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Observation of a vortex-glass phase in polycrystalline YBazCn3O7
„

in a magnetic field
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We report the results of temperature- and field-dependent transport measurements on sintered,
polycrystalline samples of YBa2Cu307 . A study of the E-J curves indicates a second-order phase
transition, at low current density in the coupling of the grains, that exhibits the scaling behavior
predicted for a vortex glass. The ohmic resistance at low current is observed to vanish at a nonzero
temperature, and the E-J curves exhibit power-law behavior at that temperature. Below this tem-

perature the E-J curves are consistent with a true critical current with zero linear resistance. The
qualitative features of the data and the values of the critical exponents are consistent with the pre-
dictions of the vortex-glass theory. Our findings cannot be explained by the predictions of conven-
tional Aux-creep models.

INTRODUCTION

The vision of applications has motivated an enormous
number of papers concerning critical currents in poly-
crystalline high- T, superconductors. This paper ad-
dresses a more basic question: Are high-T, polycrystal-
line superconductors really superconducting in magnetic
fields above H, &? What do we mean by superconducting?
Any real sample will have a nonzero resistivity, p=E/J,
where E is the electric field and J the current density, al-
though the resistance may be immeasurably small. For
this paper, we will chose the existence of zero ohmic
resistance, limJ DE/J=O, at a finite temperature as the
sine qua non of a superconducting phase. There is little
question that this definition is met in conventional and
high-T, superconductors when the applied magnetic field
is below H, &(T). However, the question is not so clear
when the applied field penetrates the material in the
Abrikosov or mixed state. Anderson' and Kim, Hemp-
stead, and Strand observed and explained the logarith-
mic decay of persistent currents using a model of
thermally activated motion of Aux lines out of pinning
sites. The Anderson-Kim Aux-creep model also predicts
that there should be an ohmic resistance at all nonzero
temperatures due to the thermal activation of the Aux

lines out of the pinning wells. This resistance is propor-
tional to e where U is the effective pinning well
depth. Although the resistance of commercial type-II su-
perconductors can be exceedingly small as is evidenced
by the existence of persistent magnets with very long de-
cay times, this prediction implies that in the presence of a
penetrating magnetic field, type-II superconductors are
not truly superconducting. The Anderson-Kim model
has been very successful in explaining the decay of per-
sistent currents in experiments where the current density
is at or close to the critical current density, but somewhat
less successful in explaining E-J transport data at low
current density in samples carefully prepared to have
very low pinning. With the development of commercial
material with strong Aux pinning and large observed crit-

ical currents the question became moot. However, since
the discovery of materials exhibiting superconductivity at
much higher temperatures and with low critical currents
the question has resurfaced.

Shortly after the discovery of high-T, superconductivi-
ty, Muller, Takashige, and Bednorz first observed the de-
cay of the magnetization in La2Cu04 .Ba polycrystal-
line samples and the existence of a line in the 0-T plane
below which the magnetic properties became irreversible.
They attributed this behavior to a superconducting glass
state first proposed by Ebner and Stroud made up of
Josephson coupled grains. It was tempting to associate
the granular nature of the polycrystalline samples with
these Josephson coupled grains; however, a scaling argu-
ment suggested that the coupling was taking place
within the physical grains. Worthington et al. observed
logarithmic decay in the magnetization in single-crystal
YBa2Cu307 and suggested that this could be explained
by traditional Anderson-Kim flux creep. A great number
of papers have. been published describing the decay of
magnetization in both polycrystalline, crystalline, and
thin film samples in terms of both the superconducting
glass model and in terms of conventional Aux creep. In
addition there has been a great deal of recent work pro-
posing a variety of models to explain the transport and
magnetic properties of high-T, superconductors in terms
of extensions to the traditional Aux-creep model, includ-
ing distributions of barriers, ' particular shaped bar-
riers, " collective pinning, ' and the possibility of flux
liquid phases that might support a critical current. '

Recently Fisher' proposed that a true superconduct-
ing phase might exist in the presence of a penetrating
magnetic field in bulk samples with random disorder.
Fisher's vortex-glass model differs from the traditional
models by considering the vortices as line objects and
predicts a second-order phase transition at finite tempera-
ture, T (H), to a phase which exhibits superconductivity
as defined above. There has been recent convincing ex-
perimental evidence for the existence of this vortex-glass
phase in epitaxial films of YBazCu3Q7 (Ref. 14) and in
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16single-crystal YBazCu307
Polycrystalline samples are more complicated. In the

presence of a penetrating magnetic field, local supercon-
ductivity develops within the individual grains at a tem-
perature above the temperature where Josephson cou-
pling between the grains develops. If the sample is cooled
in constant applied magnetic field, when the grains be-
come superconducting, flux is forced into the grain
boundary regions. It has been assumed that this flux
moves in a flux-flow or flux-creep fashion and causes dis-
sipation. However, in this paper we report transport data
that support the conclusion that in polycrystalline sam-
ples at high field, there is a global superconducting transi-
tion at lower temperature where the intergranular vor-
tices become frozen. We will show that these data are in
close agreement with the predictions of the vortex-glass
model and support the conclusion that polycrystalline
high-T, materials are reaI, superconductors even in high
magnetic fields.

MATERIALS PREPARATION
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FIG. 2. Histograms of the grain size as measured by linear
intercept. Sample A is shown as squares and sample B by cir-
cles. The dotted line is the data for sample A scaled by the ratio
of the average grain size I' —', ).

The YBa2Cu307 materials we have studied were
prepared by prereacting powders of BaCO3, Y203, and
CuO at 930'C in flowing oxygen. The reacted mixtures
were ground in a mortar and subsequently milled to a fine
powder ( —3 pm particle size) using a gas jet mill. Pellets
were isostatically cold pressed and sintered at 950'C in
pure, dried oxygen after a heating cycle designed to mini-
mize carbon retention. ' Sample 8 was given a heat
treatment at 970 C for 5 h before the 950 C cycle to in-
crease the grain size. The density of the sintered pellets
was 81% for sample A and 92% for sample B. The
—1.6-cm-diam pellets were sliced into disks that were
carefully sawed into the serpentine pattern shown in Fig.
1. Each sample was subsequently ground to -0.3 mm
thickness. Gold contacts were sputtered onto the surface
and the sample was annealed at 600'C for 1 h to improve
the contact resistance and then at 400'C for 16 h in 1

atm of fIowing 02 to establish the oxygen content. The
serpentine shape of the sample allowed for a substantial

increase in electric field sensitivity while maintaining a
large cross-sectional area, -0.3 mm . The large cross2

section ensures that the transport results represent the
three-dimensional behavior of many grains.

The grain size distributions were characterized by
measuring the average linear intercept between grain
boundaries. Histograms of the distributions of linear in-
tercepts are shown for both samples in Fig. 2. The aver-
age intercept length for sample A was 5 pm and for sam-
ple B was 8 pm. Although it is clear from the histograms
that sample B has larger grains, because of the skew ap-
parent in these distributions, it is not clear that the aver-
age linear intercept length is the most appropriate length
to characterize the microstructure. To support the use of
this measure, we have plotted the data for sample A mul-
tiplied by —' as the dotted line in Fig. 2. The observation

5

that this constructed histogram has a similar peak loca-
tion and skew to sample B provides support for our use of
the average linear intercept length as the characteristic
length to describe the rnicrostructure. These histograms
are the sum of several sets of measurements from
different regions in the samples. There is no indication of
inhomogeneity on length scales larger than the grain size.

TRANSPORT MEASUREMENTS

FIG. 1. A photograph showing the serpentine pattern used to
achieve large electric field sensitivity.

The transport properties of these samples were studied
in a very conventional manner, but as much lower
current density than others have used. A constant
current was applied using a Keithley 220 current source
and the voltage measured with a Keithley 181 nano-
voltmeter. Because of the long current path, the system
noise level, -20 nV, corresponded to an electric field sen-
sitivity of —3 X 10 V/m. The data were taken in con-
stant field for numerous descending temperatures. For
each point the voltage was measured for equal positive
and negative currents. Figure 3(a) shows the EJcurves-
at 0.3 T for 26 temperatures 1 K apart for sample A.
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Figure 3(b) shows the same data plotted as resistivity
(E/J) versus J. Figures 4(a) and 4(b) show data for sam-

p e B at 1.5 T. Data were taken at other fields and exhib-
it similar behavior.

An examination of the E Jcu-rves [Figs. 3(a) and 4(a)]
indicates that there is a temperature below which the
ohmic regime vanishes and downward curvature is evi-

the E-J curve th
dent at all currents. For all the field f b h

e - curve that separates these regimes were selected.
xe e glass transition temperature and for the

rest of the analysis this value is used. The slope of this
curve was measured and found to be 2.7+0.2 for sam le
A and 2.8+0.2 for sam 1

e . . or sample

field dependence of the slope of the E-J curve at the glass
transition temperature was observ d F' 5 he . igure shows the
temperature dependence of T (H) f thor e two samples
and the temperature where the grains become locally su-
perconducting as measured by ac susceptibility
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DISCUSSIQN

The E-J characteristics of polycrystalline superconduc-
tors' have often been interpreted using phenomenologi-
cal models based on Aux-Aow and Aux-creep —Aux-Aow
crossover behavior. All of these analyses have been car-
ried out in the strongly nonlinear portion of the E-J
curves, above the region where it was implicitly assumed
that current independent Aux creep occurred. However,
as pointed out by Yeshurun and Malozemoff' and Tink-
ham, because of the unprecedented high temperatures
and the short coherence length, Aux-creep effects, which
were not observable in most low-T, systems, would be-
come significant for the high-T, materials. As mentioned
above, this paper concerns the low current portion of the
E-J curves where the behavior is dominated by the in-
teraction of the vortices with the thermal Auctuations.
The standard form of the Aux-creep model' predicts a
resistivity which is given by

p=(2VBL/J)e U/"Tsinh(JBV, Lp/kT) .

At low current, the hyperbolic sine term can be replaced
by its argument and this leads to a current independent
resistivity at low current which has a temperature depen-
dence proportional to e . Since AT/T ((1 there is
little difference in the data plotted as T or 1/T so the pre-
diction of Aux creep is that Figs. 3(b) and 4(b) should
show equally spaced horizontal lines at low current.
Clearly our data are at variance with this prediction.

A number of modifications to the standard Aux-creep
model have been proposed to explain deviations observed
in experiments. One model" assumes a particular shape
for the current dependence of the pinning wells to explain
the E-J behavior at high current density in epitaxial films.
However, far from T„where the potential well depth is
not expected to have a strong temperature dependence,
this model predicts that there is a current independent
resistivity that does not vanish except at T=O. The same
is true for models that modify the standard Aux-creep
model by adding a distribution of barriers. ' By choosing
particular shapes of the barrier distribution, these models
can explain power-law E-J behavior, however, they are
unable to account for the continuous downward curva-
ture evident at temperatures below T .

In striking contrast to these models which predict a
slow crossover-type behavior, the vortex-glass model'
predicts a second-order phase transition at T (H)) 0.
Central to this model is the recognition that the vortices
are line objects and that they must move over macroscop-
ic distances in order for dissipation to occur. The motion
of the vortices which leads to dissipation can be thought
of as the growth of vortex loops nucleated by thermal
Auctuations. If the Auctuation is large enough, the loop
grows due to the force provided by the interaction of the
vortex and the current. This growth is impeded by the
energy due to the line tension and the interaction of the
vortex loop with the random distribution of pinning sites.

Near the transition into the vortex-glass phase, where
the vortex-glass correlation length gvo is larger than oth-
er relevant 1engths, e.g. , the grain size, an estimate of the
current density range where scaling behavior is expected

can be made by comparing the thermal energy kT with
the energy due to the current density J, of a loop of size
LJ,

KT =$0JLJ, (2)

where $0 is the Aux quantum. When LJ is larger than
any other relevant length in the sample, the physics
should be dominated by the fluctuations and the model
should describe the transport behavior. For films, this
length is approximately the distance between the vor-
tices, ' indicating that there is very strong disorder. In
crystals, ' the estimate is 15 pm, consistent with the ob-
servation that the crystals are much less disordered and
have lower critical current. The length scale for inter-
granular currents in polycrystalline samples is set by the
grain size; at lengths longer than the grain size, the sam-
ple appears homogeneous.

There are three predictions of the vortex-glass model
that can be compared with these transport data. '

1. At the phase transition temperature, the E-J data
should show a power-law behavior, E ~J'+", where
the critical exponent z is expected to be in the range of
4—6.

2. Above Ts(H), there should be an ohmic region in
the resistivity at low current. The resistivity in this re-
gion should vanish at T (H) as p ~ r ' ", where
t=—~T —

Tg ~/T The cr.itical exponent v is expected to
be in the range 1 —2.

3. Below T (H), the voltage should vanish exponen-
—

( J, /J)~
tially in the current, E ~ e ', where the characteris-
tic current J, should increase below the phase transition
as t, and the vortex-glass exponent p is expected to be
in the range 0—1.

We have analyzed our data in the context of this mod-
el. The observation of power-law behavior only at a sin-
gle temperature, with a magnetic field and sample-
independent exponent is support for point 1 above. Our
value of the critical exponent z, 4.6+0.2 is in good agree-
ment with the data of Koch et al. ' who report a z of 4.8,
and Gammel, Schneemeyer, and Bishop' who report a z
of 4.3+1.5. Above T (H) there is a clear ohmic regime,
most easily seen in Figs. 3(b) and 4(b). Figure 6(a) shows
the ohmic resistance versus (T —Ts)/Tg for sample A at
H=0.05 T. When plotted as a function of (T —T )/T
all the fields for both samples show identical behavior.
Figure 6(b) shows p/p0 versus (T —Tg)/T~ for several
fields for both samples. The value of p0(H) was chosen to
collapse the data. The slope of these data is 3.9+0.2 for
small values of reduced temperature, which when com-
bined with the z value measured at Ts(H) gives a v of
1.1+0.2. This agrees reasonably well with the value re-
ported by Koch et al. of 1.7 and Gammel, Schneemeyer,
and Bishop of 2+1. This interpretation of the ohmic
resistance is strong evidence for point 2.

Below the transition, the voltage vanishes quickly mak-
ing accurate measurement of the E-J curves, over the re-
gion in current density where the scaling is expected,
difficult and we have been unable to extract a value of the
exponent p. However, a scaling collapse of the E-J data
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suggested by Koch, Foglietti, and Fisher, ' shown in Fig.
7, indicates that the same critical exponent v applies to
the data above and below the phase transition. In Fig. 7
we plot E/J scaled by ~t~

' "versus

unscaled

by ~t for
two fields 0.3 and 1.5 T for sample A [Fig. 7(a)] and sam-
ple 8 [Fig. 7(b)]. This scaling form allows the data from
all the E-J curves at different temperatures and fields to
be combined. The two branches represent the universal
scaling functions. ' Also, finding that this scaling col-
lapses the data for both fields demonstrates the universal-
ity of the critical exponents v and z for the two fields and
samples. The fact that the same value of v collapses both
the data above and below T (H) demonstrates support
for the third vortex-glass prediction listed above.

It is clear that the scaling collapse for sample A is
better than for sample B. This may partly be due to the
fact that sample 8 has larger grains. Equation (2) can be
used to estimate the maximum current density where
critical scaling should be observed. Sample A (5-pm
grains) has a glass transition temperature of 55 K at 1.5
T. This implies that above 15000 A/m critical scaling
should not be observed. For sample 8 (8-IMm grains) the
glass temperature is 67 K at 1.5 T which implies a limit
of 7000 A/m . Figure 8 shows the E-J data at T where
E has been scaled by X'+" . This scaling makes the
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size dependence provides a very strong argument in sup-
port of the vortex-glass model, however, it also, when
combined with the experimental constraints of noise,
reduces the amount of data for sample 8. The effect of
the different grain size is also evident in the size of the
critical region in Fig. 5(b). The solid points, from sample
8, clearly diverge from the expected scaling behavior at a
smaller value of reduced temperature than the open
points from sample A. The coherence length of the Auc-
tuations diverges as the glass transition is approached
along the temperature axis. For the predicted scaling be-
havior to be observed, this length must be larger than any
other relevant length in the sample, i.e., the grain size in
polycrystalline material. Because sample 8 has larger
grains, a smaller value of reduced temperature is neces-
sary before this condition is met.

Collective pinning' models also predict zero linear dis-
sipation, however, the assumption in the collective pin-
ning model that large numbers of random pins induce
small local distortion of the hexagonal flux lattice does
not seem appropriate for polycrystalline samples. The
models based on transitions in a flux liquid regime' also
do not appear appropriate. They predict that entangle-
ment or partially ordered Aux lattice phases could pro-
vide the rigidity necessary to support a critical current.
However, these models, which are probably more

relevant at very low-Aux density, have not been developed
to the point where detailed comparisons with transport
.data such as reported here are possible.

We have presented transport data on two polycrystal-
line YBa2Cu307 samples which strongly support the
conclusion that there exists a global second-order phase
transition where the vortices in the intergranular regions
freeze into a state with true superconducting character.
This phase can only be detected when the measurement
current density is small enough to probe the sample at
lengths larger than the average grain size. The critical
exponents measured at this transition are in very good
agreement with those measured for epitaxial films' and
crystals' of YBa2Cu307 and are consistent with the
preliminary predictions of Fisher's' vortex-glass model.
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