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High-temperature magnetoconductivity of YBa2Cu3O72d :
Reconsideration of the Maki-Thompson contribution

J. Axnäs, B. Lundqvist, and O¨ . Rapp
Department of Solid State Physics, Kungl Tekniska Ho¨gskolan, SE-100 44 Stockholm, Sweden

~Received 19 February 1998; revised manuscript received 11 June 1998!

The magnetoconductivity of YBa2Cu3O72d was measured in magnetic fieldsB up to 12 T in temperatures
up to 2.55Tc for Bic and up to 1.7Tc for Biab. Negligible Maki-Thompson~MT! terms in the superconducting
fluctuations have often been inferred from similar published data. We find that these data as well as ours can
be well described by including the MT terms and the previously neglected density-of-states effects. Therefore,
it cannot be concluded from magnetoconductivity alone that MT terms are negligible, and all previous such
analyses must be reexamined.@S0163-1829~98!06234-1#
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The effects of superconducting fluctuations, i.e., of sup
conducting electron pairs that exist aboveTc , are particu-
larly well studied in the electrical conductivity. It has bee
shown, e.g., that fluctuations can explain the well-kno
c-axis resistivity (I ic) peak occurring in some materials1

the deviation from linearity in the zero-fieldab-plane elec-
trical conductivity up to high temperatures,2 and the sign
change in the c-axis magnetoconductivity,Ds5s(B)
2s(0), of YBa2Cu3O72d .3 Recently, it was also shown tha
both theab-plane andc-axis resistivities in applied magneti
fields can be described down to temperatures well below
midpoint of the resistive transitions, into the stron
fluctuation regime.4

However, at temperatures far aboveTc , the description of
the magnetoconductivity by fluctuations has been proble
atic. Based on experiments, the Maki-Thompson~MT! con-
tribution ~an indirect fluctuation effect! has been suggeste
to be absent or smaller than expected in YBa2Cu3O72d

~Refs. 5–10! and in other materials.11,12 The observed mag
netoconductivity has instead been ascribed to a normal-s
contribution.6,13–15This is of fundamental interest. First, ne
ligible MT terms have been claimed to be one of the con
quences ofd-wave superconductivity.16 Second, the tem-
perature dependence deduced for the normal-s
contribution (;T24) has been noted to violate Kohler’s ru
and has been taken as an indication of two distinct relaxa
times.13

In the present work we show that consideration of a m
recently derived fluctuation contribution, the fluctuations
the normal quasiparticle density of states~DOS!, signifi-
cantly changes this picture. Since the DOS term may alm
cancel the MT terms, one can obtain a good description, w
both MT and DOS terms included, of data previously b
lieved to demonstrate the absence of MT terms. Furtherm
our data, and the most significant published results, can
well described by fluctuations alone, without the inclusion
any normal-state contribution. It is concluded that eviden
for negligible MT terms in the superconducting fluctuatio
cannot be obtained from magnetoconductivity experime
alone.

A twinned single crystal of YBa2Cu3O72d was grown by
the self-flux method,17 and oxygenated at 450 K. The dime
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sions of the crystal were 1.830.27630.026 mm3, and geo-
metrical effects18 in the magnetoresistance should be neg
gible. The width of the superconducting transition was ab
100 mK. These properties enable accurate measurem
close to as well as far aboveTc . Figure 1 illustrates some
sample-characterizing properties. The in-plane normal-s
resistivity is linear and extrapolates to a value close to zer
T 5 0 K. The experiments in magnetic field were made
described previously19 but with improved temperature con
trol. The measurements covered magnetic fields up to 12
temperatures from close toTc up to 230 K forBic and up to
160 K for Biab. This variation of field and temperature on
single sample is larger than in previous fluctuation stud
The results for the magnetoconductivity are illustrated in F
2 as a function of temperature at 12 T for both field dire
tions in the top panel, and as a function ofBic at several
temperatures in the bottom panel. The curves are calculat
from theories that will now be described.

Four contributions to the fluctuation magnetoconductivi
Ds f l , were considered:

Ds f l5DsAL1DsDOS1DsMT~reg!1DsMT~an! . ~1!

The AL ~Aslamazov-Larkin! and MT~an! ~anomalous Maki-
Thompson! terms are positive whereas the DOS~density-of-

FIG. 1. Resistivity vs temperature of our single crys
YBa2Cu3O72d sample. The inset is an expansion aroundTc .
r(100 K);70630mV cm, with a large error due to uncertaint
in the sample dimensions. In this and all other figures the curren
parallel to theab planes.
6628 © 1998 The American Physical Society
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states! and MT~reg! ~regular Maki-Thompson! terms are
negative. All four terms have two parts; the orbital and Ze
man contributions. There are thus eight contributions in to
The orbital parts depend on the field orientation, whereas
Zeeman parts do not. The orbital terms have only been
rived for Bic, and were neglected forBiab, as usual. The
orbital contributions were taken from Dorinet al.
~DKVBL !.20 The problem of a cutoff in the sum for the DO
term3 and MT~reg! term was circumvented by the regulariz
tion method of Buzdin and Dorin.21 The Zeeman contribu
tions were calculated using the renormalization procedu
given in Refs. 22 and 23. Since the resulting expressi
have not been listed together before, they are given in
appendix.

In addition to the inclusion of the DOS term, our theore
ical treatment differs from previous studies on two poin
These points are of less importance to our main results,
will be discussed in this paragraph and the following o

FIG. 2. Upper panel: Our results for the magnetoconductivity
12 T. Open symbolsBic, closed symbolsBiab ~circles B'I ,
squaresBi I ). The solid curves are fits of fluctuation theories on
dashed curves to fluctuation theories plus a normal-state cont
tion. Crosses are data withBic from Ref. 13. @Only Dr/r was
given. r(T)5cT wherec50.5 mV cm/K was used to convert to
Ds'2Dr/r2.# The parameters used were as follows. Solid curv
Tc591.5 K, J5220 K, t53.9 fs @corresponding tojab(0)51.34
nm andjc(0)50.23 nm#, tf5207 fs at 100 K (tf;T21), and
Cnorm50. Dashed curves:Tc591.5 K, J5195 K, t54.6 fs
@jab(0)51.42 nm andjc(0)50.21 nm#, tf572 fs at 100 K, and
Cnorm52000 K4T22. Lower panel: Field dependence for the fiv
lowest measurement temperatures withBic ~92.7, 94.0, 96.3,
108.2, 123.8 K! together with the theoretical calculation using t
parameters of the solid curves in the upper panel~no normal-state
contribution!.
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Most existing comparisons with experiments5–12,14,18,19have
been made using the expressions presented by Aro
Hikami, and Larkin~AHL !.22,23 These expressions conta
no DOS term. AL and MT terms were included, but we
derived in a somewhat different way, and the results of
DKVBL and AHL approaches will now be briefly compared
In both cases the results are functions of the spacing betw
superconducting layerss, the phase breaking timetf , the
critical temperatureTc , and magnetic field and temperatur
The AHL expressions include, in addition, the in-plane a
out-of-plane Ginzburg-Landau coherence lengths at z
temperature,jab(0) and jc(0), and, in the clean limit (l
@j), the mean free pathl . The DKVBL expressions instead
include the Fermi velocityvF , an in-plane elastic scatterin
time t, and the hopping integralJ, which reflects the prob-
ability of electron hopping between the layers. Both the AH
and the DKVBL results were derived assuminge5 ln(T/Tc)
!1. The AHL expressions were derived only for the cle
( l @j) and dirty (l !j) limits, while the DKVBL expres-
sions do not have this limitation. In their common ranges
validity (e!1 and either l @j or l !j), the AHL and
DKVBL results are almost the same, takingjab

2 (0)5h(Tc)
and jc

2(0)5s2r (Tc)/4 as in Ref. 20, withl 5vFt. For T
@Tc (e.1), AHL and DKVBL may differ significantly.
We observed,24 however, that the AL and MT~an! terms of
DKVBL are mathematically identical to the AL and MT
terms of AHL whenl @j or l !j if one identifies instead
jab

2 (0)5h(T) andjc
2(0)5s2r (T)/4. In the limit e!1 these

different expressions for the coherence lengths are of co
equivalent.

We now discuss the scattering times. The clean-lim
AHL expressions depend onl and tf only through their
product,l tf , and thus an additional assumption is needed
extract their values from magnetoresistivity measureme
Usually one takestf5t tr , wheret tr5 l /vF is the transport
scattering time. This typically leads to scattering times in
range 102100 fs. Alternatively one can consider the tran
port scattering time to be dominated by elastic scatter
events. The elastic scattering timet is then much shorter
than the inelastic scattering timet in . Taking t tr5t and
identifying tf5t in we can calculatet tr from jab

2 (0), which
gives results of the order of 5 fs~Ref. 3 and this work!.

We now return to the main line of the paper. In our ana
ses we calculated the fluctuation magnetoconductivity w
only three adjustable parameters (t, tf , andJ). The other
parameters were taken from the literature, as previously.3 No
adjustment for the magnitude ofDs (C factor! was em-
ployed. When the normal-state magnetoresistivity was c
sidered, it was assumed to be of the formDr/r
5CnormB2T24, and to contribute only forBic, as usual.6,13

The results of the analyses are shown by the curves in
2. As seen from the solid curves, data can be well descri
by fluctuations only, including the MT terms. Hence, o
data give no grounds for excluding the MT~an! contribution
from the magnetoconductivity.

To further investigate this conclusion, experiments
high quality were selected from the literature. We reanalyz
the data by Harriset al.,13 Sembaet al.,5,6 and Langet al.,7

including MT and DOS terms in the fluctuatio
contribution.25 The results are shown in Figs. 2–4 and d
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scribed in the captions. In particular, in Fig. 3 the analy
include fluctuation contributions only, in Fig. 4 in addition
normal-state contribution, while in the top panel in Fig.
both these cases are shown. It can be seen that in all t
cases observations can be well described by fluctuation
tributions including MT terms. The good fits may partly b
understood from the fact that a reasonable phase-brea
time, tf , can give an MT~an! term that has almost the sam
magnitude as the sum of the DOS and MT~reg! terms over a
wide range of temperatures, but has the opposite sign~Fig.
4!. Our conclusion is thus strengthened: there seems to b
experimental basis in the literature for excluding MT cont
butions to the magnetoconductivity.

We now turn to the question whether there is a norm
state contribution to the magnetoconductivity. As shown
Figs. 2–4, good or excellent descriptions of data are obta
both with and without a normal-state contribution include
The apparent deterioration of the description of data
Biab in Fig. 2 when compared to an analysis with fluctu
tions only might not be significant, as discussed below. I
therefore concluded that the presence or absence
normal-state contribution cannot be decisively determin
from studies of magnetoconductivity alone.

Some points require further consideration. First, since
terms become prominent at higher temperatures, all sig
cant attempts to prove or disprove their presence in the m
netoconductivity have been made with data at rather elev
temperatures. The use of high-temperature data (e;1) may,
however, be questioned. The theories discussed above
derived under the assumptione!1. At higher temperatures

FIG. 3. Fits of theory~curves! to experimental data~symbols!
from the literature~somewhat reduced data sets!. B51 T. MT terms
were considered, but no normal-state contribution. Circles are
for oxygen-deficient YBa2Cu3O72d (Tc'55 K! from Ref. 7.
Squares are data for YBa2Cu3O72d (Tc'92.5 K! from Ref. 6. The
two upper curves include all fluctuation terms, the two lower cur
only the Zeeman contributions. The parameters used are as foll
Solid curves:Tc592.5 K, J5320 K, t53.8 fs @corresponding to
jab(0)51.32 nm andjc(0)50.32 nm#, tf5320 fs at 100 K, and
Cnorm50. Dashed curves:Tc555 K, J546 K, t58.9 fs @jab(0)
52.4 nm andjc(0)50.09 nm#, tf5120 fs at 100 K, andCnorm

50. The quality of the fits is comparable to that in the origin
publications, where no MT and DOS terms were included, a
where in one case~Ref. 6! a normal-state contribution was include
s
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fluctuation effects may fall off faster than predicted by the
theories. For the case of zero-field fluctuations,s f l @
5sobserved2snormal#, there are extensions to arbitrarye
~i.e., including short-wavelength fluctuations!.26 They yield
s f l;e23 for e@1, to be compared withs f l;e21 for e!1.
Experiments on several materials indicate ane23 behavior
already ate;0.23.2 These observations may raise questio
also about all published studies of fluctuation magnetoc
ductivity at high temperatures.

Second, the use of data withBiab could be questioned
The orbital contribution is usually ignored, although acco
ing to Klemm27 it is always dominant in weak fields. Calcu
lations for the orbital contribution forBiab ~Ref. 28! do
neither include the DOS term, nor take the layered struct
into account. It should also be mentioned that for hig
temperature data withBiab the differences in the literature
are sometimes considerable, including different signs.6,29,30

This complicates the interpretation.
In summary, magnetoresistivity measurements withBic

and Biab have been made on YBa2Cu3O72d over a wider
range of temperature and field than in previous studies
superconducting fluctuations. By considering the fluctuatio
in the normal quasiparticle density of states~DOS! it has
been shown that these data can be explained by super
ducting fluctuations with or without inclusion of a norma
state contribution, and that there are no experimental grou
for excluding the Maki-Thompson~MT! terms. These con-
clusions are confirmed by reanalyzing literature data. Furt
calculations of fluctuation effects seem necessary, in part

ta

s
s.

l
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FIG. 4. Fit of theory~solid curves! to experimental data~sym-
bols! from Ref. 6~somewhat reduced data set forBiab). B51 T.
MT terms as well as a normal-state contribution were conside
For Bic all fluctuation terms were included, forBiab only the
Zeeman terms. The normal-state contribution is only included
Bic. We have usedtf578 fs at 100 K. All other parameters wer
the same as in Ref. 6, i.e.,Tc592.5 K, J5287 K, t53.8 fs @cor-
responding tojab(0)51.32 nm andjc(0)50.29 nm#, and Cnorm

52100 K4T22. The upper dashed curve shows the magnitude
DsMT(an) ~which is negative! and the lower dashed curve the ma
nitude of DsDOS1DsMT(reg) ~both of which are positive!.
uDsMT(reg)u is small, less than half of each ofuDsDOSu and
uDsMT(an)u over the entire temperature interval. The quality of t
fit is approximately the same as in Ref. 6, where no MT and D
terms were included.
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lar extensions to higher temperatures, in order to decisiv
verify which terms contribute to the magnetoconductivity
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APPENDIX: FULL EXPRESSIONS
FOR THE MAGNETOCONDUCTIVITY

In Eq. ~1! each of the four terms is a sum of two cont
bution, the orbital (O) and Zeeman (Z) contributions, i.e.,
DsAL5DsALO1DsALZ, etc.

The orbital terms were only included for the caseBic
axis. The following expressions were then used:

DsALO5
e2

4s\ (
n50

`

~n11!F 1

@~eB1bn!~eB1bn1r !#1/2

2
2

$@eB1b~n1 1
2 !#@eB1b~n1 1

2 !1r #%1/2

1
1

$@eB1b~n11!#@eB1b~n11!1r #%1/2G
2

e2

16\sS 1

@e~e1r !#1/2D , ~A1!

DsDOSO

5
e2kb

4s\ (
n50

` F 1

@~eB1bn!~eB1bn1r !#1/2

2
2

b
ln

FeB1bS n1
1

2D G1/2

1FeB1bS n1
1

2D1r G1/2

FeB1bS n2
1

2D G1/2

1FeB1bS n2
1

2D1r G1/2G ,

~A2!

DsMT~reg!O5
k̃

k
DsDOSO, ~A3!

DsMT~an!O5
e2b

8s\~e2g! (n50

` F 1

@~gB1bn!~gB1bn1r !#1/2

2
1

@~eB1bn!~eB1bn1r !#1/2G
2

e2

4\s~e2g!
lnS e1/21~e1r !1/2

g1/21~g1r !1/2D . ~A4!

In these formulas r 52kB
2J2t2f 0 /\2, b54heB/\, h

5vF
2t2f 0 /2,
ly

-
-
h

f 052FCS 1

2
1

\

4pkBtTD2CS 1

2D2
\

4pkBtT
C8S 1

2D G ,
~A5!

k5

2C8S 1

2
1

\

4pkBtTD1
\

2pkBtT
C9S 1

2D
p2FCS 1

2
1

\

4pkBtTD2CS 1

2D2
\

4pkBtT
C8S 1

2D G ,

~A6!

k̃5

2C8S 1

2
1

\

4pkBtTD1C8S 1

2D1
\

4pkBtT
C9S 1

2D
p2FCS 1

2
1

\

4pkBtTD2CS 1

2D2
\

4pkBtT
C8S 1

2D G
~A7!

g52h/vF
2ttf , e5 ln(T/Tc), eB5e1b/2, gB5g1b/2. T is

the temperature,B the magnetic field,s the layer spacing,vF
the Fermi velocity parallel to the layers,t the in-plane elastic
scattering time,tf the phase-breaking time, andJ the hop-
ping integral ~in units of K!. C5d@ lnG(x)#/dx is the di-
gamma function.

The Zeeman terms are due to the pair-breaking effec
the magnetic field and are independent of the field directi
We calculated them by applying the usual renormalizat
procedure,22,23i.e., we replacede in the zero-field fluctuation
conductivity expressions by its valuee85 ln@T/Tc(B)# in a
magnetic field. We used the usual approximation22,23

e8'e17z~3!S gmBB

4pkBTc
D 2

, ~A8!

wherez is the Riemann zeta function,g'2 is the gyromag-
netic ratio andmB is the Bohr magneton. From the zero-fie
expressions for the fluctuation conductivity in Ref. 20 w
then obtained:

DsALZ5
e2

16s\

1

@e8~e81r !#1/22
e2

16s\

1

@e~e1r !#1/2,

~A9!

DsDOSZ52
e2k

2\sF ~11e8!1/21~11e81r !1/2

e81/21~e81r !1/2 G
1

e2k

2\sF ~11e!1/21~11e1r !1/2

e1/21~e1r !1/2 G , ~A10!

DsMT~reg!Z5
k̃

k
DsDOSZ, ~A11!

DsMT~an!Z5
e2

4\s~e82g!
lnFe81/21~e81r !1/2

g1/21~g1r !1/2 G
2

e2

4\s~e2g!
lnF e1/21~e1r !1/2

g1/21~g1r !1/2G . ~A12!

For the DOS term an expression without the unnecess
simplification of Ref. 20 was used, as before.3
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