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Magnetoresistance in high-quality single-crystal films of YBa2Cu307-„studied in a tempera-
ture range T, ~ T~210 K is presented for magnetic field configurations both parallel and perpen-
dicular to the conducting ab plane. The data are analyzed in terms of recent theories of super-
conducting fluctuations considering both orbital and Zeeman e8'ects in Aslamazov-Larkin and
Maki-Thompson terms. From the analysis, the phase-breaking time of carriers is determined to
be zq (1~0.1)x10 ' sec at 100 K with a T dependence of I/z~~T' 2. $, (0) 1.5+ 0.5 A
and g,b(0) 11.5+'0.5 A are also derived for the inter- and intralayer coherence lengths.

The infiuence of magnetic field H on resistivity has been
intensively studied in high-T, superconducting oxides at
temperatures below T„where T, is the transition temper-
ature at 0 0. ' These studies have elicited theoretical
discussions about a critical Auctuation ' or a giant Aux
creep. On the other hand, the study of magnetoresis-
tance hp(H) p(H) —p(0) carried out at T well above
T„ is free from those unsettled problems, and provides a
reliable method to determine important physical quanti-
ties such as the anisotropic coherence lengths, g,b(0) and

g, (0), and the phase-breaking time ze of carriers. It also
provides a probe to study the transport mechanism in the
normal state.

In the previous study of hp(H) in a polycrystal of
YBa2Cu307-„we have derived g,b(0) and g, (0) but
could not unambiguously determine z& because the anisot-
ropy in hp(H) could not be studied. Although Hikita and
Suzuki studied Ap(H) in a bulk single crystal of YBa2-
Cu307 — zt, was not obtained since the study was limit-
ed to a narrow range of T—T, and also limited to the
condition of H normal to the conducting ab plane of the
crystal. Here, we report thorough studies of hp(H) in
high-quality single-crystal Alms of YBa2Cu307 —„per-
formed in a wide T range up to 210 K for 0 both normal
and parallel to the ab plane. The data are fully analyzed
in terms of recent theories of superconducting Auctuations
considering both orbital and Zeeman contributions in
Aslamazov-Larkin and Maki-Thompson terms.

Measurements are made on 1000- and 3000-A-thick
films of YBazCu3Q7 „,which will be designated below as
samples 1 and 2. The films were epitaxially grown on the
(100) surface of single crystals of SrTi03 with an activat-
ed reactive-evaporation method. Structure analyses indi-
cate that the films are excellent single crystals with the c
axis perfectly oriented perpendicular to the substrate sur-
face. ' To apply the four-probe method, voltage probes
are prepared by evaporation of silver on rectangular-
shaped samples of a size of 1.5 x 8.0 mm . Similar to the
previous work, hp(H) and the Hall effects are studied
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FIG. 1. Resistivity vs temperature in film samples 1 and 2
and a polycrystalline sample. The inset shows the Hall number
in samples 1 and 2.

with a magnetic-field-modulation technique (f=1 kHz,
AH = + 50-100 Oe), by which field-induced changes in

p of one part in 10 are detectable. The resistivity p of
samples 1 and 2, and the polycrystalline sample used in
the previous work, are shown in Fig. 1 together with the
Hall number Vo/RHe in the inset, where Vo 174 A3 is
the formula unit volume and RH is the Hall coefficient.
The characteristics of the samples, including the 10-90%
width of the transition d, T„ the dp/dT values in the range
150-300 K, are listed in Table I. The small p or dp/dT
values of samples 1 and 2 indicate the excellent charac-
teristics of these film samples.

Direct recorder traces of the derivative of the magneto-
conductance with respect to H, —der/dH=(dp/dH)/p,
are shown as a function of H in Fig. 2 for sample 2. Here,
e denotes the reduced temperature e=(T —T, )/T, . The
conductances o& and ai refer, respectively, to the quanti-
ties studied under H perpendicular and parallel to the ab
plane. Either of the quantities rapidly decreases with in-
creasing e, as will be elucidated in Fig. 4. The curves of
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TABLE I. Characteristics of the samples. T, and C are derived from the present analysis.

Sample T, (K) ~T, (K)
p (pn cm)

at 100 K
dp/JT

(pncm K ')
pH (cm /Vsec)

at 100 K

1 (1000 A)
2 (3000 A)
polycrystal

85.5
85.5
92.0

1.3
1.3

~0.2

96
68

412

0.71
0.63
2.50

1.6 ~ 0. 1

1.2 ~ 0.1

—6.8

14.7
14.5
44

der&/dH vs H deviate appreciably from straight lines at
small e below e=0.06, while they are well described by
straight lines at

lardier
e implying the dependence of

~p(H) ~~~(H) ~H .
In order to compare the data of different samples, the

relative magnetoresistance hp&/p at H=10 kOe in the
two-film samples and the earlier data Ap/p of a polycrys-
talline sample are shown together as a function of e in
Fig. 3. Here, we deduce hp from the relation Ap
=(dp/dH)~okp (10 kOe/2). In spite of relatively large

diA'erences in the p values among diA'erent samples, hp/p
values nearly coincide and yield a single line. This sup-
ports the argument of Oh et al. that the sample-dependent
p values arise from "C factors", which refiect inhomo-
geneous current Aows in the samples. " Further, the
sample-independent divergent behavior of hp/p in a small
e range strongly indicates that it is of an intrinsic nature
of the material and arises from superconducting Auctua-
tion. Further, a small and T-independent component
remains in hp/p at higher e in all of the samples. Figures
4(a) and 4(b) display e dependences of Acr&(H) and
ha~|(H) at H 10 kOe in sample 2. Here, we have de-
duced ha from the extrapolated slopes of the do'/dH vs H
curves at the low-H limit, so that the data points represent
the H term in the entire e range.

The superconducting Auctuations are described by the
combination of Aslamazov-Larkin (AL) and Maki-
Thompson (MT) terms. Orbital contributions of AL and
MT terms to Acr&(H) in layered compounds have been
derived by Hikami and Larkin by taking account of the

I

2
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(2)

where a 2(, (0)/(d e), h =2eg, b(0)H/h, and B
=16(,(0)keTr&/(xd~h) with the interlayer spacing d
(11.7 A), the coherence lengths normal to the ab plane
g„(0) and parallel to the ab plane g,b(0), the phase break-
ing time r&, the Boltzmann constant ke, and the unit
charge e. The higher-order terms in H, not included in
(1) and (2), are also derived in Ref. 7. In addition to the
orbital contributions above, Aronov, Hikami, and Larkin
recently pointed out that the Zeeman effect adds new con-
tributions to AL and MT terms (ALZ and the MTZ, re-
spectively) and obtained the following terms, which are
independent of the orientation of H:

lowest-order term of the order parameter
~ y ~

z. Tsuneto~
and Ikeda, 3 have considered the AL term including the
higher-order term ( y~ 4. Dos has not been studied in ei-
ther work. Here we compare our data of ha& with the
Hikami-Larkin results, the treatment of which suffices for
our work in a T range well above T,: The orbital (ALO)
and the MT-orbital (MTO) terms in Ref. 7 read as

e 2+4a+3a
645de (1+2a)

e ]+a Ns
h.o'A Lz 0.526

(1+2a) ~ 4ttkey;
(3)

e 1+6
~MTZ

(1+2B) t
1+B+b/a

H 1 +B/a) (1+2B+B'/a) ]
&os

2

(4)

Here, co, gp&H is the Zeeman energy with the g factor
and the Bohr magneton ptt. Nominally, T, and the factor
C are adjustable parameters in the analysis here. Howev-
er, the arbitrariness of these quantities is, in fact, small in
our film samples and does not significantly affect the
analysis below because of the relatively small hT, and the
small p values of the samples: T, and C determined so as
to yield the best fit in the following analysis, given in
Table I, substantially agree, respectively, with the values
obtained from the linear extrapolation of p to zero in the
p(T) curves, ' and with C 1.5 (sample 1) and 1.2 (sam-
ple 2) derived from the observed dp/dT values.

Up to the present time, Zeeman effects on supercon-
ducting Auctuations have not been observed experimental-

I

ly in any material, because it is usually negligibly small in
comparison to ALO and MTO terms. However, in either
of the samples 1 and 2 here, the complete data of
&o'~~ ~(H) and &o.

~~ &(e) as shown in Figs. 2 and 4 cannot
be consistently explained by any combination of g b(0),
g, (0), and z& unless the Zeeman terms given by Eqs. (3)
and (4) are included in the analysis. We first compare the
data of do~~(e) with the ALZ and the MTZ terms assum-
ing that orbital contributions to Aajt are negligibly small.
Since either of the Zeeman terms is independent of g,b(0)
and insensitive to g, (0), r~ can be thereby determined al-
most uniquely. The e dependence of her~~ is not explained
well if r& is assumed to be T independent, as indicated by
a dash-dotted line in Fig. 4(b), but is satisfactorily ex-
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FIG. 2. Direct recorder traces of the anisotropic magnetocon-
ductances, dcJ~/dH and dcrii/dH, vs H in sample 2. Solid circles,
open circles, and triangles in (a) indicate theoretical values for
respective temperatures; the parameters used are g, (0) 1.7 A,
g,b(0) 11.0 A, z~(100 K) 1.05x10 '3 sec with zbiL(1/T)'0,
C 1.2, and T, 85.5 K.
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FIG. 3. Relative magnetoresistance, hp/p = lp(10 kOe)

—p(0)]/p(0), vs reduced temperature b. hp=hp& for film
samples.

plained if a T dependence of the form z&~ (1/T)p with

p 1.0-2.0 is assumed: The solid line in Fig. 4(b), repre-
senting the sum of the Zeeman terms with z&(100 K)

1.05 X 10 ' sec and p 1.0, reproduces well the exper-
imental data. [We assume g 2.0. A reasonable fit is ob-
tained also with zb (100 K) = I X10 ' sec and p=2.0.]
The result is similar in sample 1. Since orbital contribu-
tions to h, a~~ are supposed to be smaller than those to h, ~~
by a factor of [g,b(0)/g, (0)l, the analysis above ignoring
the orbital contributions is validated by the analysis
below, which derives g,b(0)/g, (0)-8. We would note

O

O
tH

o
10

b
C1

IO
0.1

C =-(T- Tc)/Tc

1.0

that the presence of Zeeman eA'ects in the present materi-
al indicates that the superconductivity here is "BCS-like"
in the sense that the superconducting pairs are in a singlet
state composed of particles with spin

With zb given as above, we analyze der~(H)/dH and
Acr~(c) in terms of the combination of ALO, MTO, ALZ,
and MTZ terms. The theoretical values of dcr&/dH indi-
cated in Fig. 2(a), which are calculated from Eqs. (1)-(4)
by including the higher-order terms of H with g,b(0)
=11.0A and g, (0) =1.7 A, agree well with the experi-
mental curves. The data of Ao& (i.) in the same sample
are best fitted to the theoretical values also with similar
values of g,b(0) and g, (0) as shown by a solid line in Fig.
4(a). ' Similar values of zb, g,b(0), and g, (0) are ob-
tained for sample 1 as listed in Table II. Our analysis
here indicates that none of the MTO, ALZ, and MTZ
terms can be neglected except at very small e. This fact
questions existing studies of the superconducting Auctua-
tions, "' ' where only the ALO term was taken into
account.

In our previous work on the sintered sample, ~here a
completely random orientation of the c axis in the sample
was assumed and the Zeeman terms were not included in
the analysis, we obtained g,b(0) —16 A, g, (0)-2 A, and

FIG. 4. Anisotropic magnetoconductances, —ho = cr(0)
—o(IO kOe), vs b in sample 2. Different lines represent contri-
butions from different origins, calculated from Eqs. (1)-(4)
with the same parameter values as those used for Fig. 2(a), ex-
cept for g, (0) =1.5 A and g,b(0) =11.5 A. The solid line indi-

cates the sum of the different contributions. The dash-dotted
line in (b) represents the sum obtained on the assumption of the
T-independent r& of r& =1.05 x 10 ' sec.
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TABLE II. Physical quantities derived in the present work.

&.b (A)

1 1 1.5 +' 0.5
2 11.2 ~ 0.3

1.S + O.s
1.6+ 0.3

z, (10 " sec)
at 100 K

1.0+' 0. 1

1.0+' 0. 1

1/z, cc Tp

p =1-2
p =1-2

z&~3it10 ' sec. However, we have found that an
effect of a preferred orientation of the c axis is crucial in
the determination of zt, . We have confirmed that the pa-
rameters determined here for film samples explain the
earlier data of the sintered sample equally well, if the Zee-
man terms are included and a preferred orientation is ap-
propriately assumed. The values of g,b(0) and (,(0) de-
rived here are also close to those reported by Oh et al. "
and Hikita and Suzuki.

%e wish to consider physical implication of the short
coherence length g,b(0) within a simple two-dimension-
al free-carrier picture. The probable hole density n= (0.5-1)/Vo = (3-6)x 10 '/cm together with the
corrected resistivity p' p/C —57 Qcm at T-100 K sug-
gest p =38-19 cm /Vsec for the mobility of holes. '

Hence the mean free path l =UF z of holes at 100 K is es-
timated to be 110-78 4 from the relation l =(Ap/e)
x (2ttn, ) 't with n, -nd =(3.4-7) &&10' /cm . Since l(0
K) » I (100 K) is expected, the inequality /(100 K)
»g,b(0) certifies that the present material is a clean-
limit type-II superconductor, and strongly suggests that
the measured g,b(0) is nothing but the BCS coherence
length 4acs (&/tz)(vF/&0). From gacs =11.5 4, togeth-
er with an assumption of gap parameters of 2ho/kttT,
=3.5-8, ' ' we have a Fermi velocity of vF=(1.6-0.7)
X10 cm/s, the scattering time of z=l/vF=(0. 5-1.6)

x 10 3 sec, and an effective hole mass of rn /mo
=ez/pmo 3.0-6.6. The fact that z —ze strongly sug-
gests that the scattering mechanism causing the resistivity
is, by itself, of phase-breaking property. This, as well as
the enhanced mass values, are consistent with a recent
analysis of the optical reAection inferring that z and m*
are strongly frequency dependent. ' '

ze(100 K) 1 && 10 ' sec implies A, /ze(100 K) -6.6
meV 0.77kttT and indicates a moderately strong pair
breaking. According to a standard theory, ' this implies a
reduction in T, by an amount of T,/T, 0=0.7 where T,o
refers to the transition temperature in the absence of the
pair-breaking effect. Hence, if 24p/kT, o =3.53 is as-
sumed, the ratio 2iJO/kT, would be enhanced to five,
which is of comparable magnitude to those of ordinary
strong-coupling BCS superconductors such as Pb and
Hg.

In the higher T range where e&'0.5, the data points of
Ao&(e) in Fig. 4(a) deviate from the theoretical line and
give larger values. This arises from a temperature-in-
dependent component of hp/p seen in Fig. 3. The origin
of this Ap/p is not likely to be a classical magnetoresis-
tance, since classical Ap(K) would have a strong T depen-
dence such that Ap/p-(pH) cx: T . It would be in-
teresting to note that z- z& 1 x 10 ' sec is comparable
to the phonon scattering time of electrons at T-100 K in
ordinary metals such as pure copper. However, the
presence of the T-independent component of dp/p may
not be simply explained by the phonon scattering.

In conclusion, Zeeman effects have been observed, for
the first time, in the superconducting Auctuation, evidenc-
ing that the superconducting pairs are in a singlet state
composed of particles with spin. The observation enabled
us to determine zt, and its probable T dependence.
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