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In-plane anisotropy and possible chain contribution to magnetoconductivity in YBa2Cu3O7Àd

T. Björnängen, J. Axna¨s, Yu. Eltsev, A. Rydh, and O¨ . Rapp
Department of Solid State Physics, Kungliga Tekniska Ho¨gskolan, SE-100 44 Stockholm, Sweden

~Received 11 September 2000; revised manuscript received 16 February 2001; published 24 May 2001!

The magnetoresistivity of untwinned YBa2Cu3O72d single crystals was measured in magnetic fields up to 12
T, for Bic andBiab, at temperatures up toTc184 K andTc150 K, respectively. Two issues were addressed;
determination of the in-plane coherence length anisotropyg5jb /ja and discussion of the role of the CuO
chains in the magnetoconductivityDs. A fluctuation conductivity theory that allows for an in-plane coherence
length anisotropy (jaÞjb), as well as an extension of the usual Aronov-Hikami-Larkin theory that does not,
were used in analyses. The results suggest that the anisotropyg is close to 1. The analyses also suggest a
contribution to the magnetoconductivity from the CuO chains of a sign which depends on the direction
between field and current.

DOI: 10.1103/PhysRevB.63.224518 PACS number~s!: 74.72.Bk, 74.25.Fy, 74.40.1k
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I. INTRODUCTION

Superconducting fluctuations, i.e., superconducting e
tron pairs existing aboveTc , are more important in high
temperature superconductors~HTSCs! than in conventional
superconductors, due to short coherence lengths and
critical temperatures. In this work we investigate the con
bution from fluctuations to the electrical conductivity. Whe
studying fluctuation conductivity, the problem of estimati
the normal state conductivity arises. To avoid this, magne
conductivity measurements can be made. This method
been quite frequently used for studying fluctuation cond
tivity, e.g., for varying current and field directions i
YBa2Cu3O72d ~YBCO!, see, e.g., Refs. 1–4. A drawbac
with this method is that atT@Tc the problem of possible
contributions from the normal state magnetoresistance
may enter instead.5

YBCO is characterized by its double CuO2 planes, paral-
lel to the crystalab plane, and CuO chains, parallel to th
crystal b axis, between these planes. The role of the pla
and chains in the superconductivity is not yet determin
but it is widely believed that the superconductivity tak
place in the planes, while the one-dimensional chains act
charge reservoir. Experimental signs of superconduc
fluctuations in chains have, however, been presented ear4

One can study the influence of the CuO chains on su
conductivity through measurements of in-plane anisotro
transport properties. The in-plane anisotropyg, of untwinned
YBCO has been measured by several methods and for
eral properties.6–14 For example, the resistivity anisotrop
Ara /rb, has been studied,6–8 effective mass anisotrop
Ama /mb, has been determined from magnetic-torq
measurements,9,10 and penetration depth anisotropyla /lb ,
has been measured through infrared spectroscopy,11 modula-
tion of the Josephson critical current,12 and small angle neu
tron scattering.13 The coherence length anisotropyjb /ja , in
a twinned sample was studied from the direct image of
vortex lattice, obtained from scanning tunnelin
microscopy.14 Quite different values ofg have been ob-
tained. Effective mass anisotropy seems to yield low val
~1.12, 1.18, Refs. 9, 10! while penetration depth anisotrop
0163-1829/2001/63~22!/224518~6!/$20.00 63 2245
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results are more spread~1.18–2.93, Refs. 11–13!. The co-
herence length anisotropyg5jb /ja , was reported to be
1.5.14 It has also often been taken to be the square root of
resistivity ratioAra /rb, which has been found to be in th
range 1.05–1.48~Refs. 6–8!.

Microscopic properties, such as the coherence lengtj
and phase-breaking timetf , can be studied through the fluc
tuation magnetoconductivity. Neither the commonly us
Aronov-Hikami-Larkin ~AHL ! fluctuation theory,15 nor the
extended calculations by Dorinet al.,16 allow for an in-plane
coherence length anisotropy (jaÞjb). However, there is a
theory by Maki and Thompson17 which takes this anisotropy
into account, and gives the possibility to determine the ra
jb /ja .

In this paper we study the in-plane fluctuation conduct
ity of untwinned YBa2Cu3O72d single crystals for bothBic
and Biab. Such studies have to our knowledge not be
made before, due to several difficulties. It is hard to obt
large enough, twin free crystals. The contacts are difficul
align, resulting in Hall-effect contributions. To avoid ge
metric magnetoresistances, the sample length must be la
than the sample width. Several batches of crystals were
pared and examined to select large enough samples with
able shapes allowing for reliable measurements.

It was found that forBic the magnetoconductivity is ap
proximately the same for thea and b directions, and the
in-plane coherence length anisotropy is thus close to 1 (
60.1), i.e., smaller than expected from the resistivity rat
From measurements withBi I iab we further observe a dif-
ferent field direction dependence forDs I ia andDs I ib , pos-
sibly originating from a CuO-chain contribution.

II. EXPERIMENTAL DETAILS

Single crystals of YBa2Cu3O72d were grown by the self
flux method,18 and annealed in flowing oxygen at;450 °C.
Six crystals were selected, from a set of grown cryst
which had been cut into suitable oblong pieces alonga andb
directions, respectively. They were verified under polariz
light to be twin free. The critical temperatures, defined as
temperature where the resistivity is 50% of the normal st
value, were in the range 92–93 K with transition widths
©2001 The American Physical Society18-1
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0.15–0.45 K. The sample sizes were about (30
450)3(50– 200)3(5 – 25)mm3, with the largest side paral
lel to the current direction. A seventh crystal, with one tw
boundary, was also chosen. This crystal hadTc'93 K and
DTc'1 K. The size was approximately 10503200
35 mm3, with one twin free region 800mm long and the
other 250mm long.

Contacts were made by applying silver paint, followed
a heat treatment in flowing O2. The current was parallel with
the crystala axis in three of the untwinned samples~named
a1, a2, anda3!, and parallel to theb axis in the other three
untwinned samples (b1, b2, b3). On the seventh crysta
one potential contact was placed directly on the twin bou
ary. Together with two other contacts, one in each twin f
region, it was possible to measure resistivity along thea and
b axis at the same time on the same crystal. These cry
parts are denoteda4 andb4.

Resistivity was measured using a standard four pr
technique. The normal state resistivities at 100 K were
tween 50–80mV cm with an error of;30% due to the un-
certain geometrical form factors.r(T) for the two crystal
axes is shown in Fig. 1 up to room temperature~for most
samples!. Despite the large error we see consistently sma
resistivities forb samples than fora samples. The magne
toresistance was measured in a flowing gas cryostat, witB
parallel to thec axis ~for all seven samples! andB parallel to
the ab plane~for four untwinned samples!, in the latter case
both for Bi I and B'I . The temperature was varied in th
range (Tc12 K,Tc184 K). Field sweeps up to 12 T at th
rate ;0.75 T/min were made in two opposite directio
(0 T→12 T→0 T→212 T→0 T), to be able to compensat
for the Hall drift. ~A Hall drift contribution was observed
since the small sample sizes made it difficult to perfec
align the contacts.! The temperature of the sample hold
was controlled with a Pt thermometer located 20 cm ab
the samples, where Helmholtz coils canceled the magn
field. A carbon-glass thermometer was used to measure
temperature at the samples. Temperature drift during a m
surement cycle of 60 min was typically a few mK.

FIG. 1. Normal state resistivityrn(T) up to room temperature
~for most samples!. For two samplesa1 andb3 the thickness was
not known. The resistivity was therefore assumed to be appr
mately equal to the corresponding results for the othera and b
samples, respectively, and the thickness was calculated from
resistivity at 100 K $ra1(100 K)5ra2(100 K) andrb3(100 K)
5@rb1(100 K)1rb2(100 K)#/2%.
22451
–

-
e

tal

e
-

r

y

e
tic
he
a-

It could be argued that microtwin boundaries might ex
which are invisible to the eye in the polarizing microsco
referred to above. There could not be an odd number
boundaries, since this would be clearly seen as region
different color. However, even in the presence of such p
of twins, the average property of a sample should still
eithera or b oriented, since twin boundaries only have sm
effects on the normal state resistivity.

III. ANALYSES

The fluctuation magnetoconductivityDs(B,T) is calcu-
lated from the measured resistivityr as

Ds~B,T!5
1

r~B,T!
2

1

r~0,T!
. ~1!

We used two methods to analyzeDs(B,T), the theory by
Dorin et al. ~DKVBL ! ~Ref. 16! and a theory by Maki and
Thompson~M-T!.17

A. DKVBL theory

The theory by Dorinet al.16 includes four orbital~O!
terms@abbreviations O, AL, MT, etc., are used in Eq.~2! to
label the contributions#; the Aslamazov-Larkin~AL ! term
~direct contribution from superconducting electron pairs!, the
regular and anomalous Maki-Thompson~MT! terms ~inter-
action between superconducting fluctuations and nor
state electrons!, and the density-of-states~DOS! term ~den-
sity of states of normal state electrons changes when su
conducting electron pairs are created!. A cutoff in the
MT~reg! and DOS terms were made, according to the re
larization method of Refs. 19 and 20. Zeeman~Z! corrections
to the orbital terms were also considered. They were ca
lated from a magnetic field depression ofTc ~corresponding
to an increase in the reduced temperaturee5 ln T/Tc!, as in
Refs. 15 and 21. The resulting fluctuation magnetocond
tivity in this model thus includes eight terms in total:

Ds~J,t,tf ,vF ,s!5DsALO1DsALZ1DsMT~reg!O

1DsMT~reg!Z1DsMT~an!O1DsMT~an!Z

1DsDOSO1DsDOSZ. ~2!

The Zeeman terms, in contrast to the orbital terms, are in
pendent of field direction. ForBiab the orbital terms were
neglected, leaving only the four Zeeman terms. The co
plete expressions used in our analyses, were given in Ref

The coherence lengths can be calculated fromJ and t,
according to

jab5AvF
2t2f 0

2
, ~3!

jc5
s

2
A2kB

2t2J2f 0

\2 , ~4!

where

i-

he
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f 052CS 1

2
1

\

4pkBTt D1CS 1

2D1
\

4pkBTt
C8S 1

2D ,

~5!

and C5(d/dx)@ ln G(x)# is the digamma function.J is the
hopping integral,t the in-plane elastic scattering time,tf the
phase-breaking time~average time between inelastic scatt
ing events!, vF ('23105 m/s) the Fermi velocity,23 and s
('11.7 Å) the distance between superconducting layers

B. M-T theory

DKVBL does not treat an in-plane coherence length
isotropy (jaÞjb). Based on the three-dimension
Ginzburg-Landau theory, Maki and Thompson develope
theory which allows for studies ofjaÞjb .17 This theory
includes two terms:

Ds~ja ,jb ,jc ,tf!5Ds reg1Dsan. ~6!

The anomalous terms correspond to the MT term in the
ditional Aronov-Hikami-Larkin ~AHL ! theory,15 while the
regular term corresponds to the AL term.

The regular term depends on the direction of the magn
field. With the current in thex direction, parallel to a princi-
pal crystal axis, the regular contribution to the magnetoc
ductivity becomes

Ds reg5
e2

8\

jx

jyjz
F 1

Ab
SregS e

bD2
1

4Ae
G . ~7!

Sreg andb are differently defined depending on the directi
of the magnetic fieldBi I or B'I (Biz):

b'5
2eBjxjy

\
, ~8!

bi5
2eBjyjz

\
, ~9!

S'
reg~x!5 (

n50

`

~n11!S 1

Ax12n11
2

2

Ax12n12

1
1

Ax12n13
D , ~10!

Si
reg~x!5

1

4 (
n50

`

~x12n11!23/2. ~11!

The anomalous contribution does not depend explicitly
the field direction, but the correctb from Eqs. ~8! or ~9!,
according to the direction ofB, must be used, giving

Dsan5
e2

8\

jx

jyjz
H Ab

e2d F e

b
SanS e

bD2
d

b
SanS d

bD G2
1

Ae1Ad
J ,

~12!

whered5p\/8kBTtf is the pair breaking parameter,24 and
22451
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San~x!5
1

x (
n50

` S 1

A2n11
2

1

Ax12n11
D . ~13!

IV. RESULTS

A. Magnetic field parallel to c axis

Figure 2 shows that the systematic difference betw
samples withI ia and I ib is small whenBic, i.e., Ds I ia
'Ds I ib , suggesting that the superconducting fluctuatio
are almost isotropic within the planes. These data are
qualitative agreement with our previous results for tw
samples.25 To investigate this apparent isotropic behav
further, the M-T theory was fitted to our experimental da
by adjusting the coherence lengths and phase-breaking t
In the expressions for the magnetoconductivityja and jb
only occur as a product, or as a ratio multiplied with 1/jc
@Eqs. ~7! and ~12!#. Therefore varying ratios ofjb /ja can
give identical fits. To handle this problem, the parame
jb /ja was varied with an additional constraint: Only sma
differences injc in different samples were allowed. In pa
ticular no systematic deviations between samples withI ia
and I ib were expected since the samples were prepare
the same way. Systematic differences between results fojc
for a and b samples are evident in Fig. 3 forg*1.2. We
therefore conclude thatg is likely smaller than 1.2. Sample
b3 appears to be anomalous, and excluding this sample
conclusion is thus thatg'1.160.1. The resulting parameter
were:ja'11– 14 Å,jc'1.3– 2.8 Å~excluding sampleb3!,
and tf'34– 340 fs~except for samplea1, that seemed to
have no anomalous contribution, i.e.,tf'0!.

As mentioned, there is a substantial error of 30% in
determination of resistivity values due to the uncertain g
metrical form factors. This uncertainty could explain the o
served scattering ofjc values in Fig. 3. However, the result
for the anisotropy ratiojb /ja do not depend onr.

Analyses of the data for samplea4-b4 supported theg
value obtained above. Since the two regions are part of
same sample, all physical parameters should be equal. W
fitting to the experimental data ofa4 and b4 at the same
time, all parameters could then be uniquely determined.
best fit resulted in an anisotropyg'1.0760.03.26 The ob-

FIG. 2. MagnetoconductivityDs, at 12 T forBic as a function
of reduced temperaturee5 ln T/Tc . Open symbols area samples
(I ia) and filled symbols areb samples (I ib).
8-3
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tained coherence lengths and phase-breaking time were
ja'11.6 Å, jb'12.5 Å, jc'1.5 Å, andtf'210 fs.

As an alternative procedure,Ds(B,T) of all six un-
twinned samples was analyzed at the same time, with
constraints; the ratiojb /ja should be equal for all six
samples, as well as the out-of-plane coherence lengthjc .
Although crystals from the same batch can have differ
properties, our samples had similar critical temperatures
transition widths. The variations in microscopic paramet
are thus expected to be small. It was then found thatja
'12– 15 Å,jc'1.7 Å, tf'40– 380 fs and the ratiojb /ja
'1.04 gave the best fit.27 This result is in qualitative agree
ment with the analyses above.

Since the in-plane anisotropy appeared to be quite sm
we also tried to fit the DKVBL theory, which is in-plan
isotropic, by adjustingJ, t, andtf . As illustrated in Fig. 4
the quality of the fits was almost the same as for the M
theory. The adjusted parameters wereJ'200– 700 K, t
'2.724.4 fs, andtf'1102820 fs, which corresponds t
jab'12214 Å, jc'2.126.2 Å. The results for the variou
M-T analyses can be summarized for most samples

FIG. 3. Resultingjc’s of samplesa1-3, b1-3, for different
fixed ratios ofjb /ja in fits of the anisotropic M-T theory.B is
parallel to thec axis. From these measurements we conclude thg
is likely smaller than 1.2 as discussed in the text. The open ci
shows the result of the best fit using samplesa4 –b4, and keeping
all parameters equal in the two crystal parts.

FIG. 4. MagnetoconductivityDs, as a function of magnetic field
(Bic) for samplea3 at temperatures, from top to bottom, 95, 9
and 101 K. Circles are measurements, dashed lines are the
DKVBL theory and dotted lines are the fitted M-T theory. Th
quality of the two fits is almost identical. The difference betwe
the root-mean-square valuesr, of the M-T and DKVBL theories in
analyses of different samples wasur M-T2r DKVBL u<15 V21 m21,
@r 5A( i 51

n (pi2 f i)
2/(n21)#. For samplea3 shown here,r M-T

'75V21 m21.
22451
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analyses in the following way:ja'11215 Å with jb /ja
'1.160.1, jc'1.322.8 Å, andtf'342380 fs.

B. Magnetic field parallel to the ab plane

When the magnetic field is parallel to theab plane, the
magnetoconductivity is smaller since the orbital contrib
tions are much reduced. Compared to the caseBic, uDsu is
approximately ten times smaller.

If the magnetic field was misaligned out of theab-plane,
there would be a contribution fromDsBic . In our measure-
ments the angleu between the magnetic field and theab
plane was not more than a few degrees. Since the meas
ments were performed aboveTc where the resistivity varies
smoothly with u @unlike below Tc where r(u) may vary
abruptly#, the contribution fromDsBic to DsBiab should not
be significant. An estimation of the error shows that it is
the order;10%.

In contrast to the caseBic, we find that for
Biab, Ds(B,T) depends on the relative direction of curre
and field. ForI ia the magnetoconductivity is the same f
Bi I andB'I as illustrated in Fig. 5~a!, while for I ib uDsu is
smaller forBi I than for B'I , and this difference increase
with increasing temperature@Fig. 5~b!#. The same data dis
played in Fig. 6 shows that forBia the magnetoconductivity
is approximately isotropic@panel ~a!#, while for Bib, uDsu
for I ib is smaller than forI ia.

le

ted

FIG. 5. MagnetoconductivityDs, at 12 T as a function of re-
duced temperaturee5 ln T/Tc . ~a! a samples (I ia). ~b! b samples
(I ib). In both panels areBi I for filled symbols andB'I for open
symbols.~a! Shows that whenI ia, the direction of the magnetic
field has no importance.~b! Shows that whenI ib,uDs(Bichains)u
,uDs(B'chains)u. In the measurements of points marked~ ! the
temperature error was larger than normal. This is apparent at s
e’s in the figures.
8-4
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The field direction is consequently only important wh
the current is parallel to the CuO chains. This can be d
cussed in terms of a simple model, previously often used
s(T).4,7,8,28 Let sa be the resistivity of the CuO2 plane ~a
direction!, andsb the result of a parallel circuit of the resis
tivity of the CuO2 plane~b direction! and the CuO chain. The
conductivities of the CuO2 planes are assumed to be isotrop
(splane,a5splane,b). The conductivities thus becomesa
5splane, andsb5splane1schain. The magnetoconductivity
Ds5s(B)2s(0), canthen be expressed correspondingl

Dsa5Dsplane, ~14!

Dsb5Dsplane1Dschain. ~15!

FIG. 6. MagnetoconductivityDs, at 12 T as a function of re-
duced temperaturee5 ln T/Tc . The magnetic field is parallel to th
crystal a axis, Bia in panel~a!, and parallel to theb axis, Bib in
panel ~b!. In both panels are open symbolsa samples (I ia) and
filled symbolsb samples (I ib). In ~a! it can be seen that whenB is
perpendicular to the chainsDs is independent of the direction of th
current. ~b! Shows that whenB is parallel to the chains
uDs(I ib)u,uDs(I ia)u. In the measurements of points marked~ !,
at small e’s in the figures, the temperature error was larger th
normal.
22451
-
r

In this model a few observations can be made. There
good agreement between the results forDsa(Bi I ) and
Dsa(B'I ) @Fig. 5~a!#, i.e., when the current only passe
through the CuO2 plane. When the current also pass
through the CuO chains@I ib, Figs. 5~b! and 6#, the magne-
toconductivity differs for different field directions. The fac
that this difference only arises forI ib thus suggests that CuO
chains are important for the magnetoconduction. The Cu2
planes are isotropic, according to Fig. 5~a!, unlike the CuO
chains @Fig. 5~b!#. Then, sinceDsa(Bib),Dsb(Bib) in
Fig. 6~b!, the magnetoconductivity of the CuO chains is po
tive for Bi I , i.e.,Dschain(Bi I ).0. From Fig. 6~a! Dsb(Bia)
is approximately equal toDsa(Bia) at temperatures close t
Tc and numerically larger thanDsa(Bia) at high tempera-
tures. Thus the chain magnetoconductivity forB'I ,
@Dschain(B'I )# is negative at high temperatures and b
comes vanishingly small close toTc .

V. BRIEF CONCLUDING REMARKS AND SUMMARY

Our result forg with Bic is smaller than some previousl
reported results, as quoted in the Introduction. In particula
is smaller than estimates from the normal state resistivity
the range up to 1.5.7 In Fig. 1g5Ara /rb is about 1.2 at 100
K. However, there are significant differences between th
two types of measurements. The normal state resistivity m
be regarded as a parallel circuit of the CuO chains and C2
planes, while superconductivity is confined to the plan
This may account for a difference in anisotropy for norm
conductivity and superconductivity measurements.

The results forBiab are more difficult to interpret. The
experimental results can, however, be summarized
Dsa(Bi I )5Dsa(B'I ) @Fig. 5~a!#, Dsb(Bi I ).Dsb(B'I )
@Fig. 5~b!#, Dsa,Dsb(Bi I ) @Fig. 6~b!#, Dsa'Dsb(B'I )
at low temperatures andDsa.Dsb(B'I ) at high tempera-
tures@Fig. 6~a!#.

In conclusion, we have made magnetoresistivity measu
ments aboveTc , on YBa2Cu3O72d , with B parallel to thea,
b, andc axes, andI parallel to thea or b axes.I ia and I ib
gave approximately the same magnetoconductivity wh
Bic. Using a fluctuation theory which allows for an in-plan
coherence length anisotropy, the anisotropy was found to
close to 1, 1.160.1. Ds for Biab was found to depend on
the relative directions ofB and I , suggesting a contribution
from the CuO chains to the magnetoconductivity.
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