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The resistive transition into a glassy vortex state in oxygen-deficient YBa2Cu3O72d twinned single crystals
of varying anisotropyg (8.7<g<35) has been studied with an applied magnetic field along the crystallo-
graphic c axis. For B*1 T, the glass line is well described by the empirical relationBg5B0@(1
2T/Tc)/(T/Tc)#a, wherea'1 and B0'1.85F0 /(gd)2. The successful fit to this relation both below and
above an alleged crossover in the solid vortex state has important consequences for theH-T phase diagram of
high-temperature superconductors.@S0163-1829~98!51722-5#

The importance of thermal fluctuations, the extreme
type-II character, and the large anisotropy of high-
temperature superconductors give rise to a soft vortex system
with a number of interesting features.1 In particular, this re-
sults in a separation of the mixed state into a low-
temperature vortex solid with a nonzero critical current den-
sity and a high-temperature vortex liquid with energy
dissipation for all currents. In clean, optimally doped
YBa2Cu3O72d ~YBCO! single crystals, a first-order transi-
tion has been observed and interpreted as a melting transition
between a low-temperature Abrikosov lattice and a high-
temperature vortex liquid.2,3 For disordered samples the vor-
tex liquid freezes through a continuous second-order transi-
tion into a glassy state, whose properties depend on the kind
of disorder.4–6 The boundary between the solid and liquid
phases is strongly affected by the anisotropy of the material,
with the vortex solid more suppressed for materials with
higher anisotropy.7,8

For magnetic fieldsBic axis, a crossover between three-
dimensional~3D! and two-dimensional~2D! vortex fluctua-
tions has been proposed1,4 at a fieldB2D.F0 /(gd)2, where
F0 is the flux quantum,d the interplane spacing, andg
5(mc /mab)

1/2 is the anisotropy. Experimentally, various
signs of a field-induced crossover have been observed in
both clean and disordered materials.8–10 In oxygen-deficient
thin films of YBCO, deviations from a power-law behavior
Bg}(12T/Tc)

3/2 of the vortex glass line have been observed
at an anisotropy-dependent fieldB* and taken as evidence
for reaching the 2D regime.11

In this paper we study the influence of anisotropy on the
vortex glass line using a test system consisting of oxygen-
deficient single crystals of YBCO. By varying the oxygen
content in the CuO chains, the coupling between charge car-
riers in adjacent CuO2 planes and thereby the anisotropyg is
changed.12 By increasing the anisotropy,B* can be lowered
to experimentally accessible values in this system. We study
the vortex glass line from the vortex liquid side, and find the
disappearance of resistivity to be well described byBg
5B0@(12T/Tc)/(T/Tc)#a for magnetic fields below as well
as aboveB* with an exponenta'1. This suggests that the
vortex dynamics remains essentially unchanged when in-
creasing the field throughB* , indicating that the vortex sys-
tem is 3D~or close to 3D! both below and aboveB* . The

experimentally obtained fieldB0[Bg(Tc/2), which varies as
B051.85F0 /(gd)2, is in good agreement with values ofg
obtained from torque measurements.12 Finally we success-
fully apply the proposed scaling relation to literature data on
Y-, Bi-, and Tl-based thin films and discuss its implications
for the H-T phase diagram of high-temperature supercon-
ductors~HTSC!.

Single crystals of YBCO were grown by a self-flux
method in yttria-stabilized zirconia crucibles as previously
described.13 Twinned crystals of varying oxygen content
were obtained by annealing for two weeks at various tem-
peratures in air. Compared to YBCO powder, x-ray diffrac-
tion measurements showed a slightly largerc-axis lattice pa-
rameter, which increased continuously with decreasingTc .

Electrical contacts were prepared by applying strips of
silver paint, followed by heat treatment under the same con-
ditions as during annealing, giving contact resistances below
1.5 V. Typical dimensions of the samples were 0.530.2
30.03 mm3. Measurements of the in-plane resistance for
magnetic fields 0<B<12 T applied along thec axis were
made with a currentI 50.3 mA and a voltage resolution
down to 0.3 nV. The samples were cooled in a field through
the superconducting transitions and data were recorded dur-
ing increasing temperatures.

Figure 1 shows the in-plane resistance for one of our

FIG. 1. Arrhenius plot of the resistive transitions for sample 2 in
magnetic fieldsBic axis of, from left to right, 0, 0.5, 1, 1.5, 2, 3, 4,
6, 9, and 12 T. The upper limit for the applicability of the Vogel-
Fulcher relation (d ln R/dT)21}(T2Tg) is marked by the dashed
line.
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samples at magnetic fieldsBic axis. A common feature of all
samples is that the upper part of the transitions.
R.0.05Rn , follows a thermally activated behavior
R5R0exp(2U/kBT) as earlier observed.14 At lower tempera-
tures a glassy regime is approached, characterized by a di-
verging activation energy and a truly zero resistance below a
certain field-dependent temperatureTg(B). The resistivity in
this low-temperature region is still almost ohmic, and the
determination ofTg(B), to be described below, is not appre-
ciably affected by the current level used in our experiment.
For the optimally doped sample~sample 1!, the crossover
between the two temperature regimes is close to the tempera-
ture at which the first-order transition occurs in clean
samples, which is significantly higher than ourTg(B).15 Ac-
cording to the vortex glass model, the resistance at low cur-
rents goes to zero at the glass temperatureTg as R}(T
2Tg)n(z21), wheren andz are the static and dynamic criti-
cal exponents, respectively.4 ConsequentlyTg(B) can be ex-
tracted by applying the Vogel-Fulcher relation
(d ln R/dT)21}(T2Tg) to the resistive tails. Below the
dashed line in the inset of Fig. 1, our data show good linear
relations in agreement with this expression. In other studies
this method for findingTg(B) has been shown to be consis-
tent with a vortex glass scaling of the current-voltage (I -V)
characteristics.11 From the inverse of the slopes we find the
scaling exponents5n(z21) to fall in the range of 461.5
for all samples and magnetic fields, which is somewhat
smaller than previously observed for more disordered thin
films.16

The magnetic field dependence of the measured glass
transitions is shown in Fig. 2. The expressionBg}(1
2T/Tc)

n, which has frequently been used11,17to describe the
vortex glass line belowB* is shown by dashed lines in Fig.
2. We obtain an exponentn51.460.1 for all samples except
for samples 4 and 5 which haven'1.7. It is clearly seen that
the fit breaks down for the most anisotropic samples, dem-
onstrating thatB* has been decreased to experimentally ac-
cessible values by increasing the anisotropy.

We find, however, that an empirical equation better de-
scribes the temperature dependence of the vortex glass line,
including fields both below and aboveB* ;

Bg5B0@~12T/Tc!/~T/Tc!#
a. ~1!

A comparison between the two functional forms ofBg shows
that they are similar only for temperatures down toTc/2.
This explains the observation that deviations fromBg}(1
2T/Tc)

n seem to set in atT'0.5Tc .11,17 Note that Eq.~1!
implies that the characteristic magnetic fieldB0[Bg(Tc/2),
and thereforeB0'B* . The solid curves in Fig. 2 were cal-
culated from Eq.~1! with the values ofB0 , Tc , anda given
in Table I. An excellent description of data is obtained by
this form. Small uncertainties below 1 T can possibly be
attributed to a nonuniform vortex distribution at low fields.
For sample 4, there is some discrepancy above 6 T. We
suggest that these discrepancies may be connected with
sample inhomogeneities as reflected in a larger zero-field
transition width (DTc'6 K) and a smallc-axis contribution
as observed in the normal-state resistivity of this sample.

From Table I and Fig. 2 we see that the fittedB0 roughly
agrees with the fieldB* , at which the (12T/Tc)

n power law
breaks down for samples 3–5 with accessibleB* . We there-
fore write B05CF0 /(gd)2 as previously made forB* .11 If
we take d as thec-axis lattice parameterd511.7 Å, the
constantC can be determined by using our fittedB0 and a
value of g obtained from torque measurements by Chien
et al.12 In order to have a strict one-to-one correspondence
betweeng andTc , we make this comparison for sample 3,
which has aTc in between the 60 K and 90 K plateaus of
YBCO. The obtained value,C51.85, is then used to calcu-
late the anisotropy of the other four samples. Good agree-

FIG. 3. Anisotropyg versusTc for oxygen-deficient single crys-
tals of YBCO. The values in this study~n! were obtained by as-
suming B05Cf0 /(gd)2 and are in good agreement with results
from torque magnetometry~see Ref. 12! ~s!, except for the most
anisotropic sample as discussed in the text.

FIG. 2. Vortex glass transition lines determined from the disap-
pearance of resistance for five YBCO samples of varying anisot-
ropy. Solid lines are fits toBg5B0@(12T/Tc)/(T/Tc)#a with Tc ,
B0 , anda given in Table I. Dashed lines are described byBg}(1
2T/Tc)

n, with n'1.4. The latter description fails at high magnetic
fields for the most anisotropic samples.

TABLE I. Properties of YBa2Cu3O72d single crystals. For con-
sistencyTc is taken as the temperature for the onset of resistivity
~resolution limit of our experiment! in zero magnetic field.B0 anda
were obtained by fitting Eq.~1! to the vortex glass lines.g was
estimated fromB05Cf0 /(gd)2.

Sample Tc ~K! Annealing B0 ~T! a g

1 91.3 O2, 450 °C 36.9 1.21 8.7
2 86.2 air, 500 °C 16.2 1.05 13
3 73.2 air, 525 °C 7.47 0.98 19
4 62.2 air, 600 °C 3.69 1.06 28
5 51.8 air, 700 °C 2.27 1.27 35
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ment for samples 1–4, between our analysis ofg from the
fitted B0 and the values of Ref. 12, is shown in Fig. 3, giving
strong evidence for the proposed anisotropy dependence of
B0 . However, we do not observe the strong increase ofg
below the 60 K plateau, as seen in Ref. 12. As noted by these
authors, their lower annealing temperatures should result in
an oxygen distribution with more local ordering, and conse-
quently a higher critical temperature in this region.

The applicability of Eq.~1! was further investigated with
data from the literature for different superconducting thin
films. B0 was evaluated asBg(Tc/2) andBg /B0 was calcu-
lated as a function of@(12T/Tc)/(T/Tc)#a, with a as the
only adjustable parameter. Data for oxygen-deficient YBCO
thin films11 with Tc557 K and 48.5 K, as well as for the
more anisotropic Tl-22127,18 and Bi-222319 superconduct-
ors, are shown in Fig. 4 together with our data from Fig. 2.
The parametersB0 and a for the thin-film superconductors
are given in Table II. The results illustrate that Eq.~1! can be
used over at least three orders of magnitude inBg /B0 . The
exponenta depends on the material with values around 1 for
YBCO and in the range of 1.6–1.8 for the Bi and Tl thin
films.

We now consider possible theoretical support for Eq.~1!.
In the absence of disorder, the vortex solid-to-liquid transi-
tion is a melting transition, which can be derived from a
Lindemann criterion̂ u2& th5cL

2a0
2, where cL is the Linde-

mann number (0.1,cL,0.3) anda0 is the vortex lattice
constant.20 Close toTc this gives a temperature dependence
B}@(12T/Tc)/(T/Tc)#2, which is sometimes simplified to
a (12T/Tc)

2 power law.21 Blatter and Ivlev included the
effect of quantum fluctuationŝ u2&q on the melting
phenomenon.22 The temperature dependence then becomes
more complicated and no closed form for the field depen-
dence of the melting line can be obtained. Qualitatively,
however, the effect of quantum fluctuations is a shift of the
melting line towards lower fields, corresponding to a value
of a smaller than 2. In both these theories the prefactor ap-
proximately varies as 1/g2. Thus, the proposed temperature
and anisotropy dependence of the vortex glass behavior in
our samples does not seem unreasonable.

The description ofBg(T), illustrated in Fig. 2, is remark-
ably simple and accurate. The fact that one functional form
describes the experimental data on both sides ofB* suggests
that the beginning of deviations fromBg}(12T/Tc)

n (n
;3/2) at B* should not be associated with a dimensional
crossover fieldB2D . It also indicates that the same physical
mechanism is responsible for the disappearance of resistance
in both magnetic field regimes in the liquid state. Further-
more, the good fits presented here are correlated to half the
transition temperature throughB0[Bg(Tc/2). This signifi-
cance of a certain temperature is not expected for a behavior
that is field induced, as the crossover fieldB2D . We also find
no changes in vortex glass behavior or in critical exponents
aroundB* as one may expect at a dimensional crossover,
since the scaling exponents depend on dimensionality. This
is also consistent with constant critical exponents on both
sides ofB* as obtained from a vortex glass scaling of the
I -V characteristics.11 We therefore conclude that the vortex
system is 3D~or close to 3D! both below and aboveB* in
the vortex liquid.

The present results have important consequences for the
vortex solid phase. Signs of a crossover in the vortex solid
have been observed both in clean8,23 and disordered9,10

samples. The absence of any signs of a crossover in the
vortex liquid and the smooth shape of the glass line in our
disordered samples therefore suggest that a possible cross-
over can neither continue above, nor end on the glass line in
a tricritical point. The phase diagram therefore differs from
the one obtained for clean samples. One possibility is that the
crossover becomes suppressed when approaching the glass
line, as was observed in Ref. 10.

In summary, we have studied the temperature dependence
of the vortex glass line for oxygen-deficient YBa2Cu3O72d
single crystals of varying anisotropy. The semiempirical re-
lation Bg5B0@(12T/Tc)/(T/Tc)#a, with B051.85F0 /
(gd)2, was found to well describe the temperature depen-
dence of the glass transition both below and above the pur-
ported crossover fieldB* . The above relation was also suc-
cessfully applied to the vortex glass lines for thin films
including the more anisotropic Tl-2212 and Bi-2223 super-
conductors.
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ing Sciences, the Go¨ran Gustafsson Foundation, and the
Swedish Superconductivity Consortium is gratefully ac-
knowledged.

FIG. 4. Scaling of the vortex glass line according to Eq.~1!.
Shown are data from single crystals of YBCO~present work!, thin
films of deoxygenated YBCO~Ref. 11,1: Tc557 K, 3: Tc548.5
K!, thin films of Tl-2212~Refs. 7 and 18!, and a thin film of Bi-
2223 ~Ref. 19!. Tc , B0 , anda are shown in Table I for the single
crystals and in Table II for the thin films.

TABLE II. Critical temperatureTc and parametersB0 and a
according to Eq.~1! for various thin film samples: Deoxygenated
YBCO ~magnetic field rangeB51 – 5 T!, Tl-2212 ~B50.5– 5 T in
Ref. 7 and 0.5–12 T in Ref. 18!, and Bi-2223 (B50.5– 6 T).

Sample Tc ~K! B0 ~T! a Ref.

YBCO 57.0 3.07 0.95 11
YBCO 48.5 2.17 1.12 11
Tl-2212 100 1.50 1.59 7
Tl-2212 102.5 1.61 1.82 18
Bi-2223 96 1.31 1.82 19
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