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Temperature and magnetic-field dependence of the conductivity of YBa2Cu3O72d films
in the vicinity of the superconducting transition: Effect of Tc inhomogeneity
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Temperature and magnetic field dependences of the conductivity of YBa2Cu3O72d films in the transition
region are analyzed taking into account spatial inhomogeneity in transition temperatureTc . ~i! An expression
for the superconducting contribution to conductivityss(T,H,Tc) of a homogeneous superconductor for low
magnetic fieldsH!Hc2(0) is obtained using the solution of the Ginzburg-Landau equation in form of pertur-
bation expansions@S. Ullah and A. T. Dorsey, Phys. Rev. B44, 262 ~1991!#. ~ii ! The error inss(T,H,Tc)
occurring due to the presence ofTc inhomogeneity is calculated and plotted on anH-T plane diagram. These
calculations use an effective medium approximation and a Gaussian distribution ofTc . ~iii ! Measuring the
temff mperature dependences of a voltage, induced by a focused electron beam, we determine spatial distri-
butions of the critical temperature for YBa2Cu3O72d microbridges with a 2mm resolution. A typical
Tc-distribution dispersion is found to be'1 K. For such dispersion, error inss(T,H,Tc) due toTc inhomo-
geneity exceeds 30% for magnetic fieldsH,1 T and temperaturesuT2Tcu,0.5 K. ~iv! ExperimentalR(T,H)
dependences of fffresistance are well described by a numerical solution of a set of Kirchoff equations for the
resistor network based on the measured spatial distributions ofTc and the expression forss(T,H,Tc).
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I. INTRODUCTION

The complicated crystal structure of high-Tc supercon-
ductors~HTSC! leads to their substantial spatial inhomog
neity, which is especially important because of the very sh
coherence lengthj. Inhomogeneities with spatial scale muc
larger thanj allow for an inhomogeneous distribution of th
critical temperatureTc , which affects properties of HTSC in
the superconducting transition vicinity. As a result, it is oft
difficult to establish whether observed behavior of superc
ductors arise from intrinsic properties or from spatial inh
mogeneity. This impedes analysis of experimental data in
transition region, which is often used to determine mic
scopic superconducting parameters and the mechanism
superconductivity.

The most obvious origin ofTc inhomogeneity is variation
in oxygen content over the sample. For YBa2Cu3O72d

~YBCO!, Tc is a relatively weak function ofd at 6.85,7
2d,7 ~so called 90 K plateau! and falls abruptly at highe
d.1,2 Even d variations within the 90 K plateau can lead
'1 K variations inTc . Meanwhile, experimental x-ray dat
show thatd variation can be substantially higher even f
crystals exhibiting excellent transport properties.3 Another
origin of Tc-inhomogeneity is variation in cation~Y, Ba, Cu!
composition. This origin can be dominant in thin YBC
films, as shown by simultaneous spatially resolved studie
cation composition andTc using electron probe microanaly
sis and low-temperature scanning electron microscopy~LT-
SEM!, respectively.4,5 Elastic stresses around structural d
fects can also lead toTc inhomogeneity due to a stron
pressure dependence ofTc in HTSC compounds.6 Tc in-
PRB 600163-1829/99/60~17!/12485~10!/$15.00
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crease due to edge dislocations and low-angle grain bou
aries was calculated to be;1 K.7 Spatial variations of the
c-axis lattice parameter revealed by x-ray studies in YBC
films with almost uniform oxygen content also sugge

stress-inducedTc inhomogeneity.8

The presence ofTc inhomogeneity manifests itself in vari
ous HTSC properties. Temperature dependence of the de
ning current density in YBCO crystals implies that pinnin
sites are induced by spatial variations ofTc .9 Systematic
studies of YBCO crystal magnetization curves suggest
presence of local regions with reduced oxygen content, le
ing to the so called peak effect.10–12Meanwhile,Tc inhomo-
geneity should have even greater impact on temperature
pendences of transport coefficients just above
superconducting transition. This is confirmed by experim
tal data on conductivity, magnetoconductivity, and the H
coefficient at temperaturesT>Tc12 K from Refs. 13–15
which were explained by assuming a Gaussian distribu
of Tc with dispersion in the range 0.6–2.3 K. However, the
results can only serve as anindirect indication of the pres-
ence ofTc inhomogeneity, due to a lack of experimental da
about realTc distribution in the samples. Moreover, the tem
perature region in the vicinity of the superconducting tran
tion, whereTc inhomogeneity is especially important, wa
not considered.

A step forward has been made in Ref. 16 where resis
network calculations are used to analyze current density
distributions in Tc-inhomogeneous superconductor in t
transition region. It is shown that some anomalities in t
temperature dependence of in-plane magnetoresistivity, s
as negative magnetoresistivity excess, which are usually
12 485 ©1999 The American Physical Society
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tributed to intrinsic effects can be quantitatively expalined
nonuniformTc distribution.

In the present work, we investigate the influence ofTc
inhomogeneity on properties of HTSC throughout the tran
tion region and analyze experimentally determined spa
distributions ofTc (Tc maps!. MeasuringTc maps of YBCO
films by LTSEM with 2 mm resolution, we reveal'1 K
scatter ofTc over the films. To calculate the effective co
ductivity of such an inhomogeneous material, one needs
expression for conductivitys(T,H,Tc) of a uniform super-
conductor valid throughout the transition region. Such
expression was obtained in Ref. 17 by solving the tim
dependent Ginzburg-Landau equation with a Lawren
Doniach Hamiltonian in the Hartree approximation.

It is well-known that magnetic field leads to a broadeni
of the superconducting transition which is roughly prop
tional to (dHc2 /dT)T5Tc

21 '0.5 K/T.18 For fieldsH.2 T, this

broadening dominates over inhomogeneous broadening
to scatter of local values ofTc . Therefore, we are intereste
in low fields,H<2 T, where the influence ofTc inhomoge-
neity is essential. Moreover, this range of magnetic field
actual for most HTSC applications. Unfortunately, the fin
formula for conductivity obtained in Ref. 17 is only valid fo
high magnetic fields. In the present work, we deduce exp
sions for conductivity valid for low magnetic fields,H
!Hc2 , from the perturbation expansions in Ref. 17.

The present paper is organized as follows. In Sec. II
expression for the Cooper pair conductivityss(T,H,Tc) of a
homogeneous superconductor is derived. In Sec. III we
cuss methods to calculate the effective conductivity of
inhomogeneous superconductor. In Sec. IV the error in
value of ss(T,H,Tc) occurring due to the presence ofTc
inhomogeneity is calculated and the results are plotted on
H-T plane diagram. Section V describes the samples
experimental techniques. In Sec. VI, measured spatial di
butions ofTc are analyzed and the broadening of the sup
conducting transition due toTc inhomogeneity is discussed
Finally, the experimentalR(T,H) dependences of resistanc
are interpreted on the basis of measuredTc-distributions and
the expression forss(T,H,Tc) derived in Sec. II.

II. CONDUCTIVITY OF A HOMOGENEOUS
SUPERCONDUCTOR

To describe the temperature dependence of conduct
of a homogeneous superconductor throughout the trans
region we employ the results obtained by Ullah a
Dorsey.17 They studied the time-dependent Ginzburg-Land
equation for anisotropic superconductor with the Ham
tonian introduced by Lawrence and Doniach19 and an addi-
tional noise term. The magnetic fieldH was assumed to b
applied along thec axis. Using the Hartree approximatio
Ullah and Dorsey obtained expressions for the transport
efficients which gave smooth interpolation between the hi
temperature regime dominated by Gaussian fluctuations
low-temperature flux-flow regime. The expression for t
Cooper pair conductivity in linear order to electric field w
obtained in the form of two coupled perturbatio
expansions:17
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n50

N

~n11!~An1An1122An11/2!, ~1!

where20

An5An~ ẽH ,h!5$~ ẽH12hn!@11d2~ ẽH12hn!#%21/2, ~2!

and

eH5 ẽH2VTh(
n50

N

An . ~3!

Hereh5H/Hc2(0), andeH is a field-dependent dimension
less temperature,eH5T/Tc211h. Further,

V5
8p2~2k221!jc~0!kB

g2f0
2 , ~4!

jab(0) and jc(0) are the correlation lengths in the CuO2

plane and transverse to it:jab(0)5\/A2maba0 @with similar
relation for jc(0)]; mab is the Cooper pair mass in CuO2
plane,a0 is related to the parametera in Ginzburg-Landau
Hamiltonian asa5a0(T/Tc21), d5s/2jc(0), wheres de-
notes spacing between CuO2 planes,g5jc(0)/jab(0) is an
anisotropy parameter,f0 is the flux quantum,k is the
Ginzburg-Landau parameter,Hc2(0)5f0 /2pjab

2 (0), N
51/h, ands0 is a constant with dimensionality of a condu
tivity.

In order to avoid summation in the above expressions,
following approximation suggested in Ref. 17 is usua
used. For high magnetic field (ẽH!2h) and 3D case (d2ẽH
!1) only terms containingA0 are left in Eqs.~1! and ~3!
yielding ss5s0 /AẽH and eH5 ẽH2Vh/AẽH respectively.
This leads to

ss5
s0

~VTh!1/3F F eH

~VTh!2/3G , ~5!

where functionF(x) satisfies cubic equation

xF 2512F 3. ~6!

The solution of this equation can be written down as

F~x!5u1x2/~9u!2x/3,

u5@1/22x3/271A~2724x3!/108#1/3. ~7!

The functionF(x) is equivalent to the functionF3D in Ref.
17; however, expressions~6! and~7! for this function are not
presented there.

Despite Eq.~5! is widely used, its applicability range
needs a special discussion. Indeed, the series~3! are diverg-
ing; therefore, omitting all terms except the first one is har
permissible. At least, it is obviously incorrect if the conditio
ẽH!2h does not hold. Hence, for magnetic fields we de
with, H,2 T, the high-field approximation of Ref. 17 is no
valid except for the low-temperature part of the superc
ducting transition. As argued in Ref. 17, Eq.~5! can also be
considered as a scaling relation with unknown scaling fu
tion F and then it is valid in a wider range of magnetic field
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However, simple numerical calculations show that, e.g.,
YBa2Cu3O72d , the scaling does not work for fieldsH
,2 T. Therefore, we derive new, low-field approximatio
for conductivity from Eqs.~1! and ~3!. For h!1 one can
replace summation forn>1 by integration using Euler
Maklaurin formula21 and obtain the following analytical ex
pressions for conductivity:

ss /s05A022A1/21
9

4
A122A3/21A22

318d2

4~214d2!3/2

1
3h

8
@112d2~ ẽH12h!#A1

3 , ~8!

eH5 ẽH2
VT

2 F2hA01hA11
h

A2~112d2!

1
1

d
lnS d14d312d2A214d2

2d3ẽH1d12d2/A1
D G . ~9!

Equations~8! and ~9! present non explicit dependence
conductivity for a homogeneous superconductor on temp
ture and magnetic field. They are derived without any
sumptions about 3D or 2D character of superconductiv
and therefore applicable for arbitrary anisotropy parame
These equations are used below for calculations present
Secs. III and V.

Under conditions

ẽH ,h!1/d2!1 ~10!

Eqs. ~8! and ~9! can be substantially simplified yielding a
explicit expression for the Cooper pair conductivity

ss /s05
1

AẽH

2
2

AẽH1h
1

1

AẽH12h
1

7h12ẽH

8~ ẽH12h!3/2
, ~11!

ẽH5~VTh!2/3F 22F ~11L!T/Tc211h

~VTh!2/3 G , L5VTc

ln 8d2

2d
,

~12!

whereF is the function defined by Eqs.~6! or ~7!. Another
advantage of these equations is that the conductivity dep
on d only through parameterL which characterizes the shi
of the apparent transition temperature with respect toTc .
This shift is always present in the Hartree approximation a
result of renormalization of the parametera in the Ginzburg-
Landau Hamiltonian.

Equations~8! and~9! as well as Eqs.~11! and~12! defin-
ing temperature and magnetic field dependence of condu
ity contain only two key parametersd and V. Parameterd
depends on the value of coherence lengthjc(0) which is not
known well. An accurate determination ofjc(0) is difficult
because of bilayered structure of the YBCO unit cell. A s
tematic analysis performed in Ref. 22 shows that a go
approximation for YBCO is the assumption of equa
spaced CuO2 layers with interlayer distances56 Å. Then, a
simultaneous fitting of conductivity, magnetoconductiv
and susceptibility data givesjc(0)51.2 Å leading to d
52.5.22 This value does not contradict to results of oth
r
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y
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in
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a
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-
d

r

works23,24,27assuming the distance between superconduc
layers s'11.7 Å. They give values ofjc(0) in the range
between 1.3 and 3 Å which corresponds to 1.9,d,4.5. Ob-
viously, this uncertainty ind is very large. Fortunately, it is
not so important in the range ofH andT that we consider.
Indeed, for YBCO the conditions~10! are satisfied for tem-
peratures within a several K interval around the transit
unless the magnetic field is very high. Then, as follows fro
Eqs. ~11! and ~12!, change ind leads only to a shift of
apparent transition temperature but does not affect the sh
of the transition curve. Furthermore, we performed ad
tional calculations for two extreme values ofd showing that
H-T diagrams obtained in Sec. IV are essentially insensit
to d. The second parameterV depends on the coherenc
length jab(0) and the Ginzburg-Landau parameterk. The
former was also taken from Ref. 22,jab511 Å. Meanwhile,
it is quite difficult to find in literature an accurate estima
for k. We used the valuek530 providing the best fit to our
experimental data for YBCO films. Then, from Eq.~4! one
obtainsV5531024.

Figure 1 presents a comparison of the temperature de
dences of Cooper pair conductivity given by straightforwa
summation in Eqs.~1! and ~3!, and by two analytical ap-
proximations: the high-field approximation, Eqs.~5! and~7!,
proposed by Ullah and Dorsey and the low-field approxim
tion, Eqs. ~8! and ~9!, suggested in the present work. A
approximate explicit expression for low fields given by Eq
~11! and~12! is also shown as dotted line. ForH52 T which
is the case shown in the figure, the low-field approximat
is far more accurate than the high-field one. For lower m
netic fields the deviation between the result of exact sum
tion and the low-field approximation is almost indistinguis
able. In contrast, the high-field approximation fails f
temperaturesT@Tc where it four times overestimates th
result of exact summation which iss5s0 /(4AeH).

The figure clearly shows that the apparent transition te

FIG. 1. Temperature dependence of Cooper pair conducti
for YBCO in magnetic fieldH52 T. Symbols show the exact resu
of UD model ~Ref. 17!, Eqs.~1! and ~3!; dashed line is the high-
field approximation proposed by Ullah and Dorsey, Eqs.~5! and~7!
~shifted along thex axis by 2L); solid line is the low-field ap-
proximation proposed in the present paper, Eqs.~8! and~9!; dotted
line is an approximate explicit expression for low fields given
Eqs.~11! and ~12!.
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TABLE I. Some characterstics of studied YBCO thin film samples. The transition widthdTR is defined by the width ofdR/dT peak,dTc

is the dispersion of theTc distribution, dThom is the intrinsic broadening of the transition,dTEBIV is the average width of the loca
temperature dependence of EBIV,r c is the correlation length of theTc distribution;rn(T) is the linear fit for the temperature dependen
of resistivity in the 150–300 K range.

No. Substrate Tc , K DTR , K DTc , K DThom5ADTR
22dTc

2 DTEBIV , K r c , mm rn(T,K), mVm

1 MgO 86 1.5 1.2 1.1 1.1 80 1.0610.0035T
2 AlLaO3 92.8 0.4 0.3 0.3 0.3 0.1410.003T
3 AlLaO3 91.5 1.7 0.8* 1.5 0.9 45
4 NdGaO3 89 1.5 0.2 1.5 0.9 6 1.2110.02T
5 NdGaO3 88.5 1.9 0.3 1.9 1.7 16 1.2610.018T
6 NdGaO3 87 1.7 0.8* 1.5 0.5 33 0.9610.0045T
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perature is shifted downward fromTc . For given set of pa-
rameters the dimensionless shift isL'0.03. In order to
avoid confusion, the data in all figures below are shift
along thex axis so thatTc corresponds to the apparent tra
sition temperature. It should be also noted that the shifL
does not enter the high-field approximation suggested by
lah and Dorsey, Eqs.~5! and ~7!. This approximation pre-
dicts transition atT5Tc in contradiction to basic equation
of UD model, Eqs.~1! and ~3!. In order to make the high
field approximation merge all other curves in Fig. 1 at le
at low T, we had to shift the corresponding dashed curve
the valueL ‘‘by hand.’’

The constants0 entering UD model depends on a ph
nomenological quantity, the relaxation rate of the order
rameter. It is natural to estimates0 using well-known
Aslamazov-Larkin result25 for high-temperature asymptoti
in the 3D case:ss

3D5e2/32\j(0)AeH. Thus, we have

s05e2/8\j~0!. ~13!

Let us now discuss the applicability range for the resu
obtained in this section. The indirect~Maki-Thompson! con-
tribution to the order parameter fluctuations26 is not taken
into account in the UD model. However, there are ground
believe that neglecting Maki-Thompson term would not
fect the results obtained in the transition region~a few K
around Tc) since the direct Aslamazov-Larkin process
dominant over the indirect one in this temperature rang27

One should also keep in mind that the UD model does
take into account vortex pinning and predicts flux-flow b
havior in the limit of low temperatures. Therefore, it cann
be used at temperatures well belowTc , where the current-
voltage characteristics are nonlinear.

III. ACCOUNT OF Tc INHOMOGENEITY

Let us now consider how the properties of a superc
ductor can be affected by spatially inhomogeneous distr
tion of critical temperature. First, we suppose that the co
lation length r c of the Tc distribution is so large that the
temperature region nearTc wherej(T).r c can be ignored.
This assumption seems to be quite reasonable since the
herence length of HTSC is much smaller thanr c obtained
from LTSEM data, see Table I. The conditionr c@j makes it
possible to ignore the correlation between the supercond
ing order parameter in adjacent fragments and to cons
d

l-

t
n

-

s

o
-

t
-
t

-
-
-

co-

ct-
er

them independently. Therefore, the expression for the c
ductivity obtained in the previous section for a homogene
superconductor can be used to describe local conduct
s(T,H,Tc) of a homogeneous fragment with givenTc .

The straightforward way to determine the conductiv
s inh(T,H) of a Tc inhomogeneous superconductor is to st
from the spatial distribution ofTc over the sample. The valu
of s inh(T,H) can be determined exactly from the values
local conductivitiess(T,H,Tc). In this work we determined
the spatial distributions of the critical temperature in YBC
films using LTSEM ~see Sec. V!. This method, however
leads to the lack of information about small-scale inhomo
neities withr c<r exp, wherer exp is the spatial resolution o
the technique. Therefore, if small-scale inhomogeneity is
sential, or if spatial distribution ofTc is unknown, a Gauss
ian Tc-distribution function together with, e.g., effective m
dium approach can be used to finds inh(T,H).

The problem of conductivity of an inhomogeneous m
dium has the exact analytical solution only for a special c
of symmetric distribution of phases in 2D system.28 In the
general case one has to use some approximation. Accor
to the effective medium approach29 ~EMA!, the conductivity
s inh(T,H) is given by the solution of the equation

E s inh~T,H !2s~T,H,Tc!

~D21! s inh~T,H !1s~T,H,Tc!
f ~Tc!dTc50, ~14!

whereD is the dimensionality of the system. Heref (Tc) is a
distribution function of critical temperature over the samp
which shows the relative volume occupied by fragments w
givenTc . Despite the apparent simplicity, EMA gives rath
high accuracy~up to few percents! unless the system is in th
very vicinity of the percolation threshold.30 In the case of
thin film samples with thickness less than the correlat
length ofTc inhomogeneityr c , one should use EMA expres
sion ~14! with dimensionalityD52. We emphasize that thi
dimensionality has nothing to do with the dimensionality
the superconducting properties mentioned in relation w
formula ~5!: the first one depends on the geometry of t
sample, while the latter is associated with anisotropy of
crystal structure.

IV. H -T DIAGRAMS

In this section we estimate the effect ofTc inhomogeneity
on the apparent value of the Cooper pair conductivity in
vicinity of the superconducting transition. Usually, expe
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mental data ons(T,H) dependences in the transition regio
are studied first by subtracting the conductivity of norm
electronssn and then analyzing the remaining conductiv
of Cooper pairsss . In the case of inhomogeneous samp
such procedure would lead to an error inss : its apparent
value determined from experimental data would be differ
from that for a homogeneous superconductor. To quan
tively estimate this error we consider two samples: unifor
with critical temperatureTc0 , and an inhomogeneous on
with a Gaussian distribution of critical temperatures with a
erageTc0 and dispersiondTc :

f ~Tc!5
1

A2pdTc

expS 2
~Tc2Tc0!2

2dTc
2 D . ~15!

Now two quantitiesss
hom(T,H) andss

inh(T,H) can be com-
pared.ss

hom is the Cooper pair conductivity for homogeneo
sample; it is given by the expressions~8! and~9! obtained on
the basis of UD model. The conductivitys inh of the inhomo-
geneous sample is determined by EMA formula~14!, where
f (Tc) is a Gaussian distribution function~15!. Note, that
local conductivities are defined as sum of the supercond
ing ss

hom and normalsn contributions. Then, one should su
tract the normal contribution froms inh and obtain the appar
ent superconducting contribution to conductivity for t
inhomogeneous sample:

ss
inh~T,H !5s inh~T,H !2sn~T,H !. ~16!

Further, to proceed with calculations some assumptions
needed about the temperature and magnetic field de
dences ofsn . We neglect the magnetoresistance of HTSC
the normal state which is very small and use a linear appr
mation for the temperature dependence of the resistivity

sn~T,H !5sn~T,0!51/~C11C2T!. ~17!

The key parameter for calculations isdTc—the dispersion of
Gaussian distribution~15!. We used the valuedTc51 K
which is approximately the average dispersion for stud
YBCO films determined from theirTc maps. The values fo
V andd were the same as in Sec. II, other parameters w
C151.06mVm, C250.0035mVm/K ~see Table I!, Tc
590 K, D52. We also assume that the inhomogeneity o
superconductor manifests itself in inhomogeneity of the cr
cal temperature only, while all the other superconducting
rameters and the normal state conductivity are suppose
be uniform.

It is convenient to considerH-T diagram which shows the
absolute value of the relative differenceuss

inh/ss
hom21u, see

Fig. 2~a!. The effect ofTc inhomogeneity on the magneto
conductivity is illustrated by Fig. 2~b! showing the same dia
gram for the quantityu(ss

inh)H8 /(ss
hom)H8 21u, where (ss)H8

denotes partial derivative of conductivity with respect
magnetic field. Brighter regions on the diagrams corresp
to larger values, i.e., to stronger influence ofTc inhomoge-
neity on the values ofss and (ss)H8 . The influence become
crucial in a 1-K-wide region aroundTc and for magnetic
fields H,0.5 T where ignoringTc inhomogeneity would
lead to;50% error inss . The following conclusions can b
drawn from the diagrams.
l

t
a-
,

-

t-

re
n-

n
i-

d

re

a
-
-
to

d

~i! Tc inhomogeneity plays greater role in the very vici
ity of the transition; far from the transition the difference
local Tc’s is small compared touT2Tcu and, hence, not so
important.

~ii ! Tc inhomogeneity plays greater role in low magne
fields. The application of magnetic field leads to a broad
ing of the transition even in a homogeneous superconduc
Since for most HTSCdHc2 /dT'22 T/K at T5Tc ,18 one
can roughly estimate the increase in the transition width
one degree forH increase of 2 T. Therefore, for fieldsH
.2 T the dispersion in critical temperaturesdTc'1 K is
masked byH-induced broadening of the transition.

~iii ! Tc inhomogeneity has greater effect on the magne
conductivity of a superconductor than on its conductivi

FIG. 2. Diagrams in the magnetic field–temperature plane ill
trating the effect ofTc inhomogeneity on the apparent value
Cooper pair conductivityss . Absolute values of the reduced dif
ference of~a! conductivitiesuss

inh/ss
hom21u and ~b! magnetocon-

ductivities u(ss
inh)H8 /(ss

hom)H8 21u for homogeneous and inhomoge
neous superconductors are shown. Calculations are based on
~8! and ~9!. For inhomogeneous superconductor, the calculati
use an effective medium approach, Eq.~14!, and a Gaussian distri
bution ofTc with dispersiondTc51 K. Brighter regions correspond
to a stronger influence ofTc inhomogeneity. The influence is max
mal in low magnetic fields and in the vicinity ofTc . Presented
results are not valid below the white dashed lines which corresp
to the melting transition of vortex lattice~the data are taken from
Refs. 31,32!.
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From practical point of view it is often preferable to analy
experimental data on magnetoconductivity rather than
conductivity. This is because the contribution of normal el
trons to magnetoconductivity is negligible in the vicinity
Tc , while the analysis of conductivity data always requir
account of the normal conductivity and, hence, additio
assumptions about its temperature dependence. Howeve
follows from the diagrams, the analysis of magnetocond
tivity data needs more careful account ofTc inhomogeneity.
The reason for that, as was earlier noted by Langet al.,15 lies
in the stronger dependence of magnetoconductivity onTc ,
e.g., for high temperatures,T@Tc , one has ss}(T
2Tc)

21/2, while ]ss /]H}(T2Tc)
23/2.

The dashed line in Fig. 2 corresponds to the melting tr
sition of the Abrikosov vortex lattice as determined fro
experiments on YBCO crystals.31,32 It is remarkable that dif-
ferent methods, neutron small angle scattering,31 as well as
magnetization and transport measurements,32 yield the same
position of the melting line. We believe that it can serve a
rough estimate of the applicability range of the UD mod
Below this line, our results obtained on the basis of the U
model are not valid.

V. SAMPLES AND EXPERIMENTAL DETAILS

YBa2Cu3O72d films with thickness of 0.2mm were grown
by dc magnetron sputtering on NdGaO3, AlLaO3, and MgO
substrata. The details of the procedure are descr
elsewhere.8 X-ray data have shown the presence of on
~001! reflexes confirmingc orientation of the films. The Ra
man spectroscopy analysis has revealed their high epita
ity. Microbridges of 500350mm size were formed by a
standard photolithography. Six samples were investiga
some important parameters are presented in Table I.

The temperature dependences of the resistivity were m
sured at driving current 1 mA and magnetic fieldsH
50,0.3,0.6,0.9 T applied along thec axis. Measurements
were done inside a temperature stabilized Oxford He fl
cryostat ~model CF-1200! under helium atmosphere, usin
the standard four-probe dc method, a Keithly 220 progra
mable current source and a Keithly 182 sensitive digital v
meter. Contacts to the samples were made by thin gold w
attached to the sample surface by silver paste. The temp
ture inside the cryostat was controlled and stabilized by
Oxford programmable temperature controller ITC4 with a
curacy up to 0.01 K. The temperature of the sample w
measured by copper-constantan thermocouple; voltage
read by a DMM5000 integrating digital multimeter. Th
measurement was started when the sample was in the no
state~at least 40 K aboveTc) and performed during a slow
cooling procedure down to zero resistivity of the samp
Then the sample was heated and the measurement wa
peated at another value of magnetic field. The accurac
the voltage measurements was about 10 nV.

The LTSEM measurements were carried out with an
tomated scanning electron microscope CamScan Series
DV100. The microscope is equipped with a cooling sam
stage, its temperature can be lowered down to 77 K using
Oxford N flow cryostat. The temperature is maintained in
range 77–350 K With accuracy up to 0.1 K by a temperat
controller ITC4. The bias current was varied from 0.2 to 2
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mA so that its value was large enough to detect elect
beam induced voltage~EBIV! and small enough to avoid
distortion of the superconducting transition. EBIV was me
sured using the standard four-probe method. A precision
strumentation amplifier incorporated into the microsco
chamber was used to increase the signal-to-noise ratio
extract the local EBIV signal, lock-in detection was us
with a beam-modulation frequency of 1 kHz. The electr
beam current was 1028 A, while the acceleration voltage wa
10 kV.

The method for determination of the spatial distribution
critical temperature is based on LTSEM technique35,36and is
described in detail in Ref. 37. Heating by electron beam
evates the temperature locally bydTheat<1 K causing a
change,dr, in the local resistivity. As a result, a change
the voltage, EBIV, occurs across the sample biased b
constant transport current. Temperature dependence of E
has the maximum at some temperatureTm corresponding to
the maximum indr. Thus, the local transition temperatu
can be determined asTc5Tm1dTheat/2. Scanning the elec
tron beam over the film allows us to determine the spa
distribution ofTc . In order to remove the distorting effect
associated with thermal diffusion into adjacent regions of
film a numerical deconvolution method was used. Figure
shows temperature dependences of EBIV for two adjac
regions of sample 1 before and after the deconvolution p
cedure. After the deconvolution, both dependences hav
pronounced major peak; its position defines the localTc . It
follows from Fig. 3 that the difference inTc for two regions
separated by 5mm can be as large as 0.7 K. The meth
allows the spatial resolution of 2mm and the temperature
resolution of 0.2 K. TheTc map for sample 1 is shown in

FIG. 3. Temperature dependences of electron beam indu
voltage measured by LTSEM for two regions of sample 1 separa
by 5 mm distance. The upper panel shows raw signals, the lo
panel shows the same dependences after deconvolution proce
Local values of the critical temperatureTc1 andTc2 are determined
by positions of the peaks.
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Fig. 4. After theTc map is determined, one can easily ca
culate a distribution functionf (Tc) which shows the relative
volume occupied by fragments with givenTc ; f (Tc) for
sample 1 is shown in Fig. 5.

Further, using theTc map and the expression for condu
tivity s(T,H,Tc) of a Tc-uniform fragment, one can calcu
late the spatial distribution of current density in the sup
conductor. First, the film is approximated by a squa
network of resistors. Then, the set of Kirchoff equations
solved with respect to electric potentials in the nodes of
network. For this purpose an iterative procedure with ov
relaxation method is used with fixed potentials of the t
opposite sides of the network.30 As a result, the current den
sity distribution as well as the total resistance of the sup
conductor are calculated for any temperature in the vicin
of the superconducting transition.

As the temperature is lowered, the current density dis
bution becomes noticeably inhomogeneous. As a res
some normal-conducting regions of the film are shunted
surrounding superconducting regions.Tc of these shunted
regions cannot be measured by the present method. H
ever, one can expect that ambiguity in theirTc’s would not
lead to substantial errors in results of resistor network ca
lations. Indeed, in the high-temperature part of the superc
ducting transition, the conductivity of these regions is kno
since they are in the normal state, while at lower tempe
tures they are off the main current path and make a m
contribution to the film resistance. Figure 5 represents dis
bution functionf (Tc) determined from theTc map. The dot-
ted line in the same figure shows a plausible shape of
total distribution function.

When the spatial distribution of critical temperatureTc(r )
is given, one can estimate the correlation length ofTc inho-
mogeneity. It is defined from the correlation functionG(r )
of the Tc distribution

G~r !5
Tc~R1r !Tc~R!2T̄c

2

T̄c
22T̄c

2
, ~18!

FIG. 4. Spatial distribution of critical temperature in sample
determined from LTSEM data. Distribution is smoothed with r
spect to the initial one measured with 2mm resolution.
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where averaging is performed over allR and all directions of
r within the bridge. The valueG51 corresponds to full cor-
relation andG50 to the absence of correlation. For mo
samples the correlation function fits very well the expone
tial decayG(r )}e2r /r c.

VI. EXPERIMENTAL RESULTS

The parameters of studied YBCO films are presented
Table I. The fourth column shows the widthDTR of resistive
transition defined as the doubled dispersion of the Gaus
fitting dR/dT peak forH50. The valueDTR equals to ap-
proximately 0.8 of the transition width defined by 10–90
level of normal resistance.

The widthDTc of the experimentally determined distribu
tion function f (Tc) was calculated by the same procedure
DTR . For samples marked by~* ! the distribution function
had two rather than one peak. In this case we calculatedDTc
as a mean-squared deviation:

DTc52A^~Tc2T̄c!
2&, ~19!

where the averaging is performed over the area under
double-peak Gaussian fittingf (Tc). Application of Eq.~19!
to the distribution function itself is less reliable because
value ofDTc is strongly affected by the tails of the distribu
tion.

Further, we assume that the total broadening of the tr
sition is caused by summation of homogeneous and inho
geneous broadening and the simple relation can be writt

DTR
25DThom

2 1DTc
2 , ~20!

whereDThom is the homogeneous broadening of the tran
tion.

The scaler c of Tc inhomogeneity was determined by fi
ting the correlation functionG(r ), Eq. ~18!, with an expo-

FIG. 5. Experimental temperature dependence of resisti
~circles! for H50 and the distribution functionf (Tc) of critical
temperature~solid line! determined fromTc map shown in Fig. 4.
All the data are for sample 1. The dotted line shows a plaus
shape of the total distribution function. Inset shows the tempera
dependence of resistivity and its linear fit up to room temperatu
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nential decay, exp(2r/rc). Values ofr c vary much for differ-
ent samples and depend primarily on the substrate. Th
consistent with results of x-ray studies which revealed cl
ters of dislocations of;80mm size in MgO substrate use
for sample 1. By contrast, sample 4 grown on NdGaO3 sub-
strate was of higher quality and no large-scale clusters in
substrate were observed. It should be noted, that valuesr c

in Table I can overestimate the true correlation length ofTc

inhomogeneity especially for samples with smallr c . The
reason is thatr c is always larger than the resolution of th
experimental method,r exp52mm. The presence ofTc inho-
mogeneity on small scales can be revealed by x-ray diffr
tion studies. The size of the area where the coherent sca
ing of x-ray wave is established has been found to be 30–
Å for YBCO films.8,33 This value defines the lower limit fo
r c . It is in agreement with the valuer c'30 Å for the size of
theTc uniform fragment in YBCO film deduced from analy
sis of experimental data on voltage noise in the superc
ducting transition region.34

The seventh column,DTEBIV , shows the average width o
the local temperature dependence of the EBIV which sho
be closely related to the homogeneous broadeningDThom.
Indeed, a good agreement is observed for samples 1, 2,
5. Samples 3 and 6 have a very specific shape of distribu
function f (Tc). For such shapes, simple relation~20! may
not work. For sample 4 this deviation is probably related
very short correlation lengthr c . The last column in Table I
represents the linear fit for the temperature dependenc
resistivity in the 150–300 K range; the error in determinat
of the fit coefficients is 0.2–1 %. The fit for sample 1
shown in the inset of Fig. 5.

As follows from Table I, inhomogeneous broadeningDTc
of the resistive transition is of the same order as homo
neous oneDThom. The homogeneous broadening charact
izes the transition width for a fragment of superconduct
film of 2 mm size. This width can be either an intrinsic pro
erty of a homogeneous superconductor or it can be ass
ated withTc inhomogeneity on scales,2 mm. Large scatter
of DThom in Table I suggests the presence of small-scaleTc
inhomogeneity at least in the samples with largeDThom.

Let us now examine the effect ofTc inhomogeneity on the
experimental temperature dependences of conductivity. D
for samples 1 and 4 with maximal and minimalr c will be
analyzed. In order to extract the superconducting contri
tion ss(T,H), to conductivity from the measured resistan
R(T,H) we use Eq.~17! and data from Table I. The ex
tracted temperature dependences ofss were fitted by two
models: for homogeneous and forTc-inhomogeneous super
conductor. For homogeneous superconductor they were fi
directly by low-field approximation, Eqs.~8! and~9!, derived
in Sec. II. The parameterss0 , k, and Tc were free. For a
Tc-inhomogeneous superconductor the same formulas w
used to calculate conductivities of local fragments with u
form Tc . Effective conductivity ss(T,H) of the whole
sample was calculated by solving resistor networks base
the measuredTc maps. This method has only two fittin
parameterss0 and k. Theoretical estimate fors0 was ob-
tained in Sec. II by comparison of the results of UD mode
high temperatures and Aslamazov-Larkin formula. Howev
because of sample imperfections and a large error in de
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mination of the sample thickness,s0 should be a free param
eter. For studied sampless0 differs from the value given by
Eq. ~13! by a factor between 0.6 to 1.5. As follows from th
formulas of Sec. II,s0 controls the magnitude of the Coope
pair conductivity, whilek determines the width of the resis
tive transition.

The experimental dependencesss(T) for sample 1 for
three magnetic fields and their fits by the ‘‘inhomogeneou
model are presented in Fig. 6. The dashed line shows th
by the ‘‘homogeneous’’ model forH50.6 T. It can be seen
that this model strongly deviates from the experimen
curve. The ‘‘homogeneous’’ model predicts an abrupt rise
conductivity as the temperature decreases which is not
served on experiment. In the ‘‘inhomogeneous’’ model th
contradiction disappears.

As it can be seen from Table I, the widthDTc of the
measuredTc distribution for sample 4 is substantially les
than the transition width,DTR . We believe that this fact as
well as smallr c are related to presence ofTc inhomogene-
ities on scales less than the experimental resolutionr exp. In
this case calculations based on the measuredTc map are not
reliable. Instead, in order to calculate the effective cond
tivity for sample 4, we used EMA and a Gaussia
Tc-distribution function. The results for three magnetic fiel
are shown in Fig. 7. Additional fitting parameters, the av
age and the dispersion of Gaussian distribution, were fo
to beTc0589.1 K, anddTc51.3 K.

The presence of small-scaleTc inhomogeneities is prob
ably the reason for difference ink determined from fitting
the experimentalss(T) dependences for different sample
For sample 4~Fig. 7! the best fits based on the EMA ar
obtained withk530, while for sample 1~Fig. 6! the best fits
based on the measuredTc-map givek550. The highk in
the latter case leads to additional broadening of the transi
compensating lack of information about small-scaleTc inho-

FIG. 6. Experimental temperature dependences~symbols! of su-
perconducting contribution to conductivityss for sample 1 and
their fits ~solid lines! calculated by solving resistor networks bas
on the measured spatial distribution ofTc and Eqs.~8! and ~9! for
three magnetic fields:~1! H50.3 T, ~2! H50.6 T, ~3! H50.9 T;
the fitting parameter isk550. The dashed line shows fit for
homogeneous superconductor, Eqs.~8! and ~9!, for H50.6 T with
fitting parametersTc587.1 K andk530. Fits taking account of
Tc-inhomogeneity are in a much better agreement with experim
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mogeneities. Thus, the valuek530 is more reliable and it is
used for calculations presented in Sec. III.

To summarize, there are two ways to takeTc inhomoge-
neity into account: direct resistor network calculations ba
on a Tc map, and EMA along with a GaussianTc distribu-
tion. The resistor network calculations have the advantag
using actual spatial distribution ofTc in the sample. It has
the information about location of regions with variousTc

allowing the calculation of percolative current distribution
a given HTSC film. On the other hand, the drawback of t
model is that theTc map is measured with finite spatial res
lution. Thus, one should use either aTc map or EMA for
large and small values of the correlation lengthr c , respec-
tively.

In Fig. 7 all models significantly deviate from the expe
mental data at sufficiently low temperatures. We explain t
deviation by the vortex pinning which comes into play f
low temperatures and prevents the dissipation associ
with flux flow. The UD model does not take the pinning in
account and, thus, overestimates the dissipation rate. We
lieve that in the low-temperature part of the superconduc
transition it is the strength and concentration of pinning c
ters rather than theTc distribution that controls the transpo
properties.

It is well known that while the resistance of an inhom
geneous system is determined by the second moment of
rent distribution, the resistance fluctuations are determi
by the fourth moment. Therefore the resistance noise is
more sensitive to the presence of all kind of inhomogenei
than the resistance itself.38 This means that although thi
work presents analysis of the transport properties only,
can expect far stronger effect ofTc inhomogeneity on the
noise properties of superconductors. Even simple anal
not involving any particular dependence of local conduct
ity on T andH shows a strong effect ofTc inhomogeneity on

FIG. 7. Experimental temperature dependences~symbols! of su-
perconducting contribution to conductivityss for sample 4 and
their fits ~lines! based on Eqs.~8! and~9! with account ofTc inho-
mogeneity for three magnetic fields:~1! H50.3 T, ~2! H50.6 T,
~3! H50.9 T. Since the correlation lengthr c of Tc inhomogeneity
for sample 4 is very small and comparable to the resolution ofTc

map, the effective medium approximation with GaussianTc distri-
bution is used for calculations. The fitting parameters areTc

590 K, andk530.
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the level of thermodynamic noise39 and the noise associate
with fluctuations of localTc .34

The properties of single crystals differ much from tho
of thin films and need a special consideration. It is genera
believed that the small transition width 0.1–0.3 K, in ze
magnetic field observed in single crystals proves their h
homogeneity. Therefore, the experimental data on sin
crystals are often used to get insight into fundamental int
sic properties of superconductors. Nevertheless, recent t
retical and experimental investigations make their homo
neity, in particular, Tc homogeneity questionable. It i
predicted7 that various extended structural defects, e.g., d
locations can give rise to formation of the extended regio
with enhancedTc nearby. Studies of the influence of oxyge
stoichiometry on the magnetization curves of YBCO cryst
suggest that the so called peak effect widely observed
HTSC crystals is associated with the presence of local
gions with reduced oxygen content, and, hence, redu
Tc .10,11 The presence of non uniformTc distribution in
YBa2Cu3O72d and Bi2Sr2CaCu2O8 crystals follows from ex-
perimental data on in-plane magnetoresistivity anomalitie16

Further, large-scale spatial variations of oxygen composit
implying variations ofTc , were observed3 in YBCO single
crystals by x-ray studies. However, the spatial scale ofTc
inhomogeneities in crystals often has a value comparabl
the size of the sample.3,16 In such a case, despite a wid
distribution ofTc over the sample, the superconducting tra
sition can be very sharp because of a percolation over h
Tc regions along one of the sample edges. Unfortunat
such situations cannot be properly treated in the frame of
effective medium approach because it assumes purely un
relatedTc distribution. EMA can neither be applicable t
describe wires of higherTc near extended structural defects7

Thus, we do not expect that the results of this work would
applicable to HTSC crystals. Nevertheless, there are grou
to believe that inhomogeneity of crystals strongly manife
itself in their properties and deserves a detailed analysis

VII. CONCLUSIONS

TheTc inhomogeneity of YBCO films is directly demon
strated by measuring spatial distributions ofTc by low-
temperature SEM with 2mm resolution. The dispersion ofTc
distribution was found to be of the order of 1 K which is
comparable to the resistive transition width. This result in
cates inhomogeneous broadening of the resistive trans
for the films studied.

We obtain a nonexplicit expression for Cooper pair co
ductivity ss(T,H,Tc) of a homogeneous superconducto
which is valid throughout the transition region for magne
fields H!Hc2(0). For YBa2Cu3O72d , it can be reduced to
an explicit expression for fieldsH!0.1Hc2(0).

We find that the error in the apparent value
ss(T,H,Tc) due to Tc inhomogeneity is maximal for low
magnetic fields and temperatures close toTc . For YBCO
films with a GaussianTc distribution with 1 K dispersion,
ignoring Tc inhomogeneity leads to more than 30% error
ss in the region restricted to temperaturesuT2Tcu,0.5 K
and magnetic fieldsH,1 T. Thus, it is necessary to be ca
tious when carrying out quantitative analysis of experimen
data in the transition region. One of the following is recom
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mended:~i! carry out all measurements beyond the regi
affected byTc inhomogeneity, i.e., at very high magnet
fields or at temperatures far fromTc ; ~ii ! takeTc inhomoge-
neity into account by measuringTc-spatial distribution or, at
least, by assuming a Gaussian distribution and using EMA
similar approximation.

Finally, it should be noted that the boundaries ofH-T
plane region affected byTc-inhomogeneity are determine
not only by microscopic superconducting parameters,
also by material parameters such as dispersion and cor
tion length ofTc inhomogeneity. Nevertheless, a transitio
width of the order of 1 K seems typical for YBCO films,
z
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.

,
,

.

n

or

ut
ela-
n

while Bi-based films usually have even broader transiti
Thus, the presented results are likely to be relevant to m
HTSC films.
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