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SQUID Picovoltometry of Single Crystal Bi2SrzCaCu2og+ b.'Observation of the Crossover from
High-Temperature Arrhenius to Lovv-Temperature Vortex-Glass Behavior
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Using a SQUID voltmeter we have measured current-voltage curves in untwinned crystals of
BiqSr2CaCu208+q as a function of temperature and magnetic field. Our data show a clear crossover
from high-temperature Arrhenius behavior to a critical region associated with the low-temperature
three-dimensional vortex-glass phase transition. The critical exponents v(z —

I ) =7+ I in this system
are in accord with theoretical models and previous measurements in YBa2Cu3Oq. The width of the criti-
cal region collapses below 2 T, reAecting the changing role of dimensionality with field.

PACS numbers: 74.60.Ge, 64.70.—p, 74.70.Vy

The mixed state of a type-II superconductor provides a
rare opportunity to explore, in a well-controlled way, the
details of a melting transition in the presence of disorder.
The Abrikosov crystal, stabilized by long-range interac-
tions, has a lower critical dimension [I] of 1=4. Experi-
ments in the physical dimension 1=3, close to the critical
value, should produce extreme sensitivity to disorder as
well as dimensionality. In a superconductor, disorder
enters through random pinning of the vortex lines. Di-

mensionality can be important in layered materials where

the weak coupling between layers can lead to significant
quasi-two-dimensional behavior. One manifestation of
such behavior will be an enhanced role of thermal fluc-

tuations.
Dissipation in the mixed state occurs through the

motion of flux lines or bundles of flux lines. In the sim-

plest model, these are thermally activated over pinning
barriers. In this picture, the resistivity is thermally ac-
tivated, remaining finite at all nonzero temperatures. A

significant body of literature [2] has emerged analyzing
transport properties of type-II superconductors within

this framework of what is essentially a single-particle pic-
ture.

In the melting or phase transition picture [3], however,

many-body eA'ects are crucially important and must be
taken into account in a first-principles way if one is to un-

derstand the dynamics of the flux lattice. In this picture,
it is assumed that there exists a low-temperature ordered
ground state, with a broken symmetry, which undergoes a

phase transition into a high-temperature liquid state. A
candidate ordered ground state with long-range orienta-
tiona1 order has been found in recent decoration experi-
ments [4].

Theories of the phase transition have evolved which in-

clude both disorder and dimensionality. Following Ebner
and Stroud [5], Fisher, Fisher, and Huse [6] have postu-
lated the existence of a vortex-glass transition. In the
vortex-glass phase the vortices are frozen into a particular
random configuration determined by the details of the

pinning centers in the specific sample. Hence, the vor-

tices are not free to move and the resistivity is strictly
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zero. Recent measurements on YBa2Cu&07 (&BCO)
films [7] and single crystals [8] have provided support for
this theory.

In this paper we report measurements of the I-V curves
of Bi2Sr2CaCu20s+s (BSCCO) single crystals as a func-

tion of temperature and magnetic field. The I-V curves
were linear over the temperature and field range studied.
We have found a striking crossover from a high-

temperature regime in which the resistance is approxi-
mately Arrhenius to the low-temperature vortex-glass
critical region. We postulate that this crossover occurs at
a temperature T* where the three-dimensional vortex-
glass correlation length becomes significant. Above this
temperature the flux lines act like two-dimensional pan-
cake vortices, with appreciable correlations only in the
planes. Below T* three-dimensional correlations set in,

culminating in a three-dimensional vortex-glass phase
transition at Tg. Within a vortex-glass analysis, we find

exponents to be roughly field independent and equal to
those found in previous measurements on YBCO. We
also find that the width of the critical region shrinks

abruptly with decreasing field. Below 2 T the transition
might become first order.

Our measurements were performed using a modified

BTI SQUID voltmeter as described previously [8]. Our

apparatus allows us to measure I-V curves with subpico-
volt resolution in fields up to 7 T at temperatures from 4
to 100 K. To optimize the measurement of p „, four thin

parallel stripes of silver were used as current and voltage
contacts. These were evaporated on to the surface soon

after cleaving the crystal. The voltage probes were —1.6
mm apart with —0.5 mm between them and the current
leads. The sample had a width of 3 mm and a thickness

of 10 pm. In the data to be presented here, we had a

voltage noise of IO pV/(Hz) ' . System bandwidths were

in the range 0.01-0.001 Hz.
The sample used for this experiment is a high-quality

single crystal of BSCCO [9]. The unannealed crystal
used here exhibited a sharp zero-field resistive transition,
with the resistance dropping four decades in 1.5 K. The
10 -0 resistance level was reached at 91 K. Magneti-
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zation and magnetic decoration experiments [4] indicate
bulk superconductivity and very little disorder in the flux

lattice. At 100 K the normal-state resistance of our sam-
ple was R„=7x10 0 which corresponds to a normal-
state resistivity of 150 (50) p0cm. Resistance measure-
ments were done between 10 and 10 O. Typical
currents used were in the 1-6-mA range which corre-
sponded to current densities at the high end of 10 A/m,
assuming a homogeneous current distribution in the sam-

ple. All of the data presented here are linear-response
resistance data as a function of temperature and magnet-
ic field with the linear response at all points having been
checked over at least two decades in current and voltage.

Shown in the inset in Fig. 1 are Arrhenius plots of the
resistance as a function of temperature at fields of 3 and
6 T. As has been suggested before, the resistance is ap-
proximately activated with the functional form p(T)
=poexp( —Up/kgT). This functional form can be exam-
ined more closely by plotting the data in the form
d(lnp)/d(T ') versus temperature. This then becomes a
plot of the apparent activation energy Uo as a function of
temperature [10]. The data plotted in this way are shown

in Fig. 1. One sees from the data that at high tempera-
tures the apparent activation energy is slowly increasing
with decreasing temperature, while between approximate-
ly 28 and 40 K the activation energy is roughly constant
to within our noise. This slow increase is similar to that
found in earlier measurements in this system and has
been modeled [3] using the temperature dependences of
the underlying superconducting parameters. Thus this
model can work reasonably well in fitting data in this re-
gime. However, the ability to parametrize data in this
higher temperature regime has no bearing on the question
of whether or not there exists a finite temperature phase
transition in the high-field mixed state at lower tempera-

tu res.
Below 28 K the apparent activation energy shows a

dramatic and sudden divergence. Clearly, this is the sig-
nature of new processes dominating the physics of the
vortex lattice dynamics. In YBCO, this divergence of the
apparent activation energy occurs near T„where the su-
perconducting parameters are still evolving. In contrast,
at these low temperatures in BSCCO there should be no
remnant temperature dependence to any of the micro-
scopic lengths. Hence, the importance of collective phe-
nomena in the dynamic response of this system becomes
manifest.

Shown in Fig. 2 are the low-temperature data at 3 T
plotted in a different way. In the scaling regime of the
vortex-glass model, the resistance should vanish as
R (T —Ts) "t' ' . Therefore a plot of [d(lnp)/dT]
versus temperature should be a straight line with inter-

cept Ts and slope 1/v(z —I). As shown in Fig. 2 the
low-temperature data are consistent with this functional
form with a Tg of 20.2 K and slope of 0.17 for the data at
3 T. Shown in the inset in Fig. 2 is the field dependence
of the critical exponents extracted from our data using a
vortex-glass analysis. There does not appear to be any
field dependence to the exponents with the possible excep-
tion of the point at 2 T. The values we obtain for
I/v(z —1) are clustered around 0.15. Previous measure-
ments on single crystal [8] and thick film [7] YBCO sam-

ples found v(z —1) =6.5~ 1.5 in good agreement with

the values presented here. In this type of plot, T* should

be the temperature where the data no longer follow the
linear low-temperature behavior characteristic of the crit-
ical regime. As can be seen from Fig. 2, this definition is
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FIG. 1. Temperature dependence of the activation energy U0

for 3- and 6-T magnetic fields applied parallel to the c axis.

Uo(T) is defined as the local slope in the Arrhenius plots, shown

in the inset for the same magnetic fields. T* denotes the begin-

ning of the divergence of U0. The solid lines are guides for the

eye.

T (K}

FIG. 2. Plot of the inverse logarithmic derivative of the resis-
tance for the 3-T data. The solid line represents a fit to the
vortex-glass theory with Ts 20.2 K and [v(z —l)I '=O. I7.
Deviations from the vortex-glass model are observed above 28
K, indicating the crossover to a noncritical regime. Inset: Crit-
ical exponents for different fields. The value and large errors
for H 2 T are strongly affected by the shrinking of the critical
region at low fields.
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consistent with the temperatures for T* as extracted
from the Fig. 1 data [11].

We understand the data in Fig. 1 in the following way.
At high temperatures, while there may be significant
two-dimensional correlations in the planes, there is little
correlation between planes. As the temperature decreases
these two-dimensional correlations will grow. Despite
these increasing correlations, the dynamics may still be
dominated by thermal activation, as the effective barriers
produced by the growth of the two-dimensional correla-
tions are likely to be small in comparison to the pinning
energy for single flux lines. However, the system will

cross over to three-dimensional behavior as the three-
dimensional vortex-glass correlation length (3o grows.
This should [6] occur when ((3p/ap) =(X/d), where ao
is the vortex lattice spacing and d is the interplane spac-
ing. Our data do not allow the numerical values for g to
be extracted. Nonetheless, a crude estimate of this cross-
over suggests it is likely to occur near T 2Tg This is

because the estimates for both Tg and T* arise from the
same arguments, with only numerical differences. We
suggest that T* is this crossover temperature. Below T,
the dynamics will contain an important contribution from
the critical fluctuations associated with the incipient
three-dimensional vortex-glass phase transition.

The absence of nonlinearities in our data provides a
clue to the crossover from thermal activation to critical
behavior. The three-dimensional vortex-glass correlation
length $3o=81.6 pm(T/J)'~ defines when the measur-

ing current affects the thermal vortex distribution. For
linear response, this length must be larger than the
vortex-glass correlation length. As the correlation length
diverges, the current will thus decrease to zero. In an an-
isotropic system, the correlations will be likewise aniso-

tropic, with (,bg, =((qn) . In the two-dimensional case
this reduces to (2nd=((3o) . In the high-temperature

l I I !
1

I I I I
l

I I I

Bi: 2212
7*

I-
4

15
I I I

20
7 (K)

I I I I I I I

25
I

30

I IG. 3. Magnetic phase diagram, where Tg represents the

glass transition. T* marks the crossover to a low-temperature

regime dominated by 3D cooperative eAects. Typical error bars
are shown, while the solid lines are simply guides for the eye.
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limit, the two-dimensional correlation length is the ap-
propriate one to consider.

Because of the extreme anisotropy, the current in our
measurement is likely to flow in only a few conducting
planes. Indeed, the anisotropy p„/p, has been shown [12]
to increase dramatically with decreasing temperature in

the mixed state. With T=50 K and a maximum current
of 5 mA (2o ( 1 pm, assuming the current is confined to
a single layer. A more uniformly distributed current only

serves to raise this upper bound. At 6 T, gyp could then

be as large as 50ao, implying a well-ordered lattice in the

planes. These long-range two-dimensional correlations
are consistent with our hypothesis that T* reflects the

point at which three-dimensional correlations start to be-

come important.
Shown in Fig. 3 is the phase diagram for Tg and T* as

a function of magnetic field. The region between Tg and
T* is the vortex-glass critical region which is quite large
at high fields. In contradistinction to YBCO, the scaling

region in BSCCO becomes extremely broad at high fields,

approaching 10 K at 6 T. This width, implying AT/Tg
—1, is much greater than would be expected for a normal

critical region. In YBCO, we found [8] AT/Ts =0.05, a

more traditional value. At low fields the critical region

becomes vanishingly small. The data shown in Fig. 3

suggest that below 2 T the transition might become first

order as the critical region vanishes. This coincides with

a relative sharpening of the transition. This is plausible

as one might expect pinning to become more important at

higher fields. As an example for why this might happen,
in this field regime the flux lattice positional correlation

length has been calculated by Fisher, Fisher, and Huse

[6] and they find that it goes as T /B. Their basic argu-

ment is that thermal fluctuations will smear out the pin-

ning forces at higher temperatures and reduce their

effectiveness in disordering the lattice. At lower fields,

the transition occurs at higher temperatures, therefore

the disorder should be less important and the transition

might become first order, as was suggested for measure-

ments in clean YBCO crystals [13]. Unfortunately our

sensitivity is such that we are unable to probe this region

with our picovoltmeter. Other probes such as magnetiza-

tion and heat capacity may be sensitive to the transition

in this regime.
The extreme anisotropy of BSCCO leads to a vortex

lattice which should become increasingly two dimensional

at high fields and high temperatures. In recent theoreti-

cal [14] and experimental [15] work, the layered struc-

ture is modeled as coupled superconducting sheets. The
dimensional crossover Bqo is estimated [14] to be

82o —4&0/I d, where d is the interplane spacing and I is

the effective-mass anisotropy. Estimates [16] for y=l '~

range from 60 to 200, which together with d=1.5 nm

gives 82' ranging from 1.0 to 0. 1 T. Our observation of
the collapse of the critical region at a finite field between

1 and 2 T is tantalizingly close to this prediction.
At all fields, the vortex lattice will become effectively
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three dimensional at suSciently low temperatures due to
the finite interplane coupling. In two dimensions, the
vortex-glass phase transition occurs strictly at T=O, in

contrast to our data in which the phase transition appears
to be at a finite temperature for all fields. The two-
dimensional critical behavior is also expected to be
dramatically diN'erent from the three-dimensional ex-
ponents we find. Therefore, we conclude that our obser-
vations are related to the three-dimensional vortex-glass
transition. However, the exact nature of the dimensional
crossover in this system will require further study.

ln conclusion we have measured /-V curves in clean
BSCCO crystals with picovolt resolution in fields up to 6
T. We find clear evidence for a crossover from a high-
temperature, approximately Arrhenius regime to the
low-temperature critical behavior of the three-dimen-
sional vortex-glass phase transition. We find critical ex-
ponents v(z —I) =7+ I for the vortex-glass transition in

good agreement with values previously seen in YBCO sin-

gle crystals. At fields below 2 T we find the vortex-glass
critical region becoming vanishingly small suggesting that
the transition might become first order in that region.
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