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Vortex characteristics in a superconducting Bi2Sr2ÀxLaxCuO6¿d thin film
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Current versus voltage (I -V) measurements of an epitaxial superconducting Bi2Sr22xLaxCuO61d thin film
have been made in magnetic fields parallel to itsc axis. The curvature variations of theI -V isotherms have
been analyzed using both two-dimensional~2D! and quasi-2D scaling laws. The temperature dependence of the
vortex glass transition line is presented and confirmed the quasi-2D characteristics of the vortex matter in the
Bi-2201 material. A phenomenological driving force relation has been derived.
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Bi2Sr22xLaxCuO61d ~Bi-2201! is an interesting high-Tc

superconductor~HTSC! as its structure is the simplest in th
series of the BiSrCaCuO~BSCCO! materials ~one CuO2

plane per half-unit-cell! and manifests highly anisotropi
properties~quasi-2D!. Although this compound is probabl
not of immediate practical use, its lowTc and low upper
critical magnetic field values are very convenient for stud
ing its superconductivity and understanding the propertie
the CuO2 based superconductors. As each CuO2 layer of the
Bi-2201 is separated from adjacent CuO2 layers by SrO and
BiO insulating layers, the superconductor can only manif
bulk superconductivity through proximity effects and J
sephson couplings1–3 which are affected by the values o
field and current. The first studies of field induced vort
decoupling between two-dimensional~2D! superconducting
layers were carried on low temperature superconducting
films,4 showing also the influence of the current.4,5 Although
the superconductors coupling was essentially of magn
origin through an insulating buffer layer, its physical inte
pretation is of great interest to interpret the couplings of
CuO2 layers at the nanoscopic level in the high-Tc material.
In a given magnetic field, the interlayer vortex couplings c
be thermally destroyed above a certain temperature. At
temperature, pancake vortices can be coupled from laye
layer resulting in flux lines through the superconducting la
ers forming a solid vortex lattice. At higher temperature,
solid vortex lattice can melt into a vortex liquid or even
vortex gas, as suggested by several authors.1–3,6–19 In this
article, we study theI -V isotherms of a Bi-2201 thin film
and find that the determination of theTg(H) from I -V curves
may be hindered by a large current, thus leading to a lowe
Tg value. The driving force provided by the Lorentz forc
caused by an applied current, a magnetic field and temp
ture is discussed.

The epitaxial Bi-2201 thin film is nearly optimally dope
(x→0.4).12 The x-ray diffraction pattern shows that the fil
is c-axis oriented without a secondary phase. The thickn
of the film is about 500 nm. This film is patterned into
bridge with a patterning rectangular size 100mm wide and
1000mm long with voltage pick up electrodes separated
about 210mm around the center of the bridge. The ele
trodes, larger than 1 mm2 each, are made by sputtering s
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ver. Pt wires are bonded by silver epoxy on the electrod
and the Bi-2201 thin film is baked in a furnace at 350°C
an oxygen atmosphere for 24 h. A Keithley 182 nanovoltm
ter and a Keithley 220 current source are used. Pulsed
rent is applied forI -V measurements and the sample te
perature has been checked not to be influenced by cur
induced thermal effects. Magnetic fields are applied para
to the c axis. The temperature stability is better than 0.1
during theI -V isotherm measurements.

The I -V isotherms, in a magnetic field of 1.0 T, betwee
5 to 28 K with temperature intervals of 1 K, are given in Fi
1~a!. The isotherms show positive curvatures for the high
temperatures, while they show negative curvatures for
lower temperatures. Figure 1~b! shows theI -V isotherms in a
magnetic field of 0.1 T from 5 K to 28 Kwith the same 1 K

FIG. 1. ~a! I -V isotherms in a magnetic field of 1.0 T, temper
ture range 5 to 28 K, with temperature intervals of 1 K.~b! I -V
isotherms in a magnetic field of 0.10 T , temperature range 5 to 2
K with temperature intervals of 1 K.
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temperature intervals. No negative curvature isotherm ca
found for this magnetic field. One of the interesting que
tions is as follows: can a large current, in low fields and lo
temperature, cause the disappearance of the negative c
tures in the highly quasi-2D system?

Considering the data, the curvature of each isotherm
be approximated by the non-linear expression logV(I)5a0
1a1 log I1a2 log2 I, wherea0 , a1, anda2 are regression pa
rameters. This approach gives a corresponding trans
temperatureTgI for a250. According to the VG theory13,14

at the VG transition temperatureTg , theI -V isotherm can be
characterized by a power law:

V}I (z11)/(D21), ~1!

where z is a dynamic exponent andD is the dimensional
number,D52 for quasi-2D vortices. We extractz from the
a1 coefficient corresponding to the curve witha250 andT
5TgI . For temperatures different fromTgI , the quasi-2D
(D52) scaling law gives the relation

~V/I !/uT2TgIunz5E6~ I /uT2TgIun!, ~2!

wheren is a static exponent, andE1(x) andE2(x) are scal-
ing functions for the data at temperatures above and be
TgI . These scaling relations lead to a collapse of theI -V
isotherms onto two simple universal curves as shown in F
2~a! and 2~b! for a 0.3 T and 1.0 T magnetic fields, wheren
is determined by a best fit of Eq.~2!. All our results are
consistent with this two branch scaling of the data for m
netic fields above 0.2 T , but fail to do so for magnetic field
below 0.2 T .

In the VG theory, the linear resistance should vanish
RL}(T2Tg)n(z122D) when approachingTg . Therefore we
have the relation

FIG. 2. ~a! and~b! Quasi-2D VG scaling curves for 0.30 T an
1.0 T magnetic fields, respectively.~c! 2D VG scaling curves for
isotherms in 0.10, 0.30, and 1.0 T magnetic fields with the co
spondingRL data and data fits. All the fitting parameters are list
in the corresponding figures.
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]T/] ln RL}~T2Tg!/n~z122D !, ~3!

characterized as a straight line with an interceptTgR on theT
axis (]T/] ln RL50). We find that theTgR values only coin-
cide with TgI for magnetic fields of 2.0 and 3.0 T as show
in Fig. 3~a!, whereTgI are shown as open circles andTgR as
solid circles. Note that the deviationdTg5TgR2TgI in-
creases with decreasing magnetic field.TgI show a reentrant
curve for magnetic fields lower than 0.3 T and, for magne
field lower than 0.2 T ,dTg becomes rather large:dTg
'TgR .

For a purely 2D system, the VG phase is not expected
finite temperature, but only atTg50 K, as given by the 2D
VG scaling law.18,19 According to this 2D scaling, the char
acteristic 2D current at which nonlinearity sets in shou
scale as

I nl}T/j2D}T11n2D, ~4!

where j2D is a 2D VG correlation length andn2D is the
correlation-length exponent with a value around 2. Defin
the I nl by that value ofI where] logV/] log I51.1, we can
derive then2D from Eq. ~4! which givesn2D'2 for fields
above 0.3 T. When the magnetic field is reduced below
T, we observe a gradual increase of then2D value with de-
creasing magnetic field.

According to the 2D VG theory, the linear resistivityRL
is given by

RL} exp@2~T0 /T!p#, ~5!

whereT0 is a characteristic temperature, andp.0. Dekker
et al.18 suggested the 2D VG scaling form

~V/I !exp@~T0 /T!p#5G~ I /T11n2D!, ~6!

-

FIG. 3. ~a! H-T phase diagram.TgR is derived from Eq.~3!. TgI

is derived from the analyses of the isotherm curvatures. InseH
phase diagram as function of (12T/Tc). ~b! Temperature depen
dent of the decoupling current for different magnetic fields.
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whereG is the 2D VG scaling function. This 2D scaling form
allows I -V curves in a 2D system to collapse onto a univ
sal curve. In Fig. 2~c!, takingn2D52 for fields above 0.1 T
~this value is almost correct for fields above 0.3 T!, we show
the 2D VG scaling curves corresponding to Eq.~6! together
with the data and resistance (RL) fits corresponding to Eq
~5!. Note that the scaling curves are consistent with the
VG theoretical prediction. The 2D VG condition is of cour
very strict; the small deviations of the scaling curves wh
can be observed@see Fig. 2~c!# are probably due to a
quasi-2D state very close to a purely 2D system with free
vortices.9–12 These free 2D vortices can be produced by
large Lorentz force which can easily induce interlay vort
decoupling in the pancake vortex system. In this case,
critical current~which begins to induce a small detectab
voltage! can be defined as the decoupling current.

Figure 3~b! shows the temperature dependence of
critical current I d(T) @for clarity, we omit severalI d(T)
curves at low fields# with a voltage criterion:;231027 V.
The transformation of the Fig. 3~b! data into the correspond
ing H(I d) isotherms with 3 K temperature intervals is give
in Fig. 4~a! in a log-linear scale. For high values of the cu
rent, both I d(T) and H(I d) show irregular shapes in low
fields. For small currents, theH(I d) isotherms can be ap
proximated by the relationH(I d)'H0 exp(2Id /I0) shown as
solid lines, whereI 0 is a temperature dependent characte
tic current, andH0 corresponds to the zero current fie
value. Figure 4~b! shows the characteristic force~per unit
length! F5m0HI d as function of magnetic field. In the low
field regime, which corresponds to the high current part
theH(I d) curves, the forceF shows an approximately linea

FIG. 4. ~a! A H(I d) plot for different temperatures with 3 K
temperature intervals. The dotted and dashed lines are guides t
eye, and the solid lines are linear fits.~b! Corresponding character
istic force as a function of magnetic field in~a!. The dotted lines are
guides to the eye and the solid line is theFmax fit whose slope is
approximately 1.2.
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relation with respect toH in log-log scale; the slopes ar
approximately equal to 1, suggesting that the forces
nearly current independent in the low field regime. Comp
ing the linear dependence in Fig. 4~a! and the data of Fig.
4~b!, we haveF5m0H(I d)I d'm0H0I d exp(2Id /I0), so that
the maximum forces,Fmax'm0H0I0 exp(21), can be ob-
tained and are shown in Fig. 4~b! as solid upward triangles
with a solid line fit.

Note that the irregularH(I d) curves in the high curren
part of Fig. 4~a! are well separated from theH(I 0) data
points giving the maximum force, suggesting that the irreg
lar H(I d) curves have no direct relation to theFmax. The
maximum value,I 0, corresponds to a crossover of the ma
netic field around 0.2 T at a temperature around 14 K
shown in Fig. 4~a!. This crossover field coincides with th
reentrant field forTgI , Fig. 3~a!, suggesting different vortex
coupling mechanisms above and below this magnetic fi
value. We notice that the irregular parts ofI d(T) andH(I d)
are limited to magnetic fields lower than 0.15 T which
very close to theI 0 crossover field, also suggesting two di
ferent behaviors. For high magnetic fields, highly 2D ch
acteristics are expected, whereas at low magnetic fields
vortex interactions are reduced. The vortices then go int
diluted vortex state and in a large current background do
hold steadily together, thus being induced in interlayer
couplings. This is similar to a DC transformer effect as o
served in magnetically coupled low temperature superc
ducting thin films where the decoupling can be either due
the magnetic field4 or to the current.4,5

Experimentally, the current must pass through curr
contacts which are fixed on the thin film surface, leading
an inhomogenous current distribution. This inhomogene
can be reduced with large surface current contacts well s
rated by a long and narrow bridge. The crystal structure
Bi-2201 is built up by insulating double BiO layers havin
bulk superconductivity through the Josephson effect. Jose
son effect breaks down once the current becomes larger
a critical value resulting in heating effects around the curr
contacts. IrregularI d(T) and H(I d) curves could thus be
induced by large currents passing in thec-direction through
the current contacts, leading to an avalanche of the interla
vortex decoupling. The free 2D vortices produced by dec
pling explain the 2D VG scaling curves as shown in F
2~c!. The TgI values shall therefore be marred by artefa
for large applied currents. The coincidence of theTgI and
TgR values at high magnetic fields is an indication that all t
Tg values can be determined fromTgR .

The inset of Fig. 3~a! shows the VG phase transitio
curveH as a function of (12TgR /Tc), whereTc528.2 K is
the mean field transition temperature at zero magnetic fiel12

Fitting the relation ofH;(12TgR /Tc)
n, wheren is a char-

acteristic exponent, we find that the vortex matter can
divided into two regions, one related to low fields where t
slope of the logarithmic fit givesn53.060.1, while the
other is related to the high fields withn55.560.3 which
coincides with the result of the irreversibility line of the B
2201 single crystal reported recently.20 The crossover mag
netic field is around 0.6 T. The first slope indicates that
vortex matter is in a quasi-2D state present with interla

the
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vortex interactions,21–24while the other suggests that the vo
tices are nearly uncoupled in thec-direction as described b
a single vortex regime,1,13

In summary, the study suggests that the vortex matte
Bi-2201 thin film is a highly quasi-2D system which show
quasi-2D characteristics for magnetic field lower than 0.6
and can be in a completely uncoupled single vortex reg
(n56) above that field. We find that the determination of t
V.
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Tg(H) from a I -V curves may be hindered by a large cu
rent, thus leading to a loweredTg value. From the experi-
mental data, a phenomenological charateristic force rela
has been derived: F'm0H0I d exp(2Id /I0) with I d
'I 0 log(H0 /H).
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