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Temperature and magnetic field dependences of the conductivity ofC(B@;_ s films in the transition
region are analyzed taking into account spatial inhomogeneity in transition tempeFatuii¢ An expression
for the superconducting contribution to conductivity(T,H,T.) of a homogeneous superconductor for low
magnetic fielddH <H.,(0) is obtained using the solution of the Ginzburg-Landau equation in form of pertur-
bation expansiongS. Ullah and A. T. Dorsey, Phys. Rev. 8!, 262 (1991)]. (ii) The error inag(T,H,T.)
occurring due to the presence Bf inhomogeneity is calculated and plotted ontdT plane diagram. These
calculations use an effective medium approximation and a Gaussian distributipn @fii) Measuring the
temff mperature dependences of a voltage, induced by a focused electron beam, we determine spatial distri-
butions of the critical temperature for YB2u;O;_s microbridges with a 2um resolution. A typical
T-distribution dispersion is found to be 1 K. For such dispersion, error ing(T,H,T.) due toT. inhomo-
geneity exceeds 30% for magnetic fields:1 T and temperaturdd — T.|<0.5 K. (iv) ExperimentaR(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 distributioits ahd the expression far(T,H,T.).
[S0163-18299)10437-3

[. INTRODUCTION crease due to edge dislocations and low-angle grain bound-
aries was calculated to be1 K.” Spatial variations of the
The complicated crystal structure of high-supercon- c-axis lattice parameter revealed by x-ray studies in YBCO
ductors(HTSC) leads to their substantial spatial inhomoge-films with almost uniform oxygen content also suggest
neity, which is especially important because of the very shorktress-induced , inhomogeneity’

coherence length. Inhomogeneities with spatial scale much  The presence 6f, inhomogeneity manifests itself in vari-
|arger than§ allow for an inhomogeneous distribution of the ous HTSC properties_ Temperature dependence of the depin_
critical temperaturd’, which affects properties of HTSC in  ning current density in YBCO crystals implies that pinning
the superconducting transition vicinity. As a result, it is oftensjtes are induced by spatial variations Bf.® Systematic
difficult to establish whether observed behavior of superconst,dies of YBCO crystal magnetization curves suggest the
ductors arise from intrinsic properties or from Spatial inhO'presence of local regions with reduced oxygen Content, lead-
mogeneity. This impedes analysis of experimental data in thﬁ1g to the so called peak effett-** Meanwhile, T, inhomo-
transition region, which is often used to determine minO‘geneity should have even greater impact on temperature de-
scopic superconducting parameters and the mechanism gkndences of transport coefficients just above the
superconductivity. superconducting transition. This is confirmed by experimen-
The most obvious origin of . inhomogeneity is variation ta| data on conductivity, magnetoconductivity, and the Hall
in oxygen content over the sample. For ¥BasO; s coefficient at temperature§=T.+2 K from Refs. 13-15
(YBCO), T, is a relatively weak function ob at 6.85<7  which were explained by assuming a Gaussian distribution
— 0<7 (so called 90 K plateguand falls abruptly at higher of T, with dispersion in the range 0.6—2.3 K. However, these
512 Even é variations within the 90 K plateau can lead to results can only serve as amdirect indication of the pres-
~1 K variations inT.. Meanwhile, experimental x-ray data ence ofT. inhomogeneity, due to a lack of experimental data
show thaté variation can be substantially higher even for about realT . distribution in the samples. Moreover, the tem-
crystals exhibiting excellent transport propertie8nother  perature region in the vicinity of the superconducting transi-
origin of T.-inhomogeneity is variation in catiofY,Ba, Cu  tion, whereT. inhomogeneity is especially important, was
composition. This origin can be dominant in thin YBCO not considered.
films, as shown by simultaneous spatially resolved studies of A step forward has been made in Ref. 16 where resistor
cation composition and; using electron probe microanaly- network calculations are used to analyze current density re-
sis and low-temperature scanning electron microsqady distributions in T.-inhomogeneous superconductor in the
SEM), respectively*® Elastic stresses around structural de-transition region. It is shown that some anomalities in the
fects can also lead td. inhomogeneity due to a strong temperature dependence of in-plane magnetoresistivity, such
pressure dependence @f in HTSC compound§.T, in-  as negative magnetoresistivity excess, which are usually at-
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tributed to intrinsic effects can be quantitatively expalined by N

nonuniformT,, distribution. o= a’oz (N+L)(A AL 1 —2A01 1), 1)
In the present work, we investigate the influenceTgf n=0

inhomogeneity on properties of HTSC throughout the transiywhere®

tion region and analyze experimentally determined spatial

distributions ofT; (T, maps. MeasuringT, maps of YBCO A (> _ i~ 2/~ -1

films by LTSEM with 2 um resolution, we reveakr1 K An=An(En ) =1(En+2hN 1+ d G+ 2015 ()

scatter ofT, over the films. To calculate the effective con- and

ductivity of such an inhomogeneous material, one needs the

expression for conductivity(T,H,T.) of a uniform super-

conductor valid throughout the transition region. Such an

expression was obtained in Ref. 17 by solving the time-

dependent Ginzburg-Landau equation with a Lawrenceleréh=H/Hc(0), ande, is a field-dependent dimension-

N
eH=EH— QThnZO A,. 3

Doniach Hamiltonian in the Hartree approximation. less temperatures,=T/T.— 1+h. Further,
It is well-known that magnetic field leads to a broadening
of the superconducting transition which is roughly propor- 872(2k?—1)&.(0)kg
tional to (dH/d )72y ~0.5 K/T. 2 For fieldsH>2 T, this Q= ¥y 1 )

broadening dominates over inhomogeneous broadening due . .
to scatter of local values df ;. Therefore, we are interested ab(0) and £:(0) are the correlation lengths in the CLO

in low fields, H<2 T, where the influence of. inhomoge- plane and transverse to i,,(0)=%/v2my,aq [with similar

neity is essential. Moreover, this range of magnetic fields igelation fqr £c(0)]; My, is the Coope_r pajr mass in CyO
actual for most HTSC applications. Unfortunately, the finalPlan€ ao is re"”‘tid to the parameterin Ginzburg-Landau
formula for conductivity obtained in Ref. 17 is only valid for Hamiltonian asa=ao(T/T.—1), d=s/2£.(0), wheres de-

high magnetic fields. In the present work, we deduce expred10tes spacing between Cy@lanes,y=£.(0)/£a(0) is an
sions for conductivity valid for low magnetic fieldsy  anisOropy parameterg, is the flux quantum,x is the

<H,,, from the perturbation expansions in Ref. 17. Ginzburg-Landau  parameter,H,(0)= ¢0/.27T§e21b(0)’ N

The present paper is organized as follows. In Sec. Il the- ;/h, andoy is a constant with dimensionality of a conduc-
expression for the Cooper pair conductivity(T,H,T,) ofa  tVIty. _ o _
homogeneous superconductor is derived. In Sec. Ill we dis- !N order to avoid summation in the above expressions, the
cuss methods to calculate the effective conductivity of arfollowing approximation suggested in Ref. 17 is usually
inhomogeneous superconductor. In Sec. IV the error in theised. For high magnetic fiel(<2h) and 3D cased”,
value of o(T,H,T.) occurring due to the presence &f  <1) only terms containing\, are left in Eqgs.(1) and (3)
inhomogeneity is calculated and the results are plotted on théelding o= oo/\, and ey=%,—Qh/\/é, respectively.
H-T plane diagram. Section V describes the samples andhis leads to
experimental techniques. In Sec. VI, measured spatial distri-
butions of T, are analyzed and the broadening of the super- o= F
conducting transition due t®, inhomogeneity is discussed. s (QTh)
Finally, the experimentdR(T,H) dependences of resistance
are interpreted on the basis of measufedlistributions and
the expression foog(T,H,T.) derived in Sec. Il.

(O] €Y

(QT h) 213|» (5)

where functionZ(x) satisfies cubic equation

xFi=1-F3 (6)

The solution of this equation can be written down as

II. CONDUCTIVITY OF A HOMOGENEOUS .7-'(X)=0+X2/(90)—X/3
SUPERCONDUCTOR '
To describe the temperature dependence of conductivity 0=[1/2— X327+ /—(27_ 4x3)/108] 43 )

of a homogeneous superconductor throughout the transition

region we employ the results obtained by Ullah andThe functionZ(x) is equivalent to the functiof 3y in Ref.
Dorsey'’ They studied the time-dependent Ginzburg-Landaul7; however, expressiori§) and(7) for this function are not
equation for anisotropic superconductor with the Hamil-presented there.

tonian introduced by Lawrence and Donidtand an addi- Despite Eq.(5) is widely used, its applicability range
tional noise term. The magnetic field was assumed to be needs a special discussion. Indeed, the séBeare diverg-
applied along thec axis. Using the Hartree approximation ing; therefore, omitting all terms except the first one is hardly
Ullah and Dorsey obtained expressions for the transport cgpermissible. At least, it is obviously incorrect if the condition
efficients which gave smooth interpolation between the high€,<2h does not hold. Hence, for magnetic fields we deal
temperature regime dominated by Gaussian fluctuations anglith, H<<2 T, the high-field approximation of Ref. 17 is not
low-temperature flux-flow regime. The expression for thevalid except for the low-temperature part of the supercon-
Cooper pair conductivity in linear order to electric field was ducting transition. As argued in Ref. 17, E§) can also be
obtained in the form of two coupled perturbation considered as a scaling relation with unknown scaling func-
expansions?’ tion F and then it is valid in a wider range of magnetic fields.
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However, simple numerical calculations show that, e.g., for
YBa,CuwO;_5, the scaling does not work for fieldsl
<2 T. Therefore, we derive new, low-field approximation

for conductivity from Egs.(1) and (3). For h<1 one can

replace summation fon=1 by integration using Euler-
Maklaurin formul&® and obtain the following analytical ex-
pressions for conductivity:

3+8d?

9
oslog=Ag—2A o+ ZA1_2A3/2+A2_ 42+ 4d%)

3h
+ g1+ 2d%(€y+2h)]A3, (8)
=% T 2hA,+hA,+ n
HTEHT L (1t 2d9)
1I d+4d3+2d?\2+4d? o
T a" 2%, 1 d+ 2d7A, ©

Equations(8) and(9) present non explicit dependence of
conductivity for a homogeneous superconductor on temper
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c
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FIG. 1. Temperature dependence of Cooper pair conductivity
for YBCO in magnetic fieldd=2 T. Symbols show the exact result
of UD model (Ref. 17, Eqgs.(1) and(3); dashed line is the high-
field approximation proposed by Ullah and Dorsey, E§sand(7)
(shifted along thex axis by —A); solid line is the low-field ap-

roximation proposed in the present paper, E§sand(9); dotted

ne is an approximate explicit expression for low fields given by

ture and magnetic field. They are derived without any aSEqs.(11) and (12).
sumptions about 3D or 2D character of superconductivity

and therefore applicable for arbitrary anisotropy parametefyorks?®2427assuming the distance between superconducting
These equations are used below for calculations presented jfyers s~11.7 A. They give values of,(0) in the range

Secs. Il and V.
Under conditions
&y ,h<1/d?<1 (10)

Egs.(8) and (9) can be substantially simplified yielding an
explicit expression for the Cooper pair conductivity

/ 1 N S 7h+ 2%, an

g.log= - ,

U0 By Véenth egt2h  8(dy+2h)32

B A+ M)TIT,—1+h In 8d?

&= (QTh)23F 2 (QTh)CZ’S L A=OT—
(12)

where F is the function defined by Eq$6) or (7). Another

between 1.3 ah3 A which corresponds to 1s8d<4.5. Ob-
viously, this uncertainty ird is very large. Fortunately, it is
not so important in the range &f and T that we consider.
Indeed, for YBCO the condition€l0) are satisfied for tem-
peratures within a several K interval around the transition
unless the magnetic field is very high. Then, as follows from
Egs. (11) and (12), change ind leads only to a shift of
apparent transition temperature but does not affect the shape
of the transition curve. Furthermore, we performed addi-
tional calculations for two extreme values @fhowing that
H-T diagrams obtained in Sec. IV are essentially insensitive
to d. The second parameté) depends on the coherence
length £,,(0) and the Ginzburg-Landau parameter The
former was also taken from Ref. 22,,=11A. Meanwhile,

it is quite difficult to find in literature an accurate estimate
for x. We used the value= 30 providing the best fit to our

advantage of these equations is that the conductivity depend@xperimental data for YBCO films. Then, from E@,) one

ond only through parametek which characterizes the shift
of the apparent transition temperature with respect to

obtainsQ=5x10"%.
Figure 1 presents a comparison of the temperature depen-

This shift is always present in the Hartree approximation as aences of Cooper pair conductivity given by straightforward

result of renormalization of the parametem the Ginzburg-
Landau Hamiltonian.
Equations(8) and(9) as well as Eqs(11) and(12) defin-

summation in Egs(1) and (3), and by two analytical ap-
proximations: the high-field approximation, E{S) and(7),
proposed by Ullah and Dorsey and the low-field approxima-

ing temperature and magnetic field dependence of conductition, Egs.(8) and (9), suggested in the present work. An

ity contain only two key parameteis and (). Parameted
depends on the value of coherence lengit®) which is not
known well. An accurate determination §§(0) is difficult

approximate explicit expression for low fields given by Egs.
(11) and(12) is also shown as dotted line. Fdr=2 T which
is the case shown in the figure, the low-field approximation

because of bilayered structure of the YBCO unit cell. A sys-is far more accurate than the high-field one. For lower mag-
tematic analysis performed in Ref. 22 shows that a goodetic fields the deviation between the result of exact summa-
approximation for YBCO is the assumption of equally tion and the low-field approximation is almost indistinguish-
spaced Cu@layers with interlayer distance=6 A. Then, a able. In contrast, the high-field approximation fails for
simultaneous fitting of conductivity, magnetoconductivity temperaturesT>T. where it four times overestimates the
and susceptibility data giveg.(0)=1.2A leading tod result of exact summation which is=o/(4ey).

=2.522 This value does not contradict to results of other The figure clearly shows that the apparent transition tem-
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TABLE |. Some characterstics of studied YBCO thin film samples. The transition witifhs defined by the width ol R/d T peak,5T,
is the dispersion of th& . distribution, 6Ty, is the intrinsic broadening of the transitiodTgg,y is the average width of the local
temperature dependence of EBIN, is the correlation length of th&, distribution; p,(T) is the linear fit for the temperature dependence
of resistivity in the 150—300 K range.

No. Substrate T, K ATg, K AT, K AThom= \/ATszé"Tcz ATggv, K e, M pn(T,K), uim

1 MgO 86 15 1.2 11 11 80 1.660.0035T
2 AlLaOs 92.8 0.4 0.3 0.3 0.3 0.140.003T
3 AlLaO; 91.5 1.7 0.8 15 0.9 45

4 NdGaQ 89 15 0.2 15 0.9 6 1.240.02T

5 NdGaQ 88.5 1.9 0.3 1.9 1.7 16 1.260.018T
6 NdGaQ 87 1.7 0.8 15 0.5 33 0.96-0.0045T

perature is shifted downward froif,,. For given set of pa- them independently. Therefore, the expression for the con-
rameters the dimensionless shift &~0.03. In order to ductivity obtained in the previous section for a homogeneous
avoid confusion, the data in all figures below are shiftedsuperconductor can be used to describe local conductivity
along thex axis so thafl; corresponds to the apparent tran- o(T,H,T.) of a homogeneous fragment with givég.
sition temperature. It should be also noted that the shift =~ The straightforward way to determine the conductivity
does not enter the high-field approximation suggested by Ule"™(T,H) of a T, inhomogeneous superconductor is to start
lah and Dorsey, Eqg5) and (7). This approximation pre- from the spatial distribution of . over the sample. The value
dicts transition aff =T, in contradiction to basic equations of ¢""(T,H) can be determined exactly from the values of
of UD model, Egs(1) and(3). In order to make the high- local conductivitiess(T,H,T.). In this work we determined
field approximation merge all other curves in Fig. 1 at leasthe spatial distributions of the critical temperature in YBCO
at low T, we had to shift the corresponding dashed curve orfilms using LTSEM (see Sec. Y. This method, however,
the valueA “by hand.” leads to the lack of information about small-scale inhomoge-
The constantr, entering UD model depends on a phe- neities withr <r,,, Wherer,, is the spatial resolution of
nomenological quantity, the relaxation rate of the order pathe technique. Therefore, if small-scale inhomogeneity is es-
rameter. It is natural to estimate, using well-known sential, or if spatial distribution of ; is unknown, a Gauss-
Aslamazov-Larkin resuff for high-temperature asymptotic ian T,-distribution function together with, e.g., effective me-
in the 3D caseu:"=e?/324¢(0)ey. Thus, we have dium approach can be used to fisd"(T,H).
The problem of conductivity of an inhomogeneous me-
dium has the exact analytical solution only for a special case
7o=€*/81£(0). 13 of symmetric distribution of phases in 2D systéfin the
) o general case one has to use some approximation. According
Lt_at us now dlscu_ss the appllt_:ablllty range for the resultsg the effective medium appro#@hEMA), the conductivity
ol_otal_ned in this section. The mdwe@ﬂakl-'l_'ho_mpsor)l con-  ;inhT H) is given by the solution of the equation
tribution to the order parameter fluctuatiéhss not taken
g\t(lj_ acc?#ntt in tk:e L:D ml\jl)dlf_l._rl-rl]owever, t?ere are glj(;ounéjsfto J o™(T,H)—o(T,H,T,)
elieve that neglecting Maki-Thompson term would not af- m
fect the results obtained in the transition regi@few K (D=1) o™(T,H)+o(T.H,To)
aroundT;) since the direct Aslamazov-Larkin process iswhereD is the dimensionality of the system. HefrgT ) is a
dominant over the indirect one in this temperature raige. distribution function of critical temperature over the sample
One should also keep in mind that the UD model does nojvhich shows the relative volume occupied by fragments with
take into account vortex pinning and predicts flux-flow be-givenT.. Despite the apparent simplicity, EMA gives rather
havior in the limit of low temperatures. Therefore, it cannothigh accuracyup to few percentsunless the system is in the
be used at temperatures well beldy, where the current- very vicinity of the percolation threshofld.In the case of

f(To)dT.=0, (14

voltage characteristics are nonlinear. thin film samples with thickness less than the correlation
length of T, inhomogeneity ., one should use EMA expres-
lIl. ACCOUNT OF T, INHOMOGENEITY sion (14) with dimensionalityD =2. We emphasize that this

dimensionality has nothing to do with the dimensionality of
Let us now consider how the properties of a superconthe superconducting properties mentioned in relation with
ductor can be affected by spatially inhomogeneous distribuformula (5): the first one depends on the geometry of the
tion of critical temperature. First, we suppose that the corresample, while the latter is associated with anisotropy of the
lation lengthr. of the T, distribution is so large that the crystal structure.
temperature region nedr, where&(T)>r. can be ignored.

This assumption seems to be quite reasonable since the co-
. . IV. H-T DIAGRAMS
herence length of HTSC is much smaller thgnobtained
from LTSEM data, see Table I. The conditiogs £ makes it In this section we estimate the effectf inhomogeneity

possible to ignore the correlation between the superconductn the apparent value of the Cooper pair conductivity in the
ing order parameter in adjacent fragments and to considesicinity of the superconducting transition. Usually, experi-
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mental data orr(T,H) dependences in the transition region
are studied first by subtracting the conductivity of normal

electronso, and then analyzing the remaining conductivity °
of Cooper pairsos. In the case of inhomogeneous sample
such procedure would lead to an errordq: its apparent 4
value determined from experimental data would be different

3

from that for a homogeneous superconductor. To quantita-
tively estimate this error we consider two samples: uniform,
with critical temperaturelT.y, and an inhomogeneous one 2
with a Gaussian distribution of critical temperatures with av-

erageT., and dispersiornT,: 1

H (T)

f(Te)=

(Tc_ Tco)2
(15) -0.04 -0.02 0.00 0.02

1
V2w, "( 20T
Now two quantitiess™°(T,H) and o'™(T,H) can be com-
pared.cr's10m is the Cooper pair conductivity for homogeneous
sample; it is given by the expressiof@ and(9) obtained on
the basis of UD model. The conductivity™ of the inhomo-
geneous sample is determined by EMA form(dd), where
f(T.) is a Gaussian distribution functiofl5). Note, that
local conductivities are defined as sum of the superconduct-
ing 02°m and normalr,, contributions. Then, one should sub- E
tract the normal contribution frore™ and obtain the appar- T
ent superconducting contribution to conductivity for the

inhomogeneous sample:

o™(T,H)=c""(T,H)— an(T,H). (16)

Further, to proceed with calculations some assumptions are
needed about the temperature and magnetic field depen-

-0.04 -0.02 0.00 0.02

dences otr, . We neglect the magnetoresistance of HTSC in T/T,-1
the normal state which is very small and use a linear approxi-
mation for the temperature dependence of the resistivity: FIG. 2. Diagrams in the magnetic field—temperature plane illus-

trating the effect ofT, inhomogeneity on the apparent value of

. . Cooper pair conductivityrs. Absolute values of the reduced dif-
on(T,H)=0n(T,0)=1(Cy +CoT). 17 ference of(a) conductivities|ot"/o2°™—1| and (b) magnetocon-

The key parameter for calculationsad .—the dispersion of ~ ductivities|(a¢"){/(a2°"){;— 1| for homogeneous and inhomoge-

Gaussian distribution(15). We used the valueST,=1K  neous superconductors are shown. Calculations are based on Egs.

which is approximately the average dispersion for studied® and (9). For inhomogeneous superconductor, the calculations

YBCO films determined from theif. maps. The values for USe an effective medium approach, &td), and a Gaussian distri-

Q andd were the same as in Sec. II, other parameters WerButlon of T, with dispersionsT.=1 K. Brighter regions correspond

C,=1.06.0m, C,=0.0035:Qm/K isee Table ), T, toa §tronger influer!ce .dfc inhomqgeneity: The influence is maxi-

—90K,D=2. We also assume that the inhomogeneity of mal in low magnetic fields and in the vicinity of.. Presented

duct ifests itself in inh itv of th .t.aresults are not valid below the white dashed lines which correspond
superconductor manites S ItSelT In iInhomogeneity o _e €Ml the melting transition of vortex lattickhe data are taken from
cal temperature only, while all the other superconducting pagets 31 32

rameters and the normal state conductivity are supposed to

be uniform. . . _ (i) T, inhomogeneity plays greater role in the very vicin-
Itis convenient to consided-T diagram hWh'r?h shows the jty of the transition; far from the transition the difference in
absolute value of the relative differenpeg"/os°™— 1|, see  |gcal T,’s is small compared t¢T—T,| and, hence, not so
Fig. 2(@). The effect of T, inhomogeneity on the magneto- important.
conductivity is illustrated by Fig.(®) showing the same dia- (i) T, inhomogeneity plays greater role in low magnetic
gram for the quantity(od")//(a°{,—1|, where @), fields. The application of magnetic field leads to a broaden-
denotes partial derivative of conductivity with respect toing of the transition even in a homogeneous superconductor.
magnetic field. Brighter regions on the diagrams correspongince for most HTSQIH ,/dT~—-2 T/K at T=T,,*® one
to larger values, i.e., to stronger influenceTof inhomoge-  can roughly estimate the increase in the transition width as
neity on the values ofs and (o), . The influence becomes one degree foH increase of 2 T. Therefore, for field$
crucial in a 1-K-wide region around, and for magnetic >2 T the dispersion in critical temperaturég.~1K is
fields H<0.5T where ignoringT, inhomogeneity would masked byH-induced broadening of the transition.
lead to~50% error inog. The following conclusions can be (i) T, inhomogeneity has greater effect on the magneto-
drawn from the diagrams. conductivity of a superconductor than on its conductivity.
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From practical point of view it is often preferable to analyze -
experimental data on magnetoconductivity rather than on
conductivity. This is because the contribution of normal elec- A
trons to magnetoconductivity is negligible in the vicinity of ] ,A’A_‘,A"
T., while the analysis of conductivity data always requires 1A ,A—‘ A\A\
account of the normal conductivity and, hence, additional __, LA a
assumptions about its temperature dependence. However, «2 7
follows from the diagrams, the analysis of magnetoconduc-5 T y T T T T T y 1
tivity data needs more careful accountTqf inhomogeneity. ; 7]
The reason for that, as was earlier noted by Langl.'® lies
in the stronger dependence of magnetoconductivityTgn
e.g., for high temperaturesT>T., one has osx(T
—To) Y2 while dog/gHox(T—T,) 32 4 : AN

The dashed line in Fig. 2 corresponds to the melting tran- / A& FA
sition of the Abrikosov vortex lattice as determined from /A _a-d : .
experiments on YBCO crystafé:? 1t is remarkable that dif- N aat : : \
ferent methods, neutron small angle scattefings well as / : : x&
magnetization and transport measureméhigeld the same 4 T : A
position of the melting line. We believe that it can serve as a : . : \ | .
rough estimate of the applicability range of the UD model. 86.0 86.5 87.0 87.5 88.0
Below this line, our results obtained on the basis of the UD
model are not valid.

W

=
13
> P
E

EBIV (arb
b
/l>
D>

FIG. 3. Temperature dependences of electron beam induced
V. SAMPLES AND EXPERIMENTAL DETAILS voltage measured by LTSEM for two regions of sample 1 separated
by 5 um distance. The upper panel shows raw signals, the lower
YBa,Cu;05_ s films with thickness of 0.2um were grown  panel shows the same dependences after deconvolution procedure.
by dc magnetron sputtering on NdGa®@ILaO;, and MgO  Local values of the critical temperatufg; and T, are determined
substrata. The details of the procedure are describebly positions of the peaks.
elsewheré. X-ray data have shown the presence of only
(002) reflexes confirming orientation of the films. The Ra- MA so that its value was large enough to detect electron
man spectroscopy analysis has revealed their high epitaxiapeam induced voltagéEBIV) and small enough to avoid
ity. Microbridges of 50x50um size were formed by a distortion of the superconducting transition. EBIV was mea-
standard photolithography. Six samples were investigatediured using the standard four-probe method. A precision in-
some important parameters are presented in Table . strumentation amplifier incorporated into the microscope
The temperature dependences of the resistivity were meghamber was used to increase the signal-to-noise ratio. To
sured at driving current 1 mA and magnetic fiel#s  extract the local EBIV signal, lock-in detection was used
=0,0.3,0.6,0.9 T applied along the axis. Measurements With a beam-modulation frequency of 1 kHz. The electron
were done inside a temperature stabilized Oxford He flowbeam current was I8 A, while the acceleration voltage was
cryostat(model CF-120D under helium atmosphere, using 10 kV.
the standard four-probe dc method, a Keithly 220 program- The method for determination of the spatial distribution of
mable current source and a Keithly 182 sensitive digital voltCritical temperature is based on LTSEM technitftiand is
meter. Contacts to the samples were made by thin gold wiredescribed in detail in Ref. 37. Heating by electron beam el-
attached to the sample surface by silver paste. The temper@vates the temperature locally b§T,.,=1K causing a
ture inside the cryostat was controlled and stabilized by aghange,dp, in the local resistivity. As a result, a change in
Oxford programmable temperature controller ITC4 with ac-the voltage, EBIV, occurs across the sample biased by a
curacy up to 0.01 K. The temperature of the sample wasgonstant transport current. Temperature dependence of EBIV
measured by copper-constantan thermocouple; voltage wdis the maximum at some temperatiiyg corresponding to
read by a DMM5000 integrating digital multimeter. The the maximum indp. Thus, the local transition temperature
measurement was started when the sample was in the norntn be determined aB,= Ty, + 6Tef2. Scanning the elec-
state(at least 40 K abovd ) and performed during a slow tron beam over the film allows us to determine the spatial
cooling procedure down to zero resistivity of the sample distribution of T.. In order to remove the distorting effects
Then the sample was heated and the measurement was mssociated with thermal diffusion into adjacent regions of the
peated at another value of magnetic field. The accuracy dilm a numerical deconvolution method was used. Figure 3
the voltage measurements was about 10 nV. shows temperature dependences of EBIV for two adjacent
The LTSEM measurements were carried out with an aufegions of sample 1 before and after the deconvolution pro-
tomated scanning electron microscope CamScan Series 4-88dure. After the deconvolution, both dependences have a
DV100. The microscope is equipped with a cooling samplepronounced major peak; its position defines the lacal It
stage, its temperature can be lowered down to 77 K using afollows from Fig. 3 that the difference ifi, for two regions
Oxford N flow cryostat. The temperature is maintained in theseparated by fum can be as large as 0.7 K. The method
range 77—-350 K With accuracy up to 0.1 K by a temperaturellows the spatial resolution of Zm and the temperature
controller ITC4. The bias current was varied from 0.2 to 2.0resolution of 0.2 K. TheT. map for sample 1 is shown in
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FIG. 5. Experimental temperature dependence of resistivity

FIG. 4. Spatial distribution of critical temperature in sample 1 (Circles for H=0 and the distribution functiori(T) of critical
determined from LTSEM data. Distribution is smoothed with re- temperaturesolid line) determined fromT. map shown in Fig. 4.
spect to the initial one measured withn resolution. All the data are for sample 1. The dotted line shows a plausible

shape of the total distribution function. Inset shows the temperature
Fig. 4. After theT. map is determined, one can easily cal- dependence of resistivity and its linear fit up to room temperatures.
culate a distribution functioi(T.) which shows the relative
volume occupied by fragments with giveR,; f(T.) for where averaging is performed over Rlland all directions of
sample 1 is shown in Fig. 5. r within the bridge. The valu&=1 corresponds to full cor-

Further, using thd . map and the expression for conduc- relation andG=0 to the absence of correlation. For most
tivity o(T,H,T,) of a T.-uniform fragment, one can calcu- Samples the correlation function fits very well the exponen-
late the spatial distribution of current density in the superdial decayG(r)ece e,
conductor. First, the film is approximated by a square
network of resistors. Then, the set of Kirchoff equations is VI. EXPERIMENTAL RESULTS

solved with respect to electric potentials in the nodes of the ) ) .
network. For this purpose an iterative procedure with over- | he parameters of studied YBCO films are presented in

relaxation method is used with fixed potentials of the two!apl€ I. The fourth column shows the widiTg, of resistive
opposite sides of the netwo?R As a result, the current den- transition defined as the doubled dispersion of the Gaussian
sity distribution as well as the total resistance of the superf{iting dR/dT peak forH=0. The valueATg equals to ap-
conductor are calculated for any temperature in the vicinityProximately 0.8 of the transition width defined by 10-90 %

of the superconducting transition. level of normal resistance. _ o
As the temperature is lowered, the current density distri- 1he WidthAT, of the experimentally determined distribu-
bution becomes noticeably inhomogeneous. As a resulfion functionf(T.) was calculated by the same procedure as
some normal-conducting regions of the film are shunted by? Tr- For samples marked bf) the distribution function
surrounding superconducting regiorig, of these shunted had two rather than one peak. In this case we calculated
regions cannot be measured by the present method. Hov@s @ mean-squared deviation:
ever, one can expect that ambiguity in th€y's would not
Iea}d to substant?al errors in results of resistor network calcu- AT,=2 <(Tc—i)2>y (19)
lations. Indeed, in the high-temperature part of the supercon-
ducting transition, the conductivity of these regions is knownwhere the averaging is performed over the area under the
since they are in the normal state, while at lower temperadouble-peak Gaussian fitting{ T). Application of Eq.(19)
tures they are off the main current path and make a minoto the distribution function itself is less reliable because the
contribution to the film resistance. Figure 5 represents distrivalue of AT, is strongly affected by the tails of the distribu-
bution functionf(T.) determined from th@. map. The dot-  tion.
ted line in the same figure shows a plausible shape of the Further, we assume that the total broadening of the tran-
total distribution function. sition is caused by summation of homogeneous and inhomo-
When the spatial distribution of critical temperatdigr)  geneous broadening and the simple relation can be written
is given, one can estimate the correlation lengtfi ofnho-
mogeneity. It is defined from the correlation functi@{r) ATZ=ATZ, +ATZ, (20
of the T, distribution
where ATy, is the homogeneous broadening of the transi-
T(R+NT(R)~T¢ tion.
G(r)= E— : (18 The scaler ., of T, inhomogeneity was determined by fit-
Te—Te ting the correlation functiorG(r), Eq. (18), with an expo-
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nential decay, expf{r/r.). Values ofr . vary much for differ- 1
ent samples and depend primarily on the substrate. This is 2
consistent with results of x-ray studies which revealed clus- 3
ters of dislocations of-80um size in MgO substrate used
for sample 1. By contrast, sample 4 grown on NdGgaQb-
strate was of higher quality and no large-scale clusters in the
substrate were observed. It should be noted, that values of
in Table | can overestimate the true correlation lengtf of 15
inhomogeneity especially for samples with smgll. The
reason is that is always larger than the resolution of the
experimental methode,,=2 um. The presence of; inho-
mogeneity on small scales can be revealed by x-ray diffrac- 01
tion studies. The size of the area where the coherent scatter- 82 84 8 88 9
ing of x-ray wave is established has been found to be 30-100 TK)
A for YBCO films 833 This value defines the lower limit for FIG. 6. Experimental temperature depender(sgmbol3 of su-
re. Itis in agreement with the valug~30 A for the size of  perconducting contribution to conductivity, for sample 1 and
the T, uniform fragment in YBCO film deduced from analy- their fits (solid lineg calculated by solving resistor networks based
sis of experimental data on voltage noise in the supercomn the measured spatial distribution Bf and Eqs.(8) and (9) for
ducting transition regiof? three magnetic fieldsl) H=0.3T, (2) H=0.6T, (3) H=0.9T;

The seventh columm\Tgg,,, shows the average width of the fitting parameter isc=50. The dashed line shows fit for a
the local temperature dependence of the EBIV which should@omogeneous superconductor, E@.and(9), for H=0.6T with
be closely related to the homogeneous broadentifig,,. flttlpg parametgrsTc=$7.1 K andk=30. Fits taking .account.of
Indeed, a good agreement is observed for samples 1, 2, al:|'d-|nhomogene|ty are in a much better agreement with experiment.
5. Samples 3 and 6 have a very specific shape of distribution
function f(T;). For such shapes, simple relatié?0) may  mination of the sample thickness, should be a free param-
not work. For sample 4 this deviation is probably related toeter. For studied samples, differs from the value given by
very short correlation length.. The last column in Table I Eq. (13) by a factor between 0.6 to 1.5. As follows from the
represents the linear fit for the temperature dependence @rmulas of Sec. Il controls the magnitude of the Cooper
resistivity in the 150—-300 K range; the error in determinationpair conductivity, whilex determines the width of the resis-
of the flt coefﬁuents is 0.2-1%. The fit for sample 1 is tjye transition.
shown in the inset of Fig. S. , The experimental dependences(T) for sample 1 for

As follows from Table I, inhomogeneous broadeni@: o0 magnetic fields and their fits by the “inhomogeneous”

of the resistive transition is of the same order as homOger'nodel are presented in Fig. 6. The dashed line shows the fit

neous oné\Ty,,. The homogeneous broadening charact_er—by the “homogeneous” model foH=0.6T. It can be seen
%hat this model strongly deviates from the experimental

film of 2 um size. This width can be either an intrinsic prop- The “h » model dict brupt rise |
erty of a homogeneous superconductor or it can be associ- V€. 'he “homogeneous™ modet predicts an abrupt rise in

ated withT, inhomogeneity on scales2 um. Large scatter conductivity as t_he temperature_z decreases which is not Qb-
of ATy in Table | suggests the presence of small-sdale served on exp_erlment. In the “inhomogeneous” model this
inhomogeneity at least in the samples with lafgEq . contradiction disappears. .

Let us now examine the effect & inhomogeneity onthe ~ AS it can be seen from Table |, the widihT. of the
experimental temperature dependences of conductivity. Dat®€asuredl; distribution for sample 4 is substantially less
for samples 1 and 4 with maximal and minimral will be  than the transition widthATr. We believe that this fact as
analyzed. In order to extract the superconducting contribuwell as smallr are related to presence &f inhomogene-
tion o4(T,H), to conductivity from the measured resistanceities on scales less than the experimental resolutign In
R(T,H) we use Eq.(17) and data from Table I. The ex- this case calculations based on the measiiggehap are not
tracted temperature dependencesogfwere fitted by two reliable. Instead, in order to calculate the effective conduc-
models: for homogeneous and f6g-inhomogeneous super- tivity for sample 4, we used EMA and a Gaussian
conductor. For homogeneous superconductor they were fitteB.-distribution function. The results for three magnetic fields
directly by low-field approximation, Eq$8) and(9), derived  are shown in Fig. 7. Additional fitting parameters, the aver-
in Sec. Il. The parameters,, «, and T, were free. For a age and the dispersion of Gaussian distribution, were found
T.-inhomogeneous superconductor the same formulas wette be T ,=89.1K, andéT,=1.3K.
used to calculate conductivities of local fragments with uni- The presence of small-scalg inhomogeneities is prob-
form T.. Effective conductivity os(T,H) of the whole ably the reason for difference ir determined from fitting
sample was calculated by solving resistor networks based dihe experimentabrg(T) dependences for different samples.
the measured’, maps. This method has only two fitting For sample 4(Fig. 7) the best fits based on the EMA are
parametersr, and x. Theoretical estimate for, was ob-  obtained withx= 30, while for sample 1Fig. 6) the best fits
tained in Sec. Il by comparison of the results of UD model atbased on the measurdd-map givex=50. The highk in
high temperatures and Aslamazov-Larkin formula. Howeverthe latter case leads to additional broadening of the transition
because of sample imperfections and a large error in detecompensating lack of information about small-scBlénho-
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the level of thermodynamic noideand the noise associated
with fluctuations of locall;.>*

The properties of single crystals differ much from those
of thin films and need a special consideration. It is generally
believed that the small transition width 0.1-0.3 K, in zero
magnetic field observed in single crystals proves their high
homogeneity. Therefore, the experimental data on single
crystals are often used to get insight into fundamental intrin-
sic properties of superconductors. Nevertheless, recent theo-
retical and experimental investigations make their homoge-
neity, in particular, T. homogeneity questionable. It is
predicted that various extended structural defects, e.g., dis-
. . - - locations can give rise to formation of the extended regions
86 88 90 92 . . .

T Wlth ephanced’C nearby. Stu@e; of the influence of oxygen
stoichiometry on the magnetization curves of YBCO crystals

FIG. 7. Experimental temperature depender(sgmbolg of su-  suggest that the so called peak effect widely observed in
perconducting contribution to conductivity, for sample 4 and HTSC crystals is associated with the presence of local re-
their fits (lines) based on Eq¥8) and(9) with account ofT. inho-  gions with reduced oxygen content, and, hence, reduced
mogeneity for three magnetic fieldét) H=0.3T, (2) H=0.6T,  T..1%' The presence of non uniforri, distribution in
(3) H=0.9T. Since the correlation lengthy of T, inhomogeneity YBa,Cu;0;_ s and Bi,Sr,CaCyOg crystals follows from ex-
for sample 4 is very small and comparable to the resolutioi.of perimental data on in-plane magnetoresistivity anomalffies.
map, the effective medium approximation with Gaussiardistri-  Fyrther, large-scale spatial variations of oxygen composition,
bution is used for calculations. The fitting parameters @ge implying variations ofT., were observetin YBCO single
=90K, andx=30. crystals by x-ray studies. However, the spatial scalel of

inhomogeneities in crystals often has a value comparable to
mogeneities. Thus, the value=30 is more reliable and itis the size of the sampf&® In such a case, despite a wide
used for calculations presented in Sec. Il distribution of T, over the sample, the superconducting tran-

To summarize, there are two ways to takeinhomoge- ~ Sition can be very sharp because of a percolation over high-
neity into account: direct resistor network calculations based c 'egions along one of the sample edges. Unfortunately,
on aT, map, and EMA along with a Gaussidi distribu- such situations cannot be properly trgated in the frame of the
tion. The resistor network calculations have the advantage diffective medium approach because it assumes purely uncor-
using actual spatial distribution &f; in the sample. It has reIatedTC Q|str|but|pn. EMA can neither be applicable to
the information about location of regions with variolis describe wires of higheF, near extended structural defeéts.

allowing the calculation of percolative current distribution in Thus, we do not expect that the results of this work would be

a given HTSC film. On the other hand, the drawback of thiSapphcable to HTSC crystals. Nevertheless, there are grounds

. . e ) to believe that inhomogeneity of crystals strongly manifests
quel Is that thel c map is measgred with finite spatial reso- itself in their properties and deserves a detailed analysis.
lution. Thus, one should use eitherTa map or EMA for

large and small values of the correlation length respec-
tively. VIl. CONCLUSIONS

In Fig. 7 all mod_e!s significantly deviate from the ex_peri—_ The T, inhomogeneity of YBCO films is directly demon-
meqtgl data at sufﬁuently.lov.v temp(_aratures. W.e explain thist ated by measuring spatial distributions Bf by low-
deviation by the vortex pinning which comes into play for temperature SEM with 2m resolution. The dispersion 3,
low temperatures and prevents the dissipation associatgfstripution was found to be of the ordef & K which is
with flux flow. The UD model does not take the pinning into comparable to the resistive transition width. This result indi-
account and, thus, overestimates the dissipation rate. We bgates inhomogeneous broadening of the resistive transition
lieve that in the low-temperature part of the superconductindgor the films studied.
transition it is the strength and concentration of pinning cen- We obtain a nonexplicit expression for Cooper pair con-
ters rather than th&_ distribution that controls the transport ductivity o¢(T,H,T;) of a homogeneous superconductor,
properties. which is valid throughout the transition region for magnetic

It is well known that while the resistance of an inhomo- fields H<H,(0). For YBaCuO;_, it can be reduced to
geneous system is determined by the second moment of cuah explicit expression for fieldsl <0.1H,(0).
rent distribution, the resistance fluctuations are determined We find that the error in the apparent value of
by the fourth moment. Therefore the resistance noise is faog(T,H,T;) due toT. inhomogeneity is maximal for low
more sensitive to the presence of all kind of inhomogeneitiesnagnetic fields and temperatures closeTta For YBCO
than the resistance itséff. This means that although this films with a GaussiarT, distribution with 1 K dispersion,
work presents analysis of the transport properties only, ongnoring T. inhomogeneity leads to more than 30% error in
can expect far stronger effect af, inhomogeneity on the oy in the region restricted to temperaturfs— T,/ <0.5K
noise properties of superconductors. Even simple analysiand magnetic fieldsi <1 T. Thus, it is necessary to be cau-
not involving any particular dependence of local conductiv-tious when carrying out quantitative analysis of experimental
ity on T andH shows a strong effect df, inhomogeneity on data in the transition region. One of the following is recom-

0.1
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mended:(i) carry out all measurements beyond the regionwhile Bi-based films usually have even broader transition.
affected byT. inhomogeneity, i.e., at very high magnetic Thus, the presented results are likely to be relevant to most
fields or at temperatures far froii ; (i) takeT. inhomoge- HTSC films.
neity into account by measurif-spatial distribution or, at

least, by assuming a Gaussian distribution and using EMA or

similar approximation.

Finally, it should be noted that the boundaries H{T The work is supported by the Russian Program on Super-
plane region affected by .-inhomogeneity are determined conductivity, Projects No. 98031 and 96071. The authors
not only by microscopic superconducting parameters, buwish to thank V. A. Solov’ev, Yu. M. Galperin, V. |. Kozub,
also by material parameters such as dispersion and correland A. I. Morosov for helpful discussions and S. F. Kar-
tion length of T, inhomogeneity. Nevertheless, a transition manennko for sample fabrication. We are grateful to A. T.
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