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Magnetoresistance and thermodynamic fluctuations in single-crystal YBa2cu30y
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Magnetoresistance in the a-b plane of a single crystal of YBa2Cu30~ has been measured. The
field dependence of fluctuation conductivity is evaluated from the magnetoresistance slightly

above T, by considering the Aslamozov-Larkin contribution. The coherence lengths g,b(0) and

g, (0) are estimated as 13 and 2 A, respectively. These values are half those obtained from

dH, 2/dT below T,. Differences in ((0) estimated by different methods are discussed.

The study of anisotropic transport properties in high-T,
1:2:3compounds is very important in understanding their
intrinsic superconducting characteristics and dimensional-
ity. In an earlier work, the dimensionality of 1:2:3com-
pounds was determined as three dimensional (3D) from
the fluctuation excess conductivity measurements above
T, with sintered samples. ' Anisotropic coherence lengths
g,b(0) and g, (0) were estimated from dH, 2/dT values in
single-crystal 1:2:3 compounds with use of the
Werthamer-Helfand-Hohenberg (WHH) theory. Al-
though most results supported 3D superconducting behav-
ior, different arguments were also derived from the excess
conductivity measurements, which exhibited 2D (Ref. 9)
or unconventional temperature-dependent behavior. '

Recently, Oh et al. " reported on Auctuation conductivity
in YBa2Cu30~ thin films. They claimed that both (,b(0)
and g, (0) are shorter than those obtained from dH, 2//dT
near T, and that the estimated Auctuation conductivity is
larger than that derived previously. ' However, these esti-
mates of excess conductivity are somewhat ambiguous be-
cause normal resistivity p„just above T, was defined by
extrapolating resistivity linearly from higher temperature
values. Excess conductivity above T, cannot be deter-
mined precisely from the linearly extrapolated p„because
dp„/dT is not exactly constant. On the other hand, the
magnetoresistance hp [Ap=p(H) —p(0)] above T, can
be obtained precisely from measured values without our
knowing p„.Very recently Matsuda, Hirai, and Komiya-
ma' studied magnetoresistance above T, using
YBa2Cu30~ sintered samples and obtained results similar
to those of Oh et al. " In the Matsuda, Hirai, and Komi-
yama study, however, an ambiguous material-dependent
parameter called the C factor, introduced by Oh et al. ,
was adopted as a sintered sample was used. Thus, the
coherence length and dimensionality of 1:2:3compounds
differ significantly depending on estimation methods and
experimental results.

This paper evaluates the anisotropic coherence length in
single-crystal YBa2Cu30~ in three diA'erent ways: from
dH, 2/dT values, from the concept of a critical region, and
from field-dependent Auctuation conductivity. The first
two were adopted in earlier works. For the last one, previ-
ous works dealt only with temperature-dependent Auctua-
tion conductivity in the absence of a magnetic field. This
paper presents a quantitative analysis for field-dependent
fluctuation conductivity. The advantage of this method is

that the magnetoresistance above T, in the a &pl-ane is
precisely described by the analysis of fluctuation conduc-
tivity based on a recent theory developed by Hikami and
Larkin. ' This study focuses on large excess conductivity
near T„except in the critical region. Since the electron
phase-breaking time r& has been shown to be small
(r& ( 10 ' sec), ' ' the Aslamazov-Larkin (AL) term is
believed to contribute mainly to excess conductivity, and
the Maki-Thompson (MT) term is not considered here.
Single-crystal YBa2Cu30~ with low resistivity and a sharp
superconducting transition is also requisite for the present
study. Use of this crystal made a precise determination of
T, possible and enabled a quantitative analysis to be per-
formed.

Single-crystal YBa2Cu30~ was grown by a new pro-
cedure with use of only multilayered pellets. This precise
growth method has been reported elsewhere. ' As-grown
crystals were annealed at 900 C for 5 h, cooled to 450 C,
and held at 450 C for 200 h in oxygen. Resistance was
measured by the four-terminal method. Electrical contact
was made by use of 25-pm-diam gold wires with conduc-
tive silver paste on gold films evaporated on the largest
facet of the crystal. A polarized microscope photograph
of the single crystal with electrodes for the measurements
is shown in Fig. 1. The crystal was determined to be 9.5
pm thick with a scanning electron microscope. Magne-
toresistance was measured in a 12-T superconducting

FIG. 1. Polarized microscope photograph of the single-crystal
YBa2Cu30~ with electrode for measurement.
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Figure 4 shows magnetoconductivity d, a in the a b-plane above T, obtained from the data in Fig. 3(a), where
her =o(H) —cr(0) = I/p(H) —I/p(0). Hikami and Larkin ' derived the analytical form for the magnetoconductance of
the AL and MT terms for layered superconductors where the 2D superconductor layers are weakly coupled. The AL
term is described by the following equation:

e 2 P2m/d
~oAL oAL(H) cAL(0)

8A "o h

1—+
2 2h

~k h dk e ' "1 dk—@1+ +
2h ek 2z 16' "o ei, 2z '

where

-ln ', , = „g.'&(O)H,

Ei =E[1+a(1—cosk~~d)],

and where a=2(, (T)/d =2(, (0)/d e, e=l n(T /T, )= (T T, )/T„—d is the distance between conducting lay-
ers, H is an applied field, y is the digamma function, and
k[~ is the momentum parallel to the magnetic field. For
H=0, the cr&L(0) is given by

2

crAp(0) = e(I +2a)

as proposed by Lawrence and Doniach. ' When a))1,
Eq. (1) leads to a 3D result, and a 2D case is obtained
when a«1, i.e., Eq. (1) expresses a crossover from 2D to
3D. If Eq. (1) is applied under a temperature range below
the crossover point, the anisotropic 3D-like behavior of
the AL term mainly manifests itself irrespective of the in-
trinsic dimensionality. Thus, the formula becomes a good
description for both quasi-2D and anisotropic 3D super-
conductors. Therefore, Eq. (1) is adopted for the AL
term to evaluate h, o.

The fluctuation analysis was performed at five points at
temperatures near T„from t =1.003 to 1.036 (T=91.1,
91.5, 92.0, 93.0, and 94.0 K), where t =T/T, .

First, we discuss the origin of the magnetoresistance.
Since Eq. (1) was derived from the time-dependent
Ginzburg-Landau equation, applying it to the critical re-
gion may not give a good approximation. In the present
case, the critical region h,T„is roughly estimated to be
less than 1 K. ' Therefore, the data at each temperature,
except 91.1 K in the present estimation, is considered to
be outside the critical region, while the data points at 91.5
K are difficult to determine. Conversely, the magne-
toresistance above 95 K is smaller than 1% of the resis-
tance. If magnetoresistance arising from an origin other
than fluctuation conductivity coexists, the analysis be-
comes very difficult and complex. A lot of theories for
high-T, mechanisms suggest that spin fluctuation and
magnetic ordering are important. There may be a small
amount of magnetoresistance arising from spin fluctua-
tions or other related mechanisms. However, the magne-
toresistance in the temperature region for the present ex-
periment can be believed to be mainly attributable to ther-
modynamic fluctuations because no reason is known for
such a large magnetoresistance near T,. Because of this,
the temperature region in the present experiments leads to
a good evaluation of fluctuation conductivity.

The calculated ha~L(T, H) is shown in Fig. 4 for both

T, ] and T,2, where d is assumed as the c-axis lattice con-
stant of 11.7 A. The parameters a and h are adjusted so
that the ha~L curves fit the experimental data at each
fixed temperature. Through this procedure, the g,b(0) of
13 A and g, (0) of 2 A are obtained from the best fit
shown in Fig. 4. These values are only one-half those
obtained from dH, 2//dT. An attempt was also made to ob-
tain Acr from Fig. 3(b), but it was too small for precise
values to be realized. This fact qualitatively supports the
results that the coherence length is significantly anisotrop-
ic. ' It is interesting to note that an average value of
g,„(0)of 7+ 0.5 A has been estimated from the specific-
heat fluctuation measurement by Inderhees et al. This
is in good agreement with the present results when the re-
lation of g,„(0)=g (0)g~(0)g, (0) is assumed for the an-
isotropic 3D case proposed by Bulaevskii, Ginzburg, and
Sobyanin. It should also be noted that the results"'
obtained by the use of the factor C introduced by Oh et
al. ' agree closely with our results. If the idea of factor C
is accepted, the excess conductivity estimated in the sin-
tered samples may change. At present, the origin of fac-
tor C is ambiguous, and future study is need to clarify it.

If g,g(0) and g, (0), as obtained above, are used to esti-
mate H, 2(0) from the relations H;2 (0) =+0/2zrg, q(0)
and H,;""(0)=e./2~g. , (0)g, (0), H;,"(0) and H,;"(0)
become 200 and 1200 T, respectively. These values are
surprisingly large compared with those estimated from
dH, q/dt. One of the most important causes of the
differences of g(0) and H, (0q) between the different es-
timation methods can be ascribed to flux creep in the 0,2

measurements below T, . Yeshurun and MalozemoA'
pointed out that giant flux creep in YBa2Cu30~ can con-
tribute to curvature of p(H) near T, (H). Indeed, the
magnetoresistance in the a-b plane of a single-crystal
EuBa2Cu30~ appears above 25 T at 4.2 K (Ref. 7) in a
pulsed high magnetic field. If the discrepancy of H, 2(0)
values obtained by diff'erent methods is caused by flux
creep, giant flux creep must be accepted.

We also attempted to estimate g(0) by another method,
based on the idea of critical fluctuation below T, proposed
by Oh et al. " If critical fluctuation occurs, H, 2(T) is de-
scribed by the relation

H~2(T) = [Np/2xg(0) ] [[T,(0) —T, (H)]/T, (0)]

Log-log scale data for H, 2(T) perpendicular and parallel
to the a-b plane versus 1 —t are shown in Fig. 5. From
these plots, 2v of 1.2 and g,q(0) =20 A from H;2 (T),
and 2v of 1.25-1.35 and g, (0) =2-3.5 A from H,'2' (T)
are obtained. Calculation of the AL term with use of
g, i, (0) =20 A is attempted, but the curve does not fit the
experimental data well. The calculated Ao(H)-H curve
saturates at a higher field than with the experimental
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FIG. 5. Log-log plot with T, ~(H) and T,q(H) vs applied field
parallel and perpendicular to the a-b plane. The solid and
dashed lines are for T, ~(H) and T,2(H), respectively. t = T/T, .

data. The substantial deviation of 2v from the mean-field
value (2v =1) is thought to be explained by the combined
eff'ects of dimensional crossover and fIux creep.

Hikami recently predicted that the crossover region
from 3D to 2D shifts by the magnetic field is due to the
suppression of 3D superconductivity, and that 2v would
deviate from the mean-field value. According to this
prediction, dimensional crossover below T, is expect-
ed when g, (0) =2 A. This effect is also explained by

the Ilux creep model proposed by Yeshurun and
Malozemoff. Both these effects seem to play an impor-
tant role in the deviation of 2v from the mean-field value.
Furthermore, two factors can contribute independently to
2v values. Thus, direct application of the expression for (
in the critical region does not necessarily lead to true
coherence length.

In conclusion, Auctuation conductivity is estimated
from magnetoresistance measurements in the a-b plane
with high quality single-crystal YBa2Cu30~. The data's
good agreement with the AL contribution leads to the
much shorter coherence lengths of g,b(0) -13 A and

g, (0)-2 A than those evaluated by dH, z/dT. In this
study, we claim that 1:2:3compounds exhibit the follow-
ing unconventional behavior: If coherent length is recog-
nized to be short, anomalous large 0,2 and giant Aux fiow
must be accepted; if coherent length is longer than the
values estimated from Iluctuation conductivity, we must
accept the existence of large strange magnetoresistance
above Tc.
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