
hnology,

PHYSICAL REVIEW B 66, 104525 ~2002!
I -V characteristic measurements to study the nature of the vortex state and dissipation
in MgB2 thin films
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The temperature dependence of current-voltage (I -V) characteristics of MgB2 thin films has been studied at
different magnetic fields~H! and angles (u) betweenH and theab plane. TheI -V characteristics obtained at
differentH andu show critical scaling indicative of vortex glass transition. The critical exponents are found to
be independent ofH andu indicating a universal behavior. The scaling functions are also seen to be field and
angle independent when resistivity and current density are normalized with two parametersr0 andJ0, which
are functions ofH andu. Field and angle dependences of parametersr0 andJ0, and vortex glass transition
temperatureTg are seen to be in agreement with the anisotropic Ginzburg-Landau model.
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I. INTRODUCTION

Several studies have been reported in the literature c
cerning the mechanism of superconductivity in the recen
discovered MgB2 superconductor.1 The studies show that i
is an anisotropic type-II superconductor with a large coh
ence length, and has potential for various applications. M
of the applications of type-II superconductors depend
their ability to carry large currents in the presence of appl
magnetic fields, which is determined by several factors, s
as, the nature of the vortex state~VS!, weak links at grain
boundaries, anisotropy, and flux pinning properties. Vario
studies have shown that weak link effect in this materia
negligible.1 We have studied the effect of anisotropy on cri
cal current density (Jc) and have seen that the angular d
pendence ofJc in MgB2 thin films is well described by the
anisotropic Ginzburg-Landau~GL! model with an anisotropy
parameter (g) of ;2.5.2 However, further studies are nece
sary to understand the nature of VS and flux pinning prop
ties in this material. Measurement of current-voltage (I -V)
characteristics as a function of different parameters is an
portant technique for the study of pinning effects. We ha
therefore measuredI -V characteristics in MgB2 thin films as
a function of magnetic field, temperature, and angle betw
magnetic field and theab plane. The results have been an
lyzed using different models that have been reported for
derstanding the dissipation in superconductors and bri
described in the following.

Conventional theories of dissipation in superconduct
have assumed that the vortices penetrating the supercon
ors form a lattice. The dissipation has been described
terms of flux creep and flux flow models. In flux creep mod
dissipation occurs by thermally activated hopping of fl
bundles. TheI -V ~or J-E whereJ is the current density and
E the electric field! characteristics in this case are describ
by3,4

E5~2 f 0BL!exp~2U/kT!sinh~JBVcLp /kT!, ~1!
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where f 0 is the attempt frequency for hopping,B is the av-
erage magnetic field penetrating the superconductor~nearly
equal to applied fieldH for H@ lower critical magnetic field
Hc1), L is the hopping distance,U is the activation energy
Vc is the volume of flux bundle, andLp is the pinning po-
tential range. For small current densities, i.e.,DW
5JBVcLp!kT, sinh(DW/kT) is nearly equal toDW/kT and
linear I -V’s are expected. ForDW.kT, we may approxi-
mate sinh(DW/kT) by (1/2)exp(DW/kT) and an exponen-
tial dependence of field with current is expected.

According to flux flow model,5,6 at high current densities
the Lorentz force on flux lines exceed the pinning forces a
vortices move in a steady motion at a velocity limited
viscous drag. In this region theI -V characteristics are linea
and can be expressed by

E5r f~J2Jc!, ~2!

whereJc is a constant andr f is the flux flow resistivity.
Random point disorder is found to play an important ro

in determination of physical properties of high-Tc supercon-
ductors. Disorder pins the vortex lines, destroying the tra
lational long-range ordering of flux lattice.7 In the presence
of random point pinning centers, a second-order phase t
sition from vortex liquid to vortex glass state has been p
dicted. In the vortex glass~VG! phase, resistivity is expecte
to vanish at small currents in contrast to flux creep mo
where finite linear resistivity is expected at low current de
sities. Near the vortex glass transition temperature (Tg), re-
sistivity (r) versus current density (r-J) characteristics are
expected to scale with temperature~T! as8,9

r/u12T/Tgun(z21)5F6~Ju12T/Tgu22n/T!, ~3!

wherez andn are dynamic and static VG exponents, resp
tively, andF1 andF2 are scaling functions above and belo
the transition temperature. At the VG transition temperat
a power law behavior ofr-J characteristics has bee
predicted8,9
©2002 The American Physical Society25-1



o

a-

lie
n
ts

r
ity
o-

-
ov

-

s

g

tic
Eq
n

m

O
n
e

.
or
r

lin

la-
era-

th

t-

as
d a

ch-
ke
oller

nted
tic
g-

ary
d

g. 1

hat
x

x
si-
lds

ear
av-
ep
n
. It

ties

el,
ase

ep

r-

are
a-
w
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r~J!5aJ(z21)/2, ~4!

wherea is a constant. Existence of VG phase has been c
firmed in various high-temperature superconductors,8,9 and
particularly in YBa2Cu3Ox ~YBCO!. In these studies@as pre-
dicted by Eq.~3!#, r-J curves obtained at different temper
tures are seen to collapse into two curves~for T.Tg andT
,Tg) when plotted as rsc5rutu2n(z21) versus Jsc
5J(Tg /T)utu22n where t5(T-Tg)/Tg .10–13 Most of these
studies have been carried out with magnetic field app
parallel to thec axis. Moloniet al.10 have emphasized that i
view of universality, scaling functions, and critical exponen
should be independent of magnetic field and angle (u) be-
tween the field andab plane. Universality provides stronge
test of critical scaling behavior. For the study of universal
of VG transition at different magnetic fields they have intr
duced field dependent resistivity and current scalesr0 and
J0, respectively. Resistivity scale (r0) has been defined us
ing linear resistivity at low currents and temperatures ab
Tg :

r05rt2n(z21)uT.Tg ,J→0 , ~5!

wheret5(T-Tg)/Tg . Current scaleJ0 is defined as the cur
rent density at whichr5r0 at T5Tg :

J05J~r0 /r!2/(z21)uT5Tg
. ~6!

Using r0 andJ0 ; r2J characteristics may be written a

F r

r0
G utu2n(z21)5G6FJTg

J0T
utu22nG , ~7!

wherer0 , J0, andTg are function of magnetic field. Scalin
functions G1 and G2 ~corresponding toT.Tg and T
,Tg , respectively! and critical exponents (n andz) are ex-
pected to show universal behavior. Usingr0 and J0 deter-
mined at different magnetic fields, Moloniet al.10 have
shown thatr-J characteristics obtained at different magne
fields collapse into a single universal curve as given by
~7!. In other studies11,12angular dependence of VG transitio
has been investigated and it is shown thatr-J characteristics
obtained at different angles collapse whenr andJ are scaled
by angle dependent fitting parameters (r0 andJ0). However,
the parametersr0 andJ0 in these studies showed unsyste
atic dependence on angleu. Guptaet al.13 have studied com-
bined field and angle dependence of VG transition in YBC
thin films. They have shown that field and angle depende
of parametersr0 , J0, and Tg show a smooth dependenc
on reduced field euH where eu5Asin2u1e2cos2u and
e2 (5mab /mc) is mass anisotropy ratio.14 This is in accor-
dance with anisotropic Ginzburg-Landau~GL! model.15

In the present study, we have measuredI -V characteristics
of MgB2 thin films as a function ofH, u, and temperature
The results show critical scaling behavior predicted for v
tex glass transition at all fields and angles. Within expe
mental errors, the values of critical exponents and sca
functions show universal behavior.
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II. EXPERIMENTAL

MgB2 thin films were prepared on~1102! oriented single
crystal sapphire substrates as described earlier.16,17 Briefly,
amorphous boron thin films were deposited using pulsed
ser ablation technique. These were annealed at high temp
ture under Mg vapors to yield highlyc-axis oriented thin
films. The films show very high critical current densities wi
typical Jc of 1.63107 A/cm2 at T515 K under self-field.18

For measurement ofI -V characteristics, the films were pa
terned using photolithography to make a bridge of 79mm
width and 1.0 mm length. A film of 400 nm thickness w
used for measurements reported here. The film showe
zero resistance transition temperature of 39.0 K.16 I -V mea-
surements were carried out using four probe resistivity te
nique. The film was cooled using APD Cryogenics ma
closed cycle cryostat and a Lakeshore temperature contr
was used to maintain the film temperature to within60.02 K
of the set value. For measurements, the sample was mou
with current parallel to the vertical axis and the magne
field in horizontal direction was applied using an electroma
net. The sample could be rotated along vertical axis to v
the angle (u) between theab plane and the magnetic fiel
while maintaining the current normal toH. Angle (u) was
measured with an accuracy of better than 1°.

III. RESULTS AND DISCUSSION

Typical field ~E! versus current density~J! characteristics
measured at fixed field and temperature are shown in Fi
in linear @Fig. 1~a!# and semilogarithmic@Fig. 1~b!# plots.
Absence of a linear region in both of these plots shows t
dissipation in MgB2 is not explained by flux creep and flu
flow model in any significant region ofI -V characteristics.
The possibility of linear characteristics indicative of flu
flow is, however, not ruled out at still higher current den
ties. Similar results were obtained at other magnetic fie
and temperatures. However, linearI -V’s at very low current
densities were observed~at all fields and angles! for tempera-
tures close to the transition temperatureTc(H,u). Typical
curves are shown in Figs. 1~c! and 1~d!. It is seen thatI -V’s
are nonlinear over most of current range but show lin
behavior at very small current densities. While linear beh
ior at small current densities is in agreement with flux cre
model, absence of any exponential dependence of field oJ
indicates that flux creep model does not explain the data
may be noted that linear behavior at small current densi
and temperatures aboveTg had also been predicted by VG
model. Analysis of measured data in terms of VG mod
carried out below, shows that the linear behavior in each c
is observed atT.Tg ~see values ofTg for differentH andu
in Table I!. No linear behavior at lower temperatures (T
,Tg) was seen indicating disagreement with flux cre
model but expected in terms of the VG model.

In order to study critical scaling behavior, resistivity ve
sus current density characteristics~for fixed field and angle!
were plotted as a function of temperature. Typical results
shown in Fig. 2. Ther-J characteristics at higher temper
tures show positive curvature with linear resistivity at lo
5-2
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FIG. 1. Typical current-voltage characteristics of MgB2 thin film
~obtained atB59.8 kG andT533.74 K) plotted as electric field
~E! versus current density~J! on linear ~a! and semilogarithmic
scale~b!. Also shown areI -V’s measured at temperatures close
transition temperature for different fields and angles~c!. ~d! shows
data of~c! at small current densities. Note that different units ha
been used along they axis in ~c! and ~d!.
10452
currents and those at lower temperatures show negative
vature with resistivity tending to zero at low currents. T
characteristics are similar to those reported for vortex gl
transition in earlier studies. At very high current densiti
~region marked X in Fig. 2! the curvature ofr-J character-
istics changes indicating a transition from activated flux m
tion to free-flux-flow with constant resistivity. The value o
resistivity in this region is of same order as resistivity
normal state supporting the transition towards free-flux-fl
behavior. As seen below the characteristics in this reg
show deviation from scaling behavior. Vortex glass transit
temperature was determined fromr-J characteristics of Fig.
2 as the temperature at which curvature changes from p
tive to negative. The exponentz was determined from the
slope of curve atT5Tg using Eq.~4!. Value ofn was deter-

TABLE I. Magnetic field and angle dependence of paramet
Tg , r0, andJ0.

H(kG) u Tg r0(V cm) J0(107A/cm2)

9.8 90 33.42 1.2 6.0
7.5 90 34.63 1.0 3.5
3.9 90 36.75 2.5 3.0
9.8 60 33.88 1.4 4.0
7.5 60 35.10 1.0 2.3
3.9 60 36.87 1.0 2.6
9.8 40 34.71 2.5 3.1
7.5 40 35.72 2.0 2.8
3.9 40 37.25 2.5 3.0
9.8 20 35.74 2.0 2.5
7.5 20 36.55 1.7 2.5
3.9 20 37.78 3.0 3.6
9.8 0 36.10 1.8 2.7
7.5 0 36.92 2.1 3.0
3.9 0 38.0 5.0 5.0

FIG. 2. Plots of resistivity as function of current density o
tained at a fixed magnetic field of 7.5 kG applied at angle ou
50°. The plots shown were obtained at temperatures of 37
37.39, 37.01, 36.38, 36.02, 35.68, 35.31, 34.85, 34.64, and 34.2
respectively. The dotted line indicates power law behavior atTg

~except in region X—marked by a dashed curve, which pertain
a transition from activated flux motion to free flux flow!. Slope of
the dotted line was used to determine exponentz.
5-3
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mined so as to obtain optimum collapse ofr-J data plotted
as rsc versusJsc as shown in Fig. 3. Values ofTg and z
determined from data of Fig. 2 were also varied in a narr
range to optimize the collapse of data. Optimum values on
and z were also determined usingr-J characteristics ob-
tained at differentH andu. These were found to be indepe
dent ofH andu and arez54.360.1 andn51.060.1. These
values ofn and z are within the range predicted for vorte
glass transition.9 For comparison we note that for studie
carried out on YBCO this films, value ofz is found to be in
the range 3.8–5.2 and that ofn in the range 1.6–1.9.9–13 For
further analysis we use average ofn andz values determined
at different fields and angles, i.e.,n51.0 and z5 4.3. Col-
lapsed curves of Fig. 3~particularly forT,Tg) show some
deviation ~i.e., shift of individual curves towards right o
collapsed common curve! corresponding to region X of Fig
2. As the vortex glass scaling behavior has been worked
with activated motion of flux lines, it is not expected to b

FIG. 4. Scaling collapse ofr-J data obtained at three differen
fields and five different angles as given in Table I. The data
plotted as scaled resistivity (rs) versus current density (Js), defined
using Eq. ~7! as rs5(r/r0)utu2n(z21) and Js5(JTg /J0T)utu22n.
The values ofr0(B,u) and J0(B,u) have been determined~as
shown in Fig. 3! from scaling of data obtained at different fields a
angles.

FIG. 3. Scaling collapse of ther-J data of Fig. 2 withTg

536.92 K, z54.3 andn51.0. The parametersr0 and J0 are ob-
tained from this figure as shown.r0 is the scaled resistivity at low
currents andJ0 is the value of current density at whichr5r0 at
T5Tg .
10452
ut

valid at current densities where transition to free flux flo
takes place.7,8 For further analysis of data obtained at diffe
ent magnetic fields and angles we have not considered
in region X. For comparison of VG scaling functions at d

e

FIG. 5. Dependence ofTg ~a!, J0 ~b!, and r0 ~c! on reduced
magnetic field. Vortex glass transition temperatureTg is found to
show approximately linear dependence on reduced magnetic fi
5-4
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ferent fields and angles and study of universality, we de
mine resistivity and current density scalesr0(H,u) and
J0(H,u) as defined by Eqs.~5! and ~6!, respectively. The
values ofr0 andJ0 were determined from collapsed curve
obtained at differentH andu as shown in Fig. 3. The resis
tivity scaler0 is defined as the resistivity at low currents a
T.Tg . The current scaleJ0 is the value of current density
that givesr5r0 at T5Tg . The values ofr0 , J0, and Tg
obtained at different fields and temperatures are listed
Table I. Using these values ofr0 (H, u), J0(H,u), and
Tg(H,u) we define scaled resistivity (rs) and current density
(Js) using Eq. ~7! as rs5(r/r0)utu2n(z21) and Js
5(JTg /J0T)utu22n. As shown in Fig. 4, resistivity versu
current density characteristics obtained at different fields
angles collapse into two curves when plotted asrs versusJs .
This collapse supports universality of scaling functionsG6

of Eq. ~7!.
We have used anisotropic GL model to study the field a

angle dependence of parametersr0 , J0, andTg . These pa-
rameters are plotted in Fig. 5 as a function ofeuH using e
50.4 as determined in an earlier study on similar films.2 The
error bars in this figure indicate the range of parameters
which reasonable scaling was obtained. It is seen that
parameters show smooth variation with reduced fieldeuH as
expected from anisotropic GL model.15

In some of the recent studies onI -V’s in peak effect re-
gion, a current induced transition from disordered vort
state~vortex glass! to ordered vortex state~ vortex lattice!
has been reported. Such a transition is typically indicated
a peak in differential resistivity versus curre
characteristics.19,20 No such peak was observed forI -V’s re-
ported here. However, the change of curvature in reg
marked X in Fig. 2 may indicate a possible tendency to
dering of vortex state at high currents. The absence of t
sition to ordered state in the present case is understand
a
.
v

tt

d

y
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because~a! such a transition occurs at currents much high
than critical current density19 and the data in Fig. 2 is typi-
cally limited to 5 timesJc , ~b! currents needed for the tran
sition diverge at temperatures nearTg ,19,21 and ~c! the tran-
sition is typically seen for weakly pinned superconducto
and would be expected to occur at much higher currents
strongly pinned material. TheI -V’s presented here show tha
a vortex glass state in MgB2 is induced by strong point pin-
ning centers and therefore critical currents may be impro
by optimization of point defects. It may be noted that
contrast to high-Tc superconductors, MgB2 single crystals do
not show strong point pinning and vortex glass transitio
This indicates that point defects and thereby the critical c
rent density may be better controlled in this material. W
may add that we have not observed a Bose glass trans
behavior at any angle. A Bose glass transition arises fr
columnar defects14 and presence of such defects would ha
been indicated by change in critical behavior as angle
changed.

IV. CONCLUSIONS

Current-voltage (I -V) characteristics of MgB2 thin films
have been studied at different temperatures, fields and an
betweenH and theab plane. TheI -V’s show absence of any
significant region where flux flow or flux creep model cou
be valid. TheI -V’s obtained at different fields and angle
show critical scaling behavior predicted for a transition fro
vortex liquid state at higher temperatures to a stron
pinned vortex glass state at lower temperatures. The crit
exponents are found to be independent of the field and a
indicating an universal behavior. The field and angle dep
dence ofTg , and scaling functions (r0 , J0) is seen to be in
agreement with anisotropic GL model. The results show t
pointlike pinning centers play a decisive role in determini
the vortex state of MgB2 thin films.
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