconductors. Furthermore, bismuthate superconductors are
characterized by a very low density of states at the Fermi
level.> Such a low density of states requires a very large
electron-phonon coupling strength to achieve this remark-
ably high transition temperature (7.~ 30 K) within the con-
ventional phonon-mediated pairing mechanism. Too large an
electron-phonon coupling strength will lead to a structural
instability, which in turn destroys superconductivity. There-
fore, an unconventional pairing mechanism is required to
explain superconductivity in doped bismuthates. One pos-
sible unconventional mechanism is that the pairing is mainly
mediated by a high-energy charge excitation.® This mecha-
nism requires weak coupling, so that the reduced energy gap
2A(0)/kgT, should be close to the value (3.53) predicted
from the weak-coupling Bardeen-Cooper-Schrieffer theory.
Another possible mechanism’® is that strong coupling to
high-energy phonon modes leads to the formation of po-
larons, and that the polarons are bound into Cooper pairs
through a retarded electron-phonon interaction with low-
energy phonon modes.

Here we report a penetration depth measurement on the
optimally doped bismuthate superconductor Bag ;K 37B103
(T,=29.2K) wusing the muon-spin-relaxation (uSR)
technique. We find that the temperature dependence of the
penetration depth A(7) of this compound is in excellent
agreement with strong-coupling phonon-mediated supercon-
ductivity with a reduced energy gap of 2A(0)/kzT,=4.4 and
a retarded electron-phonon coupling constant \,.,=1.4. The
observed large reduced energy gap rules out the possibility of
pairing mechanisms based on the coupling to high-energy
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electronic excitations. Quantitative data analyses indicate
that high-temperature superconductivity in bismuthates
arises from the Cooper pairing of polaronic charge carriers,
whose masses are enhanced by a factor of about 2.8. We
discuss the importance of the polaronic effect in the enhance-
ment of superconductivity.

Samples of Baj43K(37BiO; were prepared by conven-
tional solid state reaction.” The field-cooled magnetization in
fields from 5 Oe to 50 kOe was measured by a Quantum
Design superconducting quantum interference device magne-
tometer. Transverse-field uSR (TFuSR) measurements were
performed on beamline 7M3 at the Paul Scherrer Institute
(PST), Switzerland, using low-momentum  muons
(~29 MeV/c).

The muon time spectra were analyzed with two Gaussian
components.'? Analysis of the time spectra below 7, showed
that more than 70% of the muons stop in the superconduct-
ing regions (broad component). In these regions, the internal
magnetic field is smaller than the external one because of the
diamagnetic screening, and the depolarization rate is much
higher than that in the normal state because of the formation
of the vortex lattice. The remaining 30% of the muons (nar-
row component) oscillate with a frequency nearly equal to
that corresponding to the applied magnetic field. This signal
generally comes from the muons stopping in the sample plate
and at nonsuperconducting grain boundaries, as often ob-
served in polycrystalline superconductors.'!

For polycrystalline superconductors, the envelope of the
muon precession signal has approximately a Gaussian form
exp(—02*/2) and the depolarization rate o= \'g7 + 0, where
oy, is the spin depolarization rate due to the perturbation of
the vortex lattice, and oy=0.1 us~! is the spin depolariza-
tion rate due to nuclear dipole fields. It is shown that oy is
proportional to the superfluid density 1/\> (Ref. 12). For
nearly-isotropic-type superconductors, the magnetic penetra-

tion depth \ is given by!>!3
280 (nm)
Vo (us™)

Figure 1(a) shows the temperature dependence of o for
Ba 43K 37Bi0O5. The horizontal line indicates the depolariza-
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FIG. 1. (a) Temperature dependence of the depolarization rate o for Bag 63K 37BiO3. The horizontal line indicates the depolarization rate
oy contributed from nuclear dipole fields. (b) Temperature dependence of o;. The error bars below 15 K are close to the symbol size, while
the error bars above 15 K are shorter. The solid line is the expected curve for a phonon-mediated clean superconductor with kT ,./fioy,
=0.115 (see Fig. 111 of Ref. 15), a fixed 7.=28.4 K in the field of 2 kQOe, as determined from magnetization measurements (see Fig. 3
below), and 0;(0)=1.991 us~'. The slope of the curve near T, corresponds to d(®y/\?)/dT=-45.1 Oe/K.

tion rate oy contributed from nuclear dipole fields. The value
of o, is calculated using o =\o?— 7. In Fig. 1(b), we show
oy, versus temperature. It is clear that the temperature depen-
dence of o is consistent with s-wave gap symmetry. The
absence of linear temperature dependence at low tempera-
tures also indicates that the contribution due to thermally
activated flux depinning is negligible.'* The solid line is the
expected curve for a phonon-mediated clean superconductor
with kgT./fiw,=0.115 (where fiw,, is the logarithmic mean
phonon energy), a fixed 7,=28.4 K in the field of 2 kQOe, as
determined from magnetization measurements (see Fig. 3 be-
low), and 0;(0)=1.991 us~'. The value of o,(0) corre-
sponds to N(0)=1985 A. From the slope of the curve near 7.,
we find that d(®y/\?)/dT=-45.1 Oe/K.

We can determine the reduced energy gap from the value
of kgT,/hw,=0.115 using a standard expression'>

2
=3.53[1 + 12.5(@) ln<ﬁ>] )
hoy, 2kpT.

Substituting  kzT,./hw,=0.115 into Eq. (2) yields
2A(0)/kzT.=4.4. The large reduced energy gap indicates
that Bag ;K 37BiO5 is a strong-coupling superconductor.
The large reduced gap also excludes the possibility of pairing
mechanisms based on high-energy electronic excitations.
Thus, the present result clearly demonstrates a predomi-
nantly phonon-mediated pairing mechanism in the bismuth-
ate superconductors.

We can also determine the Ginzburg-Landau
parameter « from the standard expressions'® 2x%/In k
=(dH,,/dT)/(dH,/dT) and dH./dT=(In k/47)[d(P,
/\?)/dT] if we independently evaluate the slope dH ,/dT of
the upper critical field near 7. For conventional supercon-
ductors, where superconducting fluctuation is negligible, the
value of dH_,/dT can be reliably determined from electrical
and magnetic measurements. However, for high-temperature
cuprate and bismuthate superconductors, superconducting
fluctuation is significant, so that the critical fields determined
from electrical and magnetic measurements are not true ther-
modynamic upper critical fields, as shown clearly by Cooper

2A(0)
kBTc

et al.'” One example of this significant fluctuation effect is

shown in Fig. 2, where we plot the phase diagram of H,(T)
and Hy(T) for the electron-doped Sm; gsCe 15Cu0,.,. Here,
H;(T) is determined from R(T,H) data using the onset tem-
perature in the transition curve, and the intrinsic thermody-
namic upper critical field H,,(7) is determined from the su-
perconducting fluctuation analysis of R(T', H) data.'® One can
clearly see that the H.(7T) data agree very well with
Werthamer-Helfand-Hohenberg ~ theory  with  H,,(0)
=97.2 kOe (solid line). In contrast, H;(T) shows an upward
curvature. It is remarkable that the H(T) data can be well
fitted by a second-order polynomial function with H;(O)
=97.2 kOe (dashed line). This implies that H62(0)=H;(0), as
expected from the theory of thermodynamic fluctuations.'”
Therefore, only the zero-temperature upper critical field can
be reliably determined from electric and magnetic measure-
ments.

Figure 3(a) shows the field-cooled magnetizations of
Baj ;K 37BiO5 in fields of 5 Oe and 5 kOe, respectively.
We define the critical temperature as the point of intersection
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FIG. 2. Phase diagram of H;(T) and H,(T) for
Sm, gsCeq.15Cu0,.,. Here Hy(T) is determined from R(T,H) data
using the resistive onset temperature, and the intrinsic thermody-
namic critical field H,,(7) is determined from the superconducting
fluctuation analysis of R(T,H) data (Ref. 18).
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FIG. 3. (a) Field-cooled mag-
netization of Bag3K(37BiO; in
the fields of 5 Oe and 5 kOe, re-
spectively. (b) Critical-field phase
diagram of Bag 43K 37Bi03. The
solid line is the best-fitted curve
by a second-order polynomial
function H,(T)=297-18.8T

(o). u— 6
] b
00/ 1 s
0 [ 1~ 4t
c -0.2 4 8
=) F 4
. l 1 =< 3t
< 04l 1 2
L i = 2r
s [ 1 T
-0.6 | : 1B
-0.8 P T T D T B T oL. . .
18 20 22 24 26 28 30 32 34 15

T (K)

between the extrapolated linear normal-state baseline and the
extrapolated linear slope of the diamagnetic transition'® [see
the solid lines in Fig. 3(a)]. With this definition, we obtain
the phase diagram of the magnetically determined critical
field HL(T) for this bismuthate superconductor, as shown in
Fig. 3(b). It is apparent that H,,(T) shows an upward curva-
ture, in agreement with the previous results.!”?° The solid
line is the best-fitted curve by a second-order polynomial
function H,,(T)=297-18.8T+0.297% kOe. It is interesting
that this polynomial function obtained from the best fit to the
present data in a limited temperature region agrees well with
that obtained from the best fit to data down to 4.2 K (Ref.
20). Furthermore, it was shown'?2! that the electrically de-
termined critical field Hy(T) nearly coincides with the mag-
netically determined H,,(T). This suggests that the critical
fields obtained from both magnetic and electrical measure-
ments are associated with the same physical phenomenon.
Using HL.2(0)=H;,,(O) (see Fig. 2 and Ref. 17), we obtain
H.,(0)=297 kOe for Baj K 3,Bi0;, leading to a zero-
temperature coherence length &0)=(®,/27H,,)"*=33.3 A
(where @, is the quantum of flux). The values of H.,(0) and
&(0) for our sample are nearly the same as those reported
previously.?0-2!

Now we turn to quantitative data analyses based on a
modified strong-coupling phonon-mediated mechanism,”?
where strong coupling to high-energy phonon modes leads to
the formation of polarons, and the polarons are bound into
Cooper pairs through a retarded electron-phonon interaction
with low-energy phonon modes. Within this model, the po-
laronic effect simply narrows the bandwidth by a factor of f),,
so that the density of states and the retarded electron-phonon
coupling constant \,._, increase by the same factor. The total
mass enhancement factor f, within this model is then given
by

ftzfp(l_'-)\e—p)* (3)

The enhancement factor 1+A\,, arises from the retarded
electron-phonon interaction, which is treated within the
Migdal approximation.

Substituting kzT,./fw;,,=0.115 into several empirical for-
mulas for conventional superconductors,!> we determine
Nep=1.4, hpo=H,(0)/[T(dH/dT)]=0.75, and AC/yT.
=2.5. Here AC is the specific-heat jump at T,, and v is the
electronic specific-heat coefficient. Since the bismuthate su-
perconductor might not be in the clean limit, all the values of

T (K)

+0.2972 kOe.

kgT./hwy,, N, heo, and AC/yT, may be overestimated.'®
Using hoy=H.»(0)/[T.(dH ,/dT)]=0.75, H(0)=297 kOe,
and 7,=29.2 K, we obtain dH.,/dT=-13.58 kOe/K. We
then determine the Ginzburg-Landau parameter « and
dH,/dT from the standard expressions'®

2k%/In k = (dH /dT)/(dH .,/dT),

dH .\ /dT = (In k/4m)[d(PyN)/dT],

and dH./dT=(dH,/dT)/(k\2). Substituting dH./dT
=-13.58 kOe/K and d(®y/\?)/dT=-45.1 Oe/K into the
above expressions, we obtain =434 and dH./dT
=-221 Oe/K. Then, using AC/T.=(1/87«?)(dH,/dT)?
(Ref. 19) and AC/yT,=2.5, we find y=7.41 mJ/mol K2. The
band density of states at the Fermi level is calculated to be
0.46 states/eV per cell for x=0.4,> corresponding to a band
electronic specific-heat coefficient y,=1.1 mJ/mol K2. The
total mass enhancement factor f,=7v/7y,=6.74. From Eq. (3)
and with N, ,=1.4, we then find that f,=2.8. This polaron
enhancement factor should be underestimated since we may
overestimate kg7 ./fiw,, due to the finite mean free path. Op-
tical experiments show that the Drude weight just above T, is
reduced by a factor of about 12 compared with the total
optical weight for free carriers.?? This result may suggest that
f:=12, in agreement with f,=6.74 deduced above.

Our data analyses are justified only if the upward curva-
ture of H;,(T) or Hy(T) is indeed caused by thermodynamic
fluctuations. Applying the model of thermodynamic fluctua-
tions to the Hy(T) data of a Ba, ,K,BiO; crystal, Cooper et
al. obtain a fitting parameter T;(0)=60 K, where

H2(0)£(0)

To(0) = 8k, B

; (4)

and B is a numerical factor of order unity.!” Using dH./dT
=-221 Oe/K, T.=29.2 K, and the relation H.(T)=H_(0)[ 1
—(T/T,)*], we find H,(0)=3228 Oe. Substituting B=1,
H_.(0)=3228 Oe, and £(0)=33 A into Eq. (4) yields T,(0)
=108 K, in quantitative agreement with the fitting parameter
(60 K). This quantitative agreement clearly indicates that the
upward curvature of the critical fields is indeed caused by
superconducting fluctuations, which justifies our data analy-
ses.

It is interesting that the polaron mass enhancement factor
fp in BaPbg 79Bij,,03 can be estimated from the density of
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states inferred from the 'O Knight shift. The average 'O
Knight shift at low temperatures is about 375 ppm for
BaPb,, 79Bi;,;05, which corresponds to a “bare” density of
states N(0)=0.40 states/eV per cell.?? The bare density of
states deduced from the Knight shift is enhanced by a factor
of 2 compared with the band density of states
(0.20 states/eV per cell).>* This enhancement factor cannot
arise from the Stoner effect, which should be negligible for s
conduction electrons. On the other hand, this enhancement
factor can arise from the polaronic effect,’” that is, fp=2.
Therefore, the f, values of the two optimally doped bismuth-
ate superconductors are quite similar.

Since \,.,%f,, the value of f, implies that A, , is en-
hanced by a factor of about 2.8 due to the polaronic effect.
Without the polaronic effect, A,, would be about 0.5 for
Ba 63K037Bi0;.  Substituting A, ,=0.5, the Coulombic
pseudopotential u =0.1, and fw,=21.3 meV into the Mc-
Millan formula'

hoy, 1.04(1 +X,.,)
kT, = exp| - . )
12 Nep— ' (1+0.62),.,)

we find that 7,,=3.0 K. Therefore, the highest 7. in bismuth-
ates would be about 3 K if there were no polaronic effect.
This suggests that the polaronic effect should play an impor-
tant role in achieving high-temperature superconductivity.
Now we discuss the isotope effects within this pairing
mechanism. It is known that, when the characteristic energy
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hw, of phonon modes involved in the polaron formation is
larger than the bare hopping integral 7, the polaron mass
enhancement factor is given by® f,=exp(A/wy), where A is
a constant. The total exponent of the isotope effect on f), is
aj=2-dInf,/dIn M;=-0.51n f,, where M; is the mass of
the jth atom. On the other hand, for t>%w,, as in bismuth-
ates, one expects that —a,<0.51Inf,. Because A,,%f,
within this pairing mechanism, the total exponent «, of the
isotope effect on A,, is the same as «j that is, —ay
<0.5In f,. With f,,=2.8, one has —a, <0.51. The finite posi-
tive value of —a, reduces the isotope effect on 7, in agree-
ment with the experiments.®’

In summary, the penetration depth of the bismuthate su-
perconductor Baj 43K 3;BiO; was measured by the muon-
spin-relaxation technique. The temperature dependence of
the penetration depth \(7) of this compound indicates a large
reduced energy gap of 2A(0)/kzT.=4.4. The observed large
reduced energy gap rules out the possibility of pairing
mechanisms based on coupling to high-energy electronic ex-
citations. Quantitative data analyses suggest that high-
temperature superconductivity in bismuthates arises from the
Cooper pairing of polaronic charge carriers.
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