
PHYSICAL REVIEW 8 VOLUME 41, NUMBER 1 1 JANUARY 1990

Fluctuation conductivity and normal resistivity in YBazcu30y

Makoto Hikita and Minoru Suzuki
Nippon Telegraph and Telephone Corporation, Opto-Electronics Laboratories, Tokai, Ibaraki 319-11,Japan

(Received 15 September 1989)

Magnetic-field-dependent fluctuation conductivity in the a-b plane of single-crystal YBa2Cu30y
is evaluated using recent theories for layered superconductors considering both Aslamozov-Larkin
and Maki-Thompson terms. The normal resistivity, without fluctuation conductivity effects, is

also estimated in the temperature region above T, using the parameters obtained from the
analysis of the field-dependent fluctuation conductivity. The result is substantially different from
previously estimated values that are linearly extrapolated from high-temperature data.

Because of the intrinsically short coherence lengths of
high-T, superconductors, the thermodynamic fluctuation
of the order parameter observably manifests itself on the
excess conductivity near T„as reflected by the rounding
of resistivity above T, . It is well known that fluctuation
conductivity is the sum of two parts which were indepen-
dently proposed by Aslamazov and Larkin' (AL) and by
Maki and Thompson (MT). In an earlier stage, Freitas,
Tsuei, and Plaskett have evaluated excess conductivity of
sintered YBa2CuiO» samples above T„and found that its
temperature dependence behaves like that of the three-
dimensional (3D) AL model. Subsequent experimental
studies on temperature-dependent excess conductivity,
however, produced various conclusions involving the
power-law functional forms for 3D (Ref. 4) and 2D (Refs.
5 and 6) AL terms, the logarithmic dependence of 2D
MT, or the 2D-to-3D crossover types' proposed by
Lawrence and Doniach' (LD). All their results have
been derived from the analysis of the excess conductivity
in the absence of a magnetic field. In the evaluation, the
excess conductivity c»,„was determined from both the
measured conductivity tr „, ( 1/p „,) and the normal
resistivity p„( I/o„) defined as the linear extrapolation
from high-temperature data, i.e., o,„o~~,-~„. How-
ever, p „,in the a-b plane of single-crystal YBa2Cu30» is
not exactly linear in the high-temperature region, and
then it is difficult to estimate precise p„above T,. Furth-
ermore, it is noted that the empirical definition of p„by
linear extrapolation has no reliable basis. Thus, a more
reliable method has become necessary for estimating pre-
cise p„near T, in order to discuss flux motions, resistive
transition curves, and other electrical properties, because
p„ is one of the fundamental parameters in these studies.

Recently, another approach has been presented theoret-
ically " ' and experimentally, ' ' which evaluates
magnetic-field-dependent fluctuation conductivity above
T,. The advantage of this method is that magnetoconduc-

tivity, h, o(H) cr(H) —t»(0), can be precisely determined
from the values for cr(0) and cr(H) obtained by applying a
magnetic field H. The results of this approach reveal that
both AL and MT terms significantly contribute to the
fluctuation conductivity of YBa2Cu30». This implies that
excess conductivity is significant in a considerably wide

temperature range and that its temperature dependence
cannot be expressed by a simple relation such as proposed
earlier. In a previous paper, we obtained anisotropic
coherence lengths of single-crystal YBa2CuiO» from mag-
netoconductivity above T, arising from fluctuation con-
ductivity using preliminary calculations considering the
AL term. '5 This method has another advantage of avoid-
ing flux motions in the estimation of coherence lengths.

This Rapid Communication describes the evaluation of
field-dependent fluctuation conductivity of the a-b plane
in detail based on the recent theories" ' and the previ-
ously reported data of single-crystal YBa2CuiO» (Ref.
15). We also estimate normal resistivity p„above T,
without fluctuation conductivity using the obtained pa-
rameters and demonstrate that the linear extrapolation
from the high-temperature values does not give a good ap-
proximation for p„.

The magnetoconductivity of the AL- and the MT-
orbital terms has been calculated for layered supercon-
ductors by Hikami and Larkin" and independently by
Maki and Thompson, ' where 2D superconductors are
weakly coupled along the c axis. This model implicitly
expresses both cases for anisotropic-3D and quasi-2D su-
perconductors in the temperature range near T, (Ref. 16),
and accordingly this is adopted for YBa2CuiO», which
has the anisotropic coherence lengths.

In the following, we use the equations that can be ap-
plied in a wide range of magnetic fields, i.e., Eq. (1) in

Ref. 15 for the AL-orbital term and the following equa-
tion for the MT-orbital term:"

t 2x dx~MTO(H) [Ip( 2 +A ) lp( i +8)]
Sh drab —1 2x'

r

[I+a(1—cosx)l, 8 —+1 —cosx
8 aa 1

2h '
2h

834 1990 The American Physical Society



41 FLUCTUATION CONDUCTIVITY AND NORMAL RESISTIVITY. . . 835

where

T, (0)

2000

1500

b.

2$, (T) 2(, (0) 16(,(0)kttTre
d ds xd5

g,t, and g, are anisotropic coherence lengths, s-ln(T/
T, ) = (T —T, )/T„d is the distance between conducting
layers, ze is the phase relaxation time, and yr is the di-y
function. Recently, Aronov, Hikami, and Larkin'3 have
proposed novel factors for field-dependent fluctuation con-
ductivity due to Zeeman effects on the AL and the MT
terms. Adding conventional orbital effects on the AL and
the MT terms, the total magnetoconductivity coming
from Auctuation conductivity consists of four terms, ' as
follows:

ha'(H) d o'ALQ(H) +hcrMyo(H)

+~oALZ (H) +&trMTZ(H),

where ho (H) is the total magnetoconductivity,
doALo(H) is the AL-orbital term, 5aM'(H) is the MT-
orbital term, d,oALz(H) is the AL-Zeeman term, and
hoMrz(H) is the MT-Zeeman term. For the equations
valid in a weak magnetic field, we used the AL- and MT-
Zeeman terms expressed by Eqs. (12) and (5) in Ref. 13,
respectively. ' The applied field limit of 12 T in our exper-
iment is low enough for the Zeeman terms in a weak-field
approximation, however, this is not low for the orbital
terms.

Figure 1 shows the best fits to the experimentally ob-
tained magnetoconductivity in the a-b plane of single-
crystal YBa2Cu30» under a field perpendicular to the a-b
plane. The T, of the crystal is 90.83 K and the resistivity
at 100 K is less than 50 p 0 cm. The precise characteris-
tics and the method of the crystal growth were described
in the previous paper. '5 The four terms of Eq. (2) are
used for the fitting, where adjustable parameters are It

and a, namely g,b(0) and g, (0). In the evaluation, we
adopted the value for i& of 10 ' s at 100 K and i& is pro-
portional to 1/T, according to the results obtained by
Matsuda and co-workers. ' ' We discuss this assumption
later. The values obtained for g,s(0) and (,(0) are 15-16
and 2.8-3.0 A (Ref. 20), respectively, where the distance
between layers is assumed as the lattice constant of the c
axis of 11.7 A. These values for g,t, (0) and g, (0) are 20%
and 50% larger than those previously obtained, ' respec-
tively. However, this causes no change in our basic argu-
ments that Yaa2Cu30~ behaves like quasi-20 supercon-
ductors and has very short g,&(0). We discuss each con-
tribution of the four terms in the following section.

In the parameter fitting, g,&(0) strongly depends on the
shape of the curve, while g, (0) depends on the absolute
value of magnetoconductivity. When considering only the
AL-orbital term, the tendency of the curve saturation is
slightly faster than that of the total magnetoconductivity,
as shown in Fig. 1. This is because the contribution of the
MT-orbital and the AL-Zeeman terms gradually in-
creases in a higher magnetic field, although the MT-
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FIG. 1. Magnetoconductivity in the a-b plane of single-
crystal YBaiCu&0» (T, 90.83 K) under a field perpendicular
to the a-b plane and the best 6tting results of the fluctuation
conductivity calculation. The black circles are the experimental
data. The lines are calculation results where curve a is the total
magnetoconductivity [ho(H)], curve b is the AL-orbital term
[hoALp(H)], curve c is the MT-orbital term [hoMro(H)l, curve
d is the AL-Zeeman term [hoqLz(H)], and curve e is the MT-
Zeeman term [hoMrz(H)]. (a) T 91.5 K, (b) T 92.0 K, (c)
T 93.0 K, (d) T 94.0 K. The values for the parameters g,h

and g, are also shown in the figure. The notation a' indicates
the total magnetoconductivity [ho(H)) obtained from the other
set of g,q and g, shown in each parentheses.

Zeeman term is negligibly small in this temperature re-
gion below t 1.04, where t T/T, . The small differe cen
between the present and the previous [g,s(0) 13 A,
(,(0) 2 A] (Ref. 15) results is ascribed to the shape of
the curve, particularly at higher fields. Magnetoconduc-
tivity of the MT-orbital and the AL-Zeeman terms, on the
other hand, is negligibly small in a low field in the same
temperature range.

Figure 2 describes the temperature dependence of fluc-
tuation conductivity in the absence of a field. The AL and
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FIG. 2. Temperature dependence of fluctuation conductivity
in the absence of a field calculated from Eqs. (3) and (4) for the

AL and MT terms. The notations AL+MT, AL, and MT indi-

cate os(0), cr&L(0), and aMz(0), respectively. The oMr(0)
values are calculated for three different values for z& at 100 K.

able to the temperature dependence of p„, or more
specifically electron scattering time z„ i.e., z, ~ [/T,
where it is assumed that z, is the same as z&. This as-
sumption is discussed in the next section. The estimated
p„ in Fig. 3 has a slight rounding near T, and we believe
that it is not intrinsic. One of the reasons for this may be
ascribed to a little ambiguity in the T, determination be-
cause the crystal has a small amount of inhomogeneity as
reflected by the finite transition width, even though the
crystal is probably of the highest quality available.
Another may be found in the oversimplified model for a
real layered structure of YBa2CuiO, . We believe that the
temperature dependence of the correct p„ is much more
linear in the temperature range discussed.

In this paper, the following three basic assumptions are
implicitly included: (i) z& is approximately equal to z„
(ii) YBa2CuiO» is an s-wave superconductor, i.e., Auctua-
tion conductivity is calculated for s-wave superconductors,
and (iii) all observed magnetoresistivity comes from fiuc-
tuation conductivity. In this section, we discuss the relia-
bility of these assumptions. Larkin ' has proposed that z&

in the MT term corresponds to electron inelastic scatter-
ing time. Then the assumption of z& = z, can be regarded
as a good approximation in the high-temperature region
above 90 K. In fact, the value and the temperature depen-
dence of z& obtained by Matsuda and co-workers' ' are
in good agreement with z, obtained from the optical
reflectivity by Thomas et al. On the other hand, it has
been reported that the behavior of the s-wave supercon-
ductor has been observed in the temperature dependence

where the total fiuctuation conductivity os(0) is that
on(0) oAL(0)+ oMr(0). Three cases of z~ with

g, (0) 3 A are used for the calculation, as shown in Fig.
2. When z~ is larger than 3X10 ' s at 100 K, the MT
term is large enough to contribute the total conductivity of
ofl(0) even at a temperature of c 0.01. Therefore, the
temperature dependence of era(0) is not simple compared
with that of the AL term alone. This contrasts with the
case where magnetoconductivity of the MT term is negli-
gibly small in a low field at a small c.

Figure 3 shows normal resistivity p„( 1/cr„) without
fluctuation conductivity estimated from the measured
value p „,( 1/o „,), where cr „, o„+era(0). The
obtained curve is significantly diA'erent from the linear ex-
trapolation from the high-temperature region. It may ap-
pear peculiar that the excess resistivity hp (=p„—p~„,)
does not decrease with an increase in temperature but is
almost constant. However, it is reasonable when consider-
ing the temperature dependence of p „,. The Ap can be
expressed as Ap era(0)p „,p„=os(0)p „,. From Fig.
2, oa(0) is approximately proportional to T 't in the
temperature range of 0. 1 ( t & I (100-200 K) while p „,
is roughly proportional to T in the same range. Then it
follows that hp is almost constant, as shown in Fig. 3.
This contrasts with the case of conventional low-T, super-
conductors where the T dependence of hp directly reflects
that of os(0) since p„ is almost constant, as commonly ob-
served. Thus the main reason of constant hp is attribut-
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FIG. 3. Temperature dependence of normal resistivity. The
notations: curve a, measured value p „.; curve b, estimated nor-
mal resistivity p„[o, cr „,—crAL(0)] considering only the AL
term (aM&(0) 0); curve c, estimated normal resistivity

p, fo, -a „,—on(0)-o „,—[aAI ( )0+el M(z)0] tconsidering
both the AL and the MT terms, where g, 3 A and z& 10 "s

at 100 K; curve d, linear extrapolation value from the high-
temperature data.
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of the magnetic penetration depth of YBa2Cu30„. %'ith
respect to the last point, no origin can be interpreted in
such a large magnetoresistivity near T, except for fluctua-
tion effects. This problem has been discussed in a previous
paper. ' Therefore, we believe that our estimation reflects
realistic cases and is reliable at least in experimental and
theoretical accuracy when allowing for the above-
mentioned assumptions.

In seeking an explanation for the different experimental
values of the temperature-dependent resistivity in YBa2-
Cu30~, the material-dependent parameter, factor C, has
been introduced by Oh et al. They proposed that the ob-
served p„ is equal to the intrinsic value multiplied by the
factor C due to the lack of sample uniformity, where the
intrinsic dp„/dT is approximately 0.5-0.6 It 0cm/K. Al-
though the idea of factor C is unnecessary for the value of
0.58 poem/K in this study, ' we comment on the case for
introducing factor C in the present fluctuation analysis, in
order to apply this analysis more widely. The g,b(0) can
be easily determined in the parameter fitting because
g,b(0) depends on the shape of the magnetoconductivity
curve as described in the former section. Conversely, the
g, (0) is difficult to obtain precisely, and only the com-
bined value of g, (0) and factor C is determined. Howev-
er, when considering the wide temperature dependence of

the magnetoconductivity in the parameter fitting, the
determination of (,(0) is possible. Indeed, Matsuda et
al. ' successfully obtained a set of g,b(0) and g, (0) for
the samples characterized by different C factors.

In conclusion, magnetoconductivity in the a-b plane of
single-crystal YBa2Cu30~ is analyzed from the viewpoint
of field-dependent fluctuation conductivity, considering
both orbital and Zeeman effects on the AL and the MT
terms. The estimated coherence lengths, g,b(0) 15-16
A and g, (0) 2.8-3 A, are slightly larger than previously
obtained values by the authors. ' This is explained by the
contribution of the MT-orbital and the AL-Zeeman terms
in a higher magnetic field. We also estimated p„above T,
without fluctuation conductivity. It is strongly em-
phasized that our estimated p„ is substantially different
from the previously estimated values that are linearly ex-
trapolated from the data in the high-temperature range.
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