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London penetration depth A, was investigated as a function of dc magnetic field H in the Meissner
state of Bi,Sr,CaCu,0,. At low temperatures, A, changes linearly in H, which is in contrast to the H?
behavior observed in conventional superconductors. With increasing temperature, systematic rounding
around zero field was observed. Together with the comparative study for a conventional superconductor

V,Si, it is suggested that the superconducting state of Bi,Sr,CaCu,O, is unconventional.

These

findings are the first confirmation of a recent new theoretical prediction for d-wave superconductors.

PACS numbers: 74.25.Nf, 74.60.—w, 74.72.Hs

The symmetry of the order parameter (or the energy
gap) gives important information on the mechanism of su-
perconductivity. For high-T, cuprates, the study of the
gap symmetry has been one of the most active fields in
these materials [1,2]. Among various experimental meth-
ods, measurement of the detailed temperature dependence
of the magnetic field penetration depth A is one of the
most popular ones, since it is a direct measure of super-
fluid density. If there are nodes in the gap, as was theo-
retically expected for strongly correlated materials [3—-6],
A changes as T" at low temperatures, in contrast to the
thermally activated behavior for conventional s-wave su-
perconductors. The power n depends on the type of the
node in the k space [7].

Recently, high-resolution A(7T) data on single crystals
have been available by several groups. The current situa-
tion, however, has not converged. Maeda et al. observed
T? behavior in BiSr,CaCu,0, (Bi-2212) [8]. A sim-
ilar data was also presented by Beasley [9]. He also
observed the 7?2 behavior in YBa,Cuz;O, (YBCO). In
contrast, Hardy et al. observed T-linear A(T) at low tem-
peratures in YBCO [10], and proposed that it is an ex-
pected behavior in pure crystals and consistent with a gap
with line nodes. Furthermore, Bonn ef al. observed a sys-
tematic change from T-linear to T? behavior with Zn dop-
ing in YBCO [11], which is also consistent with d,>_,>
wave (line node) behavior, in some respects. On the other
hand, thermally activated behaviors were reported in films
of YBCO, but with a very small gap (A = 6 meV) [12],
and in (Nd, Ce),CuO, [13]. The origin of the controversy
has not been specified yet. Since the low-temperature be-
havior of A is very sensitive to various extrinsic effects
[14], it may not be easy to resolve the current puzzling sit-
uation until the ultrahigh quality single crystals are avail-
able for the high-T. cuprates. Thus, a different approach
is necessary for the gap study by the electromagnetic
response.

Recently, Yip and Sauls (YS) calculated a small change
of A (AA) in the Meissner state of a d-wave superconduc-
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tor by the application of dc magnetic field H [15]. They
found that
AAH,T) H
i Sl A 1
a0 Dy ™
in sharp contrast to the s-wave result [16],
2
AMH,T) H
TAOT) B(T)[—HO(T)} , (2

where AA(H,T) = AM(H,T) — A(0,T) is the change of A
by the application of H, Hy is a characteristic field of the
order of the thermodynamic critical field H.. «(T) and
B(T) are factors which depend on the number of quasipar-
ticles. Since the origin of the above mentioned change is
a pair-breaking effect, for the s-wave case, reflecting the
perfect gap opening, B(T) — O for T — 0. On the other
hand, in the case of d-wave symmetry, «(T) remains fi-
nite (~1, depending on the experimental configuration)
even in the low-temperature limit. Based on this result,
they proposed that the detailed study of A(H) can be a
new candidate for the gap-symmetry study. Experimen-
tally, prior to the YS prediction, the conventional H? de-
pendence was reported in a single crystal of YBCO [17].
However, it suffered a criticism that at relatively high
temperature the intrinsic behavior is smeared out by the
thermal effect [15]. Furthermore, B(T) in Ref. [17] is in-
dependent of temperature down to 10 K (~0.1097,) [18],
which is contrary to the prediction for an s-wave super-
conductor. In addition, in principle, in the experimental
configuration of Ref. [17] they measure the mixture of the
in-plane penetration depth A,, and the out-of-plane A..
Therefore, a further detailed investigation is still needed.
In this paper, we performed a systematic study of A(H)
in Bi-2212 and found that the result is consistent with the
YS prediction for the d-wave case. To our knowledge,
this is the first confirmation of this new prediction.

Single crystals of Bi-2212 were prepared by a floating
zone method. Typical dimensions are 1 X 1 X (0.02—
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0.05) mm?. They are carefully characterized by dc resis-
tivity and magnetic-susceptibility measurement. The su-
perconducting transition temperature 7, and the transition
width AT, are typically 90 and 1.3 K, respectively.

Penetration depth was measured at 45 MHz by an
rf resonator method [19]. The sample was put in the
solenoid and fixed by sapphire rods. What we are
interested in is the in-plane penetration depth A,,. For
Bi-2212, the A,, measurement is possible only in the
configuration of Hy 1 CuO; [8]. Even for H;1CuO,,
however, there may be a possible mixing of A, owing
to the shape effect because of the large demagnetization
effect [1/(1 — v,) = 14—36, depending on the sample
dimensions, where v,, is the demagnetization factor].
In our data, the contribution of A, owing to the shape
effect was considered to be negligible for the following
two reasons: (i) We obtained the same results for several
samples with different thickness; (ii) when comparing the
data taken in H,¢ || CuO, and H,; 1 CuO; configurations,
both have quite different field dependence.

The change in the penetration depth AA of the sample
is related to the change in the resonating frequency of the
circuit Af as AX = GAf/f, where f is the resonating
frequency, and G is a geometric factor determined by the
geometry of the sample and the solenoid. - The magnitude
of G was obtained by using Pb with the same dimension
as that of the samples used in this study. For comparison
with theories, zero-temperature value A, (0) is necessary.
We obtained A,;,(0) by a microwave surface impedance
measurement [20]. ., (0) was found to be 2600 A, which
is one of the best values of A,,(0) of this material. The
small value of A,,(0) indicates that our crystals are free
from macroscopic interlayer impurities.

dc magnetic field was applied by a solenoid made
by ourselves and a current source. Magnetic field was
calibrated by using a Hall probe with a resolution of
0.2 G. To cancel a residual field (~0.4 G), a small
external counter field was applied during the cooling
process [21]. Although we have not measured the actual
residual field after this procedure, the main experimental
result presented here did not depend on whether this
procedure was made or not. Therefore, the residual flux,
if any, cannot be a dominant origin of the main result
presented below. During each field sweep, fluctuation
of temperature was maintained within =10 mK, which
limits the effective sensitivity of our A(H) measurement
(61 ~ 20 A).

Figure 1 shows the field dependence of the change
in Ag; AAgp(H,T) for H1CuO, at 60 K. AA,,(H,T)
is reversible for the small sweep amplitude within an
experimental error. On the other hand, when a maximum
field of the sweep exceeds a characteristic field H*, field
variation clearly shows a hysteresis, and AA(H) shows a
structure at H*. For a higher field H,, AA,,(H) becomes
reversible again. In fact, H,(T) agrees with the so-called
irreversibility line for a crystal from the same batch [22].
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FIG. 1. Change in the in-plane penetration depth A,, of a
Bi-2212 single crystal as a function of dc magnetic field at
60 K. The origin of each curve was shifted. The inset shows
the experimental configuration of A,, measurement.

Therefore, we identify H, as the irreversibility field. On
the other hand, H" is a field which gives another boundary
between reversible and irreversible region. Thus, we can
regard H* as the measure of the lower critical field H,;. In
fact, H* increases gradually with decreasing temperature
[8], and takes 6 G at 10 K for the sample shown in Fig. 1.
Considering the surface barrier effect [22], this value is
reasonable [23].

Next, we will concentrate on AA,,(H) below H* in
Fig. 1. Atlow temperatures, AA(H, T) shows a V-shaped
curve, which means AA(H,T) changes linearly in H. To
see this in more detail, the data below H* are expanded.
Figure 2(a) shows the normalized change in A,; € =
AAap(H,T)/A0(0,T), as a function of the normalized
field h = H/H, at various temperatures. H, was defined
as Hy = H*(\2x/logk) ~ (1 — va)H., where « is the
GL parameter. We assumed « ~ 100. The temperature
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FIG. 2. (a) € = AA,(H,T)/Aw(0,T) as a function of the nor-
malized field » = H/H, at various temperatures. Temperatures
are also normalized to T,; t = T/T.. (b) € as a function of h?.
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was also normalized to T.. At low temperatures, ¢
behaves linearly in %, as was already seen in Fig. 1.
However, around zero field, a very small rounding was
observed. This rounding becomes more pronounced with
increasing temperature. We also show the same data as a
function of 42 in Fig. 2(b). In Fig. 2(b), the data at each
temperature show the concave downward behavior, which
clearly demonstrates that € of Bi-2212 contains lower
order terms than two in 2. We also preformed the €(h)
vs logh plot, and confirmed the crossover from h? to h
with increasing h. Therefore, the best description of €(h)
is as follows. €(h) is linear in A except around zero field.
Around zero field, €(k) is quadratic in A. With increasing
temperature, the quadratic region becomes prominent.

Figure 3 shows the temperature dependence of d€/dh.
The derivative was taken at fields where ¢ behaves
linearly in A. Therefore, in terms of the YS theory,
d€/dh is just equal to «(T) in Eq. (1). The main reason
for large error bars is the uncertainty in determining H".
Although d€/dh(T) is complicated, d€/dh is very weakly
temperature dependent below 40 K, and remains ~1.9 at
10 K (0.127,). d€/dh(T) of 1.9 even at a low temperature
of 0.127, suggests that a large number of quasiparticles of
0.127, are present down to this temperature.

The H-linear A A, the systematic rounding around zero
field, and d€/dh of the order of unity—all of these
observations are consistent with the theoretical prediction
for a d-wave superconductor by Yip and Sauls [15],
except for some points discussed later.

We also performed the same measurement for a single
crystal of V;Si, which is a representative of s-wave type-
II superconductors. The result was shown in Fig. 4,
together with the data in Bi-2212 taken at a similar
normalized temperature. In V3Si, € clearly behaves as
h> (W = H/H*). On the other hand, ¢ of Bi-2212
shows a concave downward behavior, as was already
shown in Fig. 2(b). We also investigated the temperature
dependence of € in V3Si. Since our measurement system
is operative above 7 K, only the data above 0.43T. are

available. The H? behavior was observed in the whole
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FIG. 3. The temperature dependence of d€/dh. See the text

for details.
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FIG. 4. AAy(H,T)/Ae(0,T) of V3Si, and Bi-2212 as a

function of (H/H*)*. The dotted straight lines are guides for
the eye.

temperature region investigated in V;Si, and B is a
weakly decreasing function of temperature down to this
temperature. Detailed data on this material will be shown
in a separate publication. Thus, also from the comparison
with conventional superconductors, the H-linear A,,(H)
observed in Bi-2212 is indicative of a d-wave gap rather
than an s-wave gap in terms of the YS theory.

However, several problems should be discussed. The
first one is on the field range where the H-linear behav-
ior was observed. According to YS, the H-linear be-
havior should become remarkable only above the field
H ~ cHy(T/T.), where ¢ is 2mkgT./3Ao, and Ay is a
maximum of the gap at 7 = 0 K. In the weak-coupling
case, ¢ is estimated to be 0.6 [15]. In the Fig. 2, how-
ever, the H-linear behavior is observed clearly from the
much smaller field. For high-7, cuprates, it is often re-
ported that 2A/kpT, takes the value which is far from
the weak coupling value. In particular, several photo-
emission [2,24] and tunneling measurements [25] reported
2A/kgT. = 7—8. This makes ¢ smaller by a factor of 2—
3. Another possible origin which can decrease effective
magnitude of c is the effect of the surface barrier. In some
samples of Bi-2212 crystals synthesized by us, the appar-
ent H,; is twice larger than that without the surface barrier
[22]. Considering these, the effective ¢ may become ~0.1
or much less. This is just the field range where we ob-
served the H-linear behavior.

It should be also discussed if it is possible to obtain H-
linear AA(H) in samples where T? behavior was observed
in AX(T) [8,9]. In terms of d-wave theories, the T2-A(T)
comes from the disorder-induced pair breaking, which can
also smear out the singularity in A(H) at H = 0. If the
T2-AX(T) in Bi-2212 is due to the disorder-induced pair
breaking, the scenario based on the resonant scattering
[26] is necessary [11]. In this theory, the crossover
temperature T* from T2- to T-linear AA(T) is given by
T* = 0.83(I'A¢)!'/2 = 0.83a(I'/Ag)'/?T,, where T is the
scattering parameter, and a = Ay/T.. If we take a =
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4, T*/T. = 3.3('/A¢)"/2. On the other hand, for the
crossover field H, from H?- to H-linear AA(H), we obtain
H./Hy = 0.21(I'/Ag)'/2, since the new energy scale for
smearing out the singularity is y = 0.63(I'Ag)!/?, instead
of wT. With T*/T, ~ 0.4, we obtain I'/Ay = 0.015 and
H./Hy ~ 2.5 X 1072, which is consistent with the data in
Fig. 2. Thus, the linear A(H) is observable even when the
T2-AX(T) is observed.

The next question is, “Is it consistent that the H? behav-
ior in YBCO [17] and H-linear behavior in Bi-2212 are
observed in the same normalized temperature region?”.
One possibility is that AA,, (H) is really different between
YBCO and Bi-2212. Another possibility is that YBCO
may also show the similar behavior to our Bi data, if
we compare the data within the same criteria as shown
in Fig. 2. As was mentioned above, even the data of
Ref. [17] are inconsistent with the s-wave gap. Thus,
AX(H) in YBCO deserves further investigation.

Another problem is the complicated temperature depen-
dence of d€/dh [a(T)]. However, since the form of a(T)
in Eq. (1) has not been given in [15], detailed comparison
between the experimental results and the theory is impos-
sible in the present stage.

We should also discuss the extrinsic effects owing to
the short coherence length. The effects of the crystal
imperfections and the motion of the vortices related to
them on A (H) were discussed in detail by Halbritter
[14]. According to Ref. [14], there are two characteristic
fields; the intergrain-weak-link field H; (~1 G) and the
intragrain-weak-link field H, (~100 G). For H = Hy;
AMH) < H?>. For H = H = H,, AAM(H)/A(0) = b(H/H,),
with a clear hysteresis. & is of the order of 100. Above
H;, A behaves linearly in H, again, with a smaller
slope. Our data are strongly different from the prediction
of Ref. [14] in the following points: First, we have
never observed a clear hysteresis in the H-linear region.
Second, the magnitude of » is highly different from our
data by two orders of magnitude. Thus, we believe that
these extrinsic effects are not the origin of A(H) in our
experiment.

In conclusion, by the high-resolution A,,(H,T) mea-
surement in single crystals of Bi-2212, it was found that
Ay (H,T) behaves linearly in H. Together with the
comparative measurement in a conventional supercon-
ductor V;Si, we conclude that the H-linear behavior is
strongly indicative of the unconventional superconducting
state in the Bi-2212 system. To our knowledge, this is the
first confirmation of the new theoretical prediction for un-
conventional superconductors. Since the origin of the H
linear A A is the singularity at H = 0 due to the existence
of nodes in the gap in terms of the YS theory, various
types of the unconventional states other than the d-wave
state may also lead to the similar behavior. Thus, we can-
not specify what type of unconventional state is realized
in the Bi cuprate. To answer this question, further studies
are necessary, both experimentally and theoretically.

We appreciate Yukio Tanaka for fruitful discussions.
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