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Vanishingly small Maki-Thompson superconducting fluctuation in the magnetoresistance
of high-Tc superconductors
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NTT Basic Research Laboratories 321, Morinosato Wakamiya, Atsugi-shi Kanagawa 243-01, Japan

~Received 21 June 1996; revised manuscript received 20 December 1996!

The magnetoresistance~MR! of high-Tc cuprate superconductors~HTSC’s! is studied. We have shown that
the Zeeman term of the Maki-Thompson~MT! process could not be detected in the longitudinal MR of 90
K YBCO crystals. We show here that the MT process is thought to be also negligible in the transverse MR of
90 K and Zn-doped YBCO crystals. The MR, which has been assigned previously to a MT-orbital process, is
more naturally understood as normal-state orbital MR that is proportional to the square of the Hall angle. We
conclude that the MT-fluctuation is vanishingly small, at least aboveTc , in these HTSC’s. In addition to the
Hall measurements, MR measurements also support the hypothesis of two distinct relaxation times in HTSC’s.
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Normal-state magnetoresistance~MR! of a supercon-
ductor has two different origins. One is caused from supp
sion of superconducting fluctuation, by the applied magn
field, and the other is the normal-state MR~in the sense of
the Boltzmann transport theory!.

Let us consider the fluctuational MR first. Just above
transition temperature, resonant scattering occurs betw
electrons of opposite spin and momentum over the Fe
surface, leading to the Cooper instability. Normal electro
begin to form bound pairs of a finite lifetime. The virtual pa
state causes excess conductivity, this is the Aslamaz
Larkin ~AL !-type fluctuational conductivity. The pair decay
into a long-wavelength diffusive mode of the normal ele
trons with small total momentum. This mode also deca
into single quasiparticles by phase-breaking scattering
back into the virtual pair state again. This diffusive mo
causes excess conductivity, this is the Maki-Thomps
~MT!-type fluctuational conductivity.4–6 The AL-fluctuation
arises from a ‘‘superfluid’’ of the virtual resonant pair sta
whereas the MT fluctuation arises from a ‘‘normal fluid’’ o
the diffusive mode. The fluctuational MR comes from su
pression of AL and MT fluctuation under a magnetic fie
Near the transition, MR from the AL fluctuation dominate
As temperature increases, a crossover from AL to MT fl
tuation takes place.7 The first theory of the fluctuational MR
that could be applied to high-Tc cuprate superconductor
~HTSC’s! was proposed by Aronov, Hikami, and Lark
~AHL !.8 In the theory the Zeeman effect on paraconductiv
was considered and it has been successfully observed in
HTSC.9,1 It has also demonstrated the singlet nature of
Cooper pair in HTSC’s. In the conventional superconducto
the depairing by spin-splitting Zeeman energy is negligi
compared to the orbital depairing effect i.e., AL-orbit
~ALO! and MT-orbital~MTO! terms. In the HTSC’s, how-
ever, the Zeeman effect is indispensable because of the
coherence length. Moreover, in the longitudinal MR, whe
Bi I'c, the Zeeman terms, AL-Zeeman~ALZ ! and MT-
Zeeman~MTZ!, are dominant.

On the other hand, in the metallic state, the ordinal orb
magnetoresistance, in the Boltzmann sense, generally ex
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It comes from the bending effect of an electron trajectory
the applied magnetic field in the mean free time betwe
scatterings. Hereafter, we call this MR the normal-state
bital MR ~NOMR!.

Treatment of the MT fluctuation in HTSC’s is still con
troversial. Riceet al.10 reported that the MT process is su
prisingly dominant in the fluctuation Hall conductivity o
untwinned YBCO crystals. According to Rice, the MT pr
cess is larger than the AL process fromTc to 180 K. On the
other hand, we have reported1 that the MTZ contribution
could not be detected in the longitudinal MR of 90-K YBC
twinned crystals. Sekirnjaket al.11 proposed that the failure
of detecting the MTZ term implies that the MTO contribu
tion, too, is absent or at least rather small. Recently, La
et al.12 reported that the MT fluctuation is vanishingly sma
from Tc to 130 K from the measurement of fluctuation Ha
conductivity in ~Bi,Pd! 2Sr2Ca2Cu3Ox .

Recently, MR of HTSC’s have been reconsidered inclu
ing the normal-state orbital MR, for YBa2Cu3Oy ,

3,11

La2-xSrxCuO4,
3,13 Bi 2.1Sr1.9Ca1.0Cu2O81d ,

14 and thin film
Bi 2Sr2Ca2Cu3Ox .

12 In particular, Harriset al.3 pointed out
that the MR which had been assigned to the MTO proce
may be the normal-state orbital MR~NOMR!.

For a fourfold two-dimensional Fermi surface~FS!, if
there is no contribution from the fluctuational MR, the o
bital MR (Dr/r) can be written

Dr

r
5^u~s!2&2^u~s!&2, ~1!

where^•••& means the average over the FS, andu(s) is the
local Hall angle on the arc lengthds along the FS. From the
observed Hall angle (uH5^u(s)&) and MR (Dr/r), they
showed that for 90-K and 60-K YBCO, all three terms in E
~1! share the same temperature dependence, i.e.,T24.
Kohler’s rule @Dr/r5F(H/r)}T22# ~Ref. 15! is strongly
violated, which means breakdown of a single-relaxation-ti
approximation. This indicates thatu(s) changes uniformly
with T around the FS and excludes the proposed model
the Hall angles which assumes the FS effect on the re
ation time.16,17
11 103 © 1997 The American Physical Society
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Here, however, a natural question arises. Does the
served MR mainly come from the normal-state MR? Is
paraconductivity contribution really negligible? Therefor
we measured the effect of Zn doping on the MR, becaus
affects the MT magnetoconductivity and the normal-st
MR in different ways. We can determine which is domina
in the observed MR.

The crystals used in this study are the same, 90-K YB
in Ref. 1 and Zn-doped YBCO in Ref. 18, that we used in
earlier works. Samples were grown by the Ba-Cu rich fl
method19 and annealed at 500°C for 100 h in ambient pr
sure oxygen. For each crystal, Zn concentration was de
mined by the electron-probe microanalysis after the mag
toresistance measurement. Contamination by the cruc
material~Pt! is found to be less than 2;631023 per Cu.

Data were taken by a commercial 12-T superconduc
magnet with the He flow controlled by a needle valve. Tw
PID-controlled heaters are used to stabilize sample temp
ture. One is placed just behind a rotatable copper block,
sample stage, and is controlled by a carbon-glass-res
~CGR! sensor (H50) and a capacitance sensor (HÞ0) em-
bedded in the sample stage. Another one, is placed at
shield block which surrounds the sample stage and acts
heat bath. For every destination temperature, we first us
CGR sensor to stabilize sample temperature within 10 m
Then, before applying a magnetic field we switched con
from the CGR sensor to the capacitance sensor~Lake Shore
CS-401!. After the sample temperature was well stabiliz
under capacitance sensor control, the magnetic field
applied. Figure 1 shows the raw MR data of
YBa2Cu3O72d crystal in the transverse configuration. A
shown in Fig. 1, for all samples in the longitudinal and t
transverse configuration we measured MR in a weak-fi
regime whereDr/r}B2 holds. Here,Dr5r(B)2r(0). We
obtained the normalized MR at 1 T, as a slope of the le
squares fit. In the following discussions, we use this norm
ized MR as the representative MR. Magnetoconducta
2Ds was calculated as a change in the inverse resisti
Ds5r21(B)2r21(0). For every crystal, we have com
pared the following two models.

FIG. 1. MR data of a YBa2Cu3O72d crystal in the transverse
configuration. Note that the data are plotted againstB2. At each
temperature, ten data points were taken, five while increasing
magnetic field and the other while decreasing. We subtracted
small systematic driftDr/r;0.01% supposing that amount of dri
is proportional to the time interval. We obtained representative
at 1 T as aslope of the least-squares fit, shown as solid lines.
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Model ~i!: The observed MR is the fluctuational MR o
the AL and MT types. Longitudinal MR is fitted by contri
butions from ALZ and MTZ. Transverse MR is fitted b
contributions from ALO, ALZ, MTO, and MTZ.

Model ~ii !: The observed MR is composed of AL-typ
fluctuational MR and the normal-state orbital MR~NOMR!
which is proportional to the squared Hall angle. Longitudin
MR is fitted only by the ALZ contribution. Transverse MR
fitted by contributions from ALO, ALZ, and NOMR.

We use the Thompson-corrected AHL theory20 of fluctua-
tional MR in the clean limit as pointed out by Bieri an
Maki,21 and also by Ref. 1. Here, we mention theC factor,
an adjustable parameter which comes from sample inho
geneity. We estimated it from the observeddr/dT of the
sample. We takedra /dT of the untwinned sampleA re-
ported in Ref. 10 as the idealdr/dT of the CuO2 plane.
Since our samples are densely twinned in a submicron sc
CuO-chain conductivity is thought to be negligible. We us
(drab /dT)sample/(dra /dT)untwin as the standardC factor of
the sample. Since Zn doping makes the resistivity curve s
parallel upward with its slope unchanged, we also use
same method to estimateC factors of Zn-doped samples.

In Figs. 2~a! and 2~b!, the MR of a YBa2Cu3O72d
twinned crystal is shown with theoretical fits by model~i!

he
he

R

FIG. 2. Magnetoconductance2Ds52@r21(B)2r21(0)#/B2

of a fully oxygenated YBa2Cu3O72d crystal is plotted against re
duced temperaturee5 ln(T/TC) in a log-log scale. TheC factor is
chosen to be 1.05.~a! shows the optimal fit by the model~i!, with
Tc592.5 K, jab514.0 Å, jc54.6 Å, \tf

21(kBT)
2152.0, and a

mean free path:l (Tc)5117 Å ~Ref. 22!. ~b! shows the optimal fit
by the model ~ii !, with Tc592.5 K, jab513.2 Å, jc52.9 Å,
b/m50.0217, and c50. NOMR of the form Dr/rB2

5@m/(bT21c)#2 ~Ref. 3! is used.
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and ~ii !, respectively. TheC factor is chosen to be 1.05. I
we take model~i!, NOMR and Anderson localization ar
assumed to be negligible. Here we tried a full fit with t
four components: ALO, ALZ, MTO, and MTZ. As we hav
mentioned earlier,1 if we include the MTZ term, we could
not obtain reasonable parameters. In particular, a large
of-plane coherence length,jc , and a large pair breaking pa
rameter,\tf

21(kBT)
21, generally tend to be obtained.

Obtained parameters areTc592.5 K, jab514.060.3 Å,
jc54.660.3 Å, \tf

21/kBT52.060.2, and a mean free pat
l (Tc)5117 Å.22 The obtainedjc'4.6 Å is inconsistently
large compared with other measurements.23,24,10 The ob-
tained pair breaking\tf

21'2kBT exceeds the thermal en
ergy, and is also rather difficult to consider. If we take mo
~ii !, the MR is assumed to be a sum of ALO, ALZ, an
NOMR of Dr/rB25CT24 form. This is a special form of
Dr/rB25@m/(bT21c)#2 with c50. Contributions from the
MT process and Anderson localization are both assume
be negligible. In Fig. 2~b!, an optimal fit with Tc
592.5 K, jab513.260.3 Å, jc52.960.1 Å, and
C5(m/b)252128 K4 is shown.

In Figs. 3~a! and 3~b!, the MR of a 2.8% Zn-doped YBCO
crystal is shown with the theoretical fits by models~i! and
~ii !, respectively. TheC factor is chosen to be 1.5. If we tak

FIG. 3. Magnetoconductance2Ds52@r21(B)2r21(0)#/B2

of a fully oxygenated YBa2~Cu0.972Zn0.028)3O72d crystal is plotted
against reduced temperaturee5 ln(T/TC) in a log-log scale. TheC
factor is chosen to be 1.5.~a! shows the optimal fit by the model~i!,
with Tc557.8 K, jab517.0 Å, jc512.7 Å, \tf

21(kBT)
2150.93,

and a mean free path:l (Tc)550 Å ~Ref. 22!. ~b! shows the opti-
mal fit by the model~ii !, with Tc557.8 K,jab518.4 Å,jc57.0 Å,
b/m50.023, and c/m5384. The NOMR of the form
Dr/rB25@m/(bT21c)#2 ~Ref. 3! is used.
ut-

l

to

model ~i!, the NOMR and Anderson localization are bo
assumed to be negligible. Here, we also tried a full fit w
the four components: ALO, ALZ, MTO, and MTZ. We als
obtain a largejc . Obtained parameters areTc557.8 K,
jab517.061.5 Å, jc512.760.3 Å, \tf

21/kBT50.960.2,
and a mean free path:l (Tc)550 Å.22 Below 120 K, the
mean free path is estimated to be longer than 40 Å and is
larger than the obtained in-plane coherence lengthjab(517
Å!, so the clean limit analysis is appropriate. However,
obtainedjc512.7 Å is comparable to the obtained in-plan
coherence lengthjab517.0 Å, and these values are clear
out of the limit of the layered-structure model. It is incons
tent with other experiments. If we take model~ii !, the MR is
assumed to be the sum of ALO, ALZ, and NOMR of th
form Dr/rB25@m/(bT21c)#2.3 The contributions from the
MT process and Anderson localization are both assume
be negligible. In Fig. 3~b!, the optimal fit withTc557.8 K,
jab518.460.3 Å, jc57.060.1 Å, b/m50.02360.002, and
c/m5384626 is shown.

From the orbital MR of the 0.7% Zn-doped YBCO
crystal,18 we obtained an optimal fit with model~ii ! with a
C factor of 1.3, Tc584.0 K, jab514.5 Å, jc53.0 Å,
b/m50.022, andc/m5100.

From the above analyses, rather different cohere
lengths were obtained compared with our previous anal
of resistive transitions.18 In these,r0(T), the resitivity with-
out superconducting fluctuation, was estimated as a lin
extrapolation of resistivity over the higher temperature.
C factor was treated as a fitting parameter. On the ot
hand, here, theC factor is determined by the observe
dr/dT of the sample. Though the obtained coherence-len
values are different, the tendency, reduction of anisotropy
Zn doping, does not change. Recently, Panagopouloset al.25

reported a systematic decrease in the anisotropy r
g5lc(0)/lab(0) with Zn doping from ac-susceptibility
measurements of the grain aligned Zn-doped-YBCO powd
which is consistent with our results, whereas Axna¨s et al.26

reported an increase of the anisotropy ratiojab /jc with Zn
doping. We do not understand this discrepancy.

From the fit by model~ii !, we can only determine the rati
b/m andc/m in the NOMR formula. In order to determin
m and c, we useb50.041,27 then we obtainm51.9, c50

FIG. 4. The impurity contributionC(x) in NOMR is plotted
against Zn concentrationx. The solid line is a guide to the eyes. Th
C(x) obtained from the MR fit~filled circles! coincides with those
from Hall measurements by Chienet al. ~Ref. 2! ~open circles,
converted into the data underB51 T!.
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for 90-K YBCO,m51.9,c5186 for Zn 0.7%-doped YBCO
andm51.8, c5684646 for Zn 2.8%-doped YBCO.

It is well known that the Hall angle for impurity-dope
YBCO behaves like cotuH5bHT

21cH , herecH changes in
proportion to the impurity concentration2 andbH reflects the
carrier density.16 The coefficientm, an adjustable paramete
is necessary to express the right-hand side of Eq.~1! by the
Hall angle^u(s)&, assuming that all three quantities in E
~1! share the same temperature dependence: (bHT

21cH)
22.

The obtainedm value means that̂u(s)2&'5^u(s)&2. The
observed MR (Dr/r) is comparable tôu(s)2& and is larger
than ^u(s)&2 over the measured temperature range. This
just the opposite case, where the observed value is a s
remnant produced by the subtraction of large values. In
case, special attention to both measurement and analys
required.

Even for the Zn-doped YBCO, data of the higher te
perature region are well explained only by the normal-st
MR of the form$m/@bT21C(x)#%2, wherex is the Zn con-
centration. Moreover, as shown in Fig. 4, theC(x) obtained
from our MR fit coincides well with that of the Hall mea
surement by Chienet al.2 There is scarcely a portion of th
T.
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MR which should be assigned to the MT process, althoug
rather small contribution cannot be ruled out from the da
Similar coincidence of the Hall measurement and the MR
is reported for a single crystal La1.83Sr0.17CuO4.

3

From the above analysis, we must conclude that at le
above Tc , in the optimally doped 90-K and Zn-dope
YBCO, the Maki-Thompson fluctuation seems to be vani
ingly small. However, there is increasing evidence ofd
wave, and in general, gapless superconductivity
YBCO.28–30 The MT paraconductivity originates from th
phase-correlated diffusive mode of the ‘‘normal fluid,’’ s
the gaplessness might be insufficient for the MT process
vanish.31 Rather, it may be originated from the unconve
tional normal-state property of HTSC’s. The MR, which h
been assigned to the MT-orbital process,1,9,18 should be as-
signed to the genuine normal-state MR which is proportio
to a square of the Hall angle. In addition to the Hall effe
MR also supports the hypothesis of two relaxation times
HTSC’s.2,3,32,33It might be a consequence of the non-Ferm
liquid nature of HTSC’s as described by the resonating
lence bond theory32,34or the theory of spin-charge-separat
quantum liquids.35
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