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Observation of the Conductivity Coherence Peak in Superconducting Bi;Sr,CaCu,0s Single Crystals
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We have measured the surface impedance of Bi>SroCaCu,Os single crystals and have evaluated the
conductivity oy at millimeter-wave frequencies. We observe a peak below 7. which we suggest is due to
case-II coherence factors, like the Hebel-Slichter peak observed in the NMR relaxation rate of classical
superconductors. A comparison with theory leads to a large gap, suggesting strong coupling.

PACS numbers: 74.30.Gn

In spite of a significant amount of experimental and
theoretical work, the nature of the superconducting state
in various high-7, materials remains controversial.
Penetration-depth experiments strongly favor s-wave
pairing,' and the temperature dependence of the NMR
Knight shift? is also in agreement with this interpreta-
tion. However, no coherence peak (the so-called Hebel-
Slichter peak) has been found?® in the NMR relaxation
rate 1/T, in clear contrast to what is predicted for con-
ventional, BCS-type behavior. The value of the super-
conducting gap A and the question of whether states ex-
ist below the gap for T < T, are also not resolved, al-
though it is generally agreed* that the strong-coupling
limit applies and 2A well exceeds the weak-coupling
value 2A/kpT. =3.52.

The electrodynamics of the superconducting state is,
similarly to the NMR relaxation rate, characterized by
case-II coherence factors,® and consequently in the case
of s-wave pairing, a peak is expected in the temperature
dependence of oy, the real part of the complex conduc-
tivity o =o,+io,, at temperatures somewhat below T..
Although the conductivity coherence peak had not been
evaluated® (due to technical difficulties discussed below)
during the period when the electrodynamics of conven-
tional superconductors were explored,” we have shown
recently® that for superconducting Pb the coherence
peak can be readily evaluated.

In this Letter we report on our experiments on Bi;-
Sr,CaCu,0s crystals. We find a well-defined coherence
peak, clearly demonstrating that pairing is dominantly s
wave. Furthermore, our experiments suggest a large su-
perconducting gap.

Single crystals of nominal composition Bi,Sr,CaCu,Og
have been grown from a mixture of BiO, Sr,0;CaCOs,
and CuO. The Bi:Sr:Ca:Cu ratio of the starting materi-
als was 2:2:1:3, and components of analytic purity were
used. The mixture was poured into an alumina crucible,
brought to 800°C, and kept at this temperature for 10 h.
Then the temperature was increased to 1020°C, and the
liquid was mixed thoroughly. The total volume of the
melt was approximately 10 cm?3. The crystals were
grown during a cooling from this temperature with a

cooling rate of 2°C/h. The cooling rate was increased to
10°C/h after the temperature reached 790°C. The
product of this process is an ingot containing large single
crystals of Bi,Sr,CaCu,0g (2:2:1:2), embedded in a ma-
trix consisting of a CuO-rich phase. The composition of
the crystals has been investigated by x-ray fluorescence
and the structure was studied by electron and x-ray
diffraction.”'® The samples have a pseudotetragonal
structure with @ =b =5.36 A and a superlattice of period
4.7b in the b direction. Hall effect,'? infrared transmis-
sion,!! thermopower, S-1-S tunneling, and other studies
were performed on the samples produced by this method.
For the experiments reported here, the crystals were
selected from different batches, cleaved to the appropri-
ate size, and subjected to a heat treatment in air at
600°C for 10-20 min. This treatment is required for
obtaining reproducible superconducting transition tem-
peratures; the thinner the samples, the shorter the an-
nealing time that is sufficient. After heat treatment each
sample was cut into two pieces; one of them was used in
the microwave study, and dc resistivity was measured on
the other. For samples from the same batch, T, was
within a 3-K range; samples from different batches have
a range of critical temperatures of T,(dc)=80-92 K.
The critical temperatures reported in this paper corre-
spond to the zero-dc-resistivity state of the samples.

Our experiments were conducted at f =60 GHz using
a resonant cavity operating in the TEy;; mode, with the
specimen placed inside the cavity in a maximum ac mag-
netic field H,. (with the electric field E .. ideally zero) or
in a maximum electric field E,. (for which H . is zero).
For both configurations the single-crystal platelets were
oriented to result in the shielding-current flow (for ideal
orientation) parallel to the conducting layers, and conse-
quently the in-plane electrodynamics is examined. For
the maximum-H ,. configuration, the applied field is per-
pendicular to the layers, while for the maximum-E
configuration, it is parallel to the layers; both config-
urations are displayed in Fig. 2. The experimental tech-
nique was described earlier.®

For specimens for which the skin depth & and/or the
penetration depth A is smaller than the dimensions, the
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parameter which determines the modification of the reso-
nance characteristics when the specimen is inserted is
called the surface impedance: '2

1/2
w
Z, =R, +iX, = —”0—] : (1

O'|_i0'2

with R, and X, the surface resistance and surface reac-
tance, respectively. R; is proportional to the excess loss
and, consequently, to the inverse quality factor Q ~!, or
alternatively, the half-width of the resonance, while X is
proportional to the frequency shift Afo, which occurs
when the sample is placed inside the cavity:

Afo=1AX,+Xx2), A(1/Q)=AR,, )

where A depends on the dimensions of the cavity and the
specimen under investigation. The parameter A is not
required in the analysis of the superconducting-state
properties, as the relevant quantities which can be com-
pared with theory are X; and R; in the superconducting
state relative to these parameters in the normal state,
i.e., Xy and Ry, and A4 does not enter into these ratios.
The parameter X2 reflects small differences in the cavity
dimension resulting from unavoidable differences in the
way the resonant structure is assembled for the different
experimental runs. One can, however, evaluate X0 by
employing certain relations between R; and X; in certain
limits. In Fig. 1 we display the temperature dependence
of R; and X, with both parameters normalized to their
T =100 K value. The temperature-independent numeri-
cal constant X2 has been evaluated in the following way.
In the normal state above 7., and in the so-called
Hagen-Rubens limit (ot <1 with 7 the single-particle
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FIG. 1. Temperature dependence of the surface resistance

and surface reactance for Bi;Sr,CaCu,Os for a maximum-H .
configuration (see text). T3°=9] K, as evaluated from dc
resistivity.

relaxation time), Eq.(1) leads to
Ry =X, =(uow/251) 2. 3)

In other words, both R; and X; are expected to have the
same value at all temperatures in the normal state. Op-
tical experiments give a relaxation time 1/7 ~500 cm ~!
at 7=100 K and larger 1/t values at higher tempera-
tures, and consequently, the Hagen-Rubens limit applies
at our measurement frequency.!'! We can then use Eq.
(3) to establish the additive frequency shift Af§, or alter-
natively, X0 by requiring that X; =R, in the normal
state, and data presented in Fig. 1 have been obtained in
this way. The observation that the temperature depen-
dence of X, follows that of R, in the entire measured
temperature range 7 > T, clearly demonstrates that the
Hagen-Rubens limit applies, and strongly supports our
procedure for evaluating X2.

Turning to the superconducting state, we observe a
dramatic drop of R, below the transition, and R;— 0 as
T — 0 within our resolution. Xj, while decreasing below
T., remains constant at temperatures well below T,.

With the R, and X; values shown in Fig. 1 we can use
Eq. (1) to evaluate o) and o>. As discussed earlier, from
Eq. (2) it follows that we can evaluate these components
only up to a numerical factor 4. This factor, however,
depends only on the dimensions of the specimens and is
the same for conductivity values both below and above
T.. Consequently, this factor is eliminated if R;/Ry,
X;/Xn, or oi/on is derived. In Fig. 2 we display o/on
as a function of temperature using two different geome-
trical configurations, where the specimen was placed in a
maximum electric or in a maximum magnetic field. The
close similarity of the two results strongly suggests
that demagnetization effects and finite-magnetic-field-
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FIG. 2. Temperature dependence of o) as evaluated using a
maximum-£,. and a maximum-H .. configuration. The mea-
surement configurations are also displayed.
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induced loss mechanisms (due to losses and increased
penetration into the superconductor due to frozen-in flux,
for example) do not play a role, and the results displayed
on the figure reflect the electrodynamics of the London
state.

For both cases oy refers to the extrapolated normal-
state conductivity evaluated from the temperature de-
pendence of on above 100 K. It is expected that in the
case where the material would remain metallic at tem-
peratures below 7., the conductivity would increase, be-
ing approximately inversely proportional to the tempera-
ture 7. The quantity which should be compared with
theory, i.e., oi(r/on(r), is evaluated this way. The
overall qualitative features of the figure are not modified
by this effect.

Also shown in Fig. 2 is the conductivity evaluated as-
suming weak-coupling BCS with finite-mean-free-path
corrections.'? It is clear that while a coherence peak is
recovered by the model, a small single-particle gap is not
compatible with our experimental findings. While de-
tailed calculations based on the strong-coupling limit
have not been performed, with increasing A two mod-
ifications occur:'* The position of the coherence peak
moves towards 7. and o) drops more dramatically below
the coherence peak. Both are features we observe exper-
imentally, but whether strong-coupling effects fully ac-
count for our experimental findings remains to be seen.
We also note that higher-angular-momentum pairing
leads to a dramatic reduction of the coherence peak'’
and we believe that our experiments rule out ground
states with symmetry dramatically different from s wave.

In Fig. 3, experimental results on another specimen
with a lower transition temperature, 7, =80 K, and of a
lesser quality is displayed. The coherence peak is some-
what broadened, most probably reflecting a distribution
of transition temperatures in the specimen. Although we
do not have direct evidence for such a distribution of

2 T T T T T
| BiySrpCaCu,0g % 4
L o i
1 58
- b ’ 4
L~ £
L e A
& % FRE
L *3
= 2 °
& | o sample A T =92K ® o b
2 8
I e sample B T.=80K e« § i
&
L ry ]
o) I e L .
0 0.2 0.4 06 0.8 1.0
FIG. 3. Temperature dependence of o) evaluated on a

second specimen, with a lower transition temperature, de=380.
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transition temperatures (the dc resistivity being fairly in-
sensitive to such distribution effects), as a general rule,
lower average transition temperatures are related to
broader transitions, and to a larger distribution of local
T, values in these materials, making this the most likely
explanation of Fig. 3.

In conclusion, we have observed a well-defined peak in
the real part of the finite-frequency conductivity o) in
the superconducting state of Bi,Sr,Ca,Cu,0s. We be-
lieve the observation gives conclusive evidence for a sing-
let superconducting ground state. A comparison with
theory which takes finite-mean-free-path effects into
account strongly suggests that the single-particle gap
exceeds A=1.76kT,, the weak-coupling limit. We also
note that X; is, within experimental error, independent
of temperature for T < T, (see Fig. 1) excluding impor-
tant contributions coming from zeros in the gap function.

The reason why case-II coherence factors are observed
in the electrodynamic response but not in the NMR re-
laxation rate in these materials remains an unresolved is-
sue. There are two important differences between the
processes which determine o and T';. First, the conduc-
tivity reflects charge-fluctuation effects while the NMR
relaxation time is due to spin fluctuations. Second, o) is
due to correlations with ¢ =0 while 7', samples the en-
tire g space; this difference is believed to be important
for the normal-state properties. Which of these effects is
responsible for the difference between the conductivity
and relaxation time remains to be seen.
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