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Measurements of the irreversibility line H(T*) of Y~ — Pr„Ba2Cu30697, a system in which the super-

conducting transition temperature T, can be varied from 0 to 92 K, show that H(T ) obeys a universal

scaling relation characterized by an m = —', power law near T„with a crossover to a more rapid tempera-

ture dependence below T/T, = 0.6. The applicability of the scaling formula to other high T, supercon-

ductors is tested, with the results suggesting that both the crossover phenomenon and the power law tern-

perature dependence are ubiquitous, scale-invariant properties of high temperature superconductors.

PACS numbers: 74.60.Ge, 74.60.Mj

One of the more interesting and controversial develop-
ments in the study of the irreversibility line H(T*) in

high temperature superconductors is the observation in

some materials of a crossover from an approximate
(I —T*/T, ) I temperature dependence near T/T, = I to
a more rapid dependence at lower reduced temperatures.
Such a crossover was first seen in the electron-doped su-

perconductor Smi ssCeo isCu04 y [I] and has subse-

quently been observed in both electron-doped [2-5] and
hole-doped compounds, the latter including oxygen-
deficient YBa2Cu30„[6,7] and Bi2SrzCaCu20sys [8).

That the crossover phenomenon has a fundamental ori-

gin is suggested in part by the large number of cuprate
materials in which it has been observed (in both polycrys-
talline and single-crystal samples), and also because of
corroborating measurements from several experimental
techniques. [For brevity, in this Letter, we refer to
HM(T*), HR(T*), and Hz(T*) as the irreversibility line

inferred from measurements of the dc magnetization

Md, (T,H), the magnetoresistance R(T,H), and the real
component of the ac magnetic susceptibility II„(T,H),
respectively [9].] Despite this body of evidence, the ques-

tion still remains as to whether the crossover phenomenon
is truly an intrinsic property of cuprate superconductors
(e.g. , whether it is related to some universal dynamical
process involving flux line mobility or to a dimensional
crossover in the vortex glass or liquid) or whether it is a

material-dependent effect (e.g. , resulting from a sample-
dependent distribution of pinning potentials). Advocates
of the latter point of view note that no crossover phenom-
enon has been reported for some important classes of cu-

prate superconductors, most notably fully oxygenated
specimens of YBa2Cu307 q. It is important that this is-

sue of possible universality be resolved, since the physics
of the irreversibility line appears to underlie the ultimate
current-carrying capability of high temperature supercon-
ductors.

In our experiments, we address this issue through mea-

surements of the irreversibility line HR(T ) in Yi —,-
Pr, Ba2Cu30697 a system in which T, can be systemati-
cally reduced from 92 to 0 K by varying the Pr concen-
tration. Our principal finding is that HR(T ) in this sys-

tem obeys a scaling relation in which the data from
diA'erent Pr concentrations collapse onto a single univer-
sal curve. For T*/T, + 0.6, this curve exhibits power-law
behavior with an exponent m = 2, while at lower tem-

peratures, the curve displays a more rapid variation with

temperature. The scaling variable is a characteristic
magnetic field, designated Ht(x), which corresponds to
the value of Htt(T*) at T*/T, =0.6.

Having established the scaling relation for Y~ —„Pr-
BazCu30697 we then test the universality of the scaling
conjecture by applying it to previously published results
on other cuprate systems, notably Sm

~ 85Cep ~ gCu04 —~

[2,3], oxygen-deficient YBazCu30„[6], and BizsrzCa-
Cu20s+s [8]. In all cases, we find virtually identical scal-
ing behavior, with a crossover feature in the universality
line occurring at T*/T, =0,6. This result also suggests
that the absence of the crossover in the irreversibility line

of fully oxygenated YBazCu307 s is merely a conse-

quence of measurements having not been performed at
suSciently strong magnetic field for that system.

VVe believe that this collective evidence indicates that
the crossover phenomenon is likely to be an intrinsic mi-

croscopic property of the flux line dynamics of all high

temperature superconductors. As discussed subsequently,
this conclusion is consistent with a recent phenomenologi-
cal model by Garland, Almasan, and Maple [10], which

attributes the crossover to the onset of strong correlations
in the flux line lattice at high magnetic fields.

I n the measurements reported here, polycrystalline
samples of Y] — Pr, Ba2Cu30697 with 0» x ~0.55 and
13.5 ~ T, ~92.2 K were prepared as described in Ref.
[11]. Low-frequency four-wire electrical resistance
R(T, H) measurements were performed in applied mag-
netic fields H up to 23 T. Data for 10 ~ H ~ 23 T were
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obtained at the Francis Bitter National Magnet Labora-
tory. On the various curves, T (H) is taken to be the
temperature at which R(T,H) drops to 50% of its ex-
trapolated normal-state value. The resulting HII(T*)
curves obtained from the R(T,H) data of Y~ —„Pr„Ba2-
CU30$ 97 with 0 ~ x ~ 0.55 are displayed in Fig. 1 in the
form of log-log plots of Hit(T ) vs 1

—T*/T, . For low

Pr concentrations, the Hg(T*) data exhibit a power law

dependence of the form

Hg(T*) =Ho(1 —T /T, )

with m = —,'. It is evident from the figure that a depar-
ture from this behavior is observed for T*/T, &0.6 for
those higher Pr concentrations in which the relevant H-T

regime is attainable.
The data shown in Fig. 2(a) were obtained by applying

a scaling procedure to the data of Fig. I; for each speci-
men, Hit(T*) was normalized by the crossover field
Ht(x), defined to be the value of Hit(T ) at T /T,
=0.6. Ht(x) was obtained directly from the data for the
x =0.5 and 0.55 sainples, and by extrapolation [using Eq.
(1) with m = —', ] for the other specimens, except for the
x=0.53 sample, in which Ht(x) was an adjustable pa-
rameter. The values of Ht(x) are given in Table I. It is
evident that the normalized Hp(T ) data for all x values
collapse onto a single curve. The data in the low field and
high temperature regime follow a power law dependence
with m=

& (the solid line represents the m=-,' power
law). In the high field regime and for T*/T, ~0.6, there
is a clear departure of the data from the low field power
law; HIt(T*)/H (x) varies more rapidly than m =

& in

this regime, although it is not possible to deduce an expli-
cit power law dependence. A narrowing of the supercon-
ducting transition was also observed in this field and tem-
perature regime [12], as is consistent with the higher
value of m and the thermally activated flux creep models.
The value of the crossover field decreases with increasing
x or, equivalently, increasing magnetic penetration depth
2 [13], which is consistent with the model proposed in
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FIG. 2. Log-log plots of (a) Hg, normalized to a characteris-
tic field H (x), for polycrystalline Y~ —,Pr, Ba2Cu30497 with
0~x ~0.55, (b) Hsl and HR, normalized to a characteristic
field H~, for a grain-aligned sample and two single crystals of
Sm~ s5Ce0~5Cu04-7, with Hllc (the data are from Refs. [2] and
[3]), (c) H~/Ht for a YBa2Cu30„single crystal with tunable T,
(data from Ref. [6]), and (d) H44/Ht for Bi2Sf2CaCU20s+4
(data from Ref. [8]), all vs I —T*/T, ; (e) composite plot of all
the data from Figs. 2(a)-2(d). The solid lines in all four
figures represent power law behavior with exponent m
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TABLE I. Superconducting transition temperature T„
penetration depth k (from Ref. [13]),and crossover field Ht(x)
for diAerent x values for Y[ —„Pr Ba2Cu30697. The uncertainty
in Ht(x) is the standard deviation of the data from fits to Eq.
(1).

X (nm) H'(x) (T)

0
0. 1

0.2
0.3
0.4
0.5
0.55
0.53

91.9
88.5
73.3
62.5
45.3
31.1

22. 1

12.7

143
172
193
219
293

237+ 17
260+ 15

76.0 ~ 8.0
47.3+ 4.5
26.7+ 0.7

10.4
1.8
0.4

Ref. [10].
Although the 50% criteria for defining T*(H) was ar-

bitrarily chosen in the above analysis, we obtained similar
results by defining T*(H) at R/R„=10% and 90%,
where R„ is the extrapolated normal-state resistance.
Indeed, Tinkham has shown [14] that T* —T„~H2ti at
any R/R„ level and, hence, that the power law depen-
dence of the H-T phase boundary is the same (m = —', )
regardless of the R/R„ level at which it is extracted. The
irreversibility line extracted from dc magnetization mea-
surements corresponds to the choice of a R/R„ level

sufficiently low to allow persistent currents to flow.
We were not able to compare the temperature depen-

dence of HR(T*) with the temperature dependence of
HM(T*) for Yi „Pr„BazCu30697. For samples ha~ing
x ) 0.3, the determination of the irreversibility line from
the dc magnetization is limited to low fields (H (0.8 T)
because the Pr ions carry localized magnetic moments
and are strongly paramagnetic. At higher fields, the
strong paramagnetic contribution of the Pr ions dom-
inates the superconducting diamagnetic response, de-
creasing the sensitivity and making it di%cult to extract
the small diamagnetic signal from the large paramagnetic
background. Thus, the high field, low temperature por-
tion of the irreversibility line HM(T ) in the H-T plane
becomes inaccessible.

In Figs. 2(b)-2(d), we apply the scaling procedure to
previously published measurements on other cuprate su-

perconductors. In each figure, the magnetic field is nor-

malized by a characteristic field H~, which is defined to
be the value of HM (or Htt or Hx) at T*/T, =0.6. Fig-
ure 2(b) shows a log-log plot of HM (T*)/Ht and
HR(T*)/Ht (all with Hllc) as a function of 1

—T*/T,
for a grain-aligned sample and two single crystals of the
electron-doped superconductor Sm 1 ssCeo 15Cu04-~ [2,
3]. Figure 2(c) shows an analogous plot of a compilation
of measurements taken by Seidler et al. [6] on a single
crystal of YBa2Cu30„ in which T, was varied over a
range of 7-17 K by progressively annealing the single-
crystal specimen at room temperature.

Figure 2(d) shows scaled data of H(T*)/Ht (for Hllc)

of a single crystal of Bi2Sr~CaCu208+~, from measure-
ments taken by Kadowaki and Mochiku [8]. Interesting-

ly, this specimen also shows a crossover in the value of
the exponent m at T*/T, =0.6, even though the two
highest temperature data points suggest that m is closer
to 1.2 than to 1.5 for T*/T, )0.6.

Figure 2(e) is a composite plot of all the data from
Figs. 2(a)-2(d). This figure suggests that the crossover
of the irreversibility line from m =

2 to a stronger
dependence at T*/T, =0.6 is a fundamental property of
the cuprate superconductors. It is evident from the figure
that the detailed temperature dependence of H(T*)/H
in the region of rapid variation (below T*/T, =0.6) is

not characterized by simple power law behavior. Furth-
ermore, in this region, there are clear diA'erences in the
temperature dependences among the families of cuprate
superconductors.

Although it is still an open question as to whether the
scaling invariance of the irreversibility line applies also to
noncuprate superconductors, there is limited evidence for
a crossover phenomenon in selected noncuprate materials.
Rossel et aj. [15] have reported a crossover in HM(T*)
from a m = —', to an exponential behavior at T*/T, = 0.8
in the more "conventional" superconductor PbMo6Ss.
Further, Visani et al. [16] have observed a crossover in

Hx(T*) from a m = 1.3 to m =4.2 power law at T*/T,
= 0.9 in the heavy-fermion superconductor URuzSi2.

On the basis of the observations summarized in Fig. 2
and Table I it seems reasonable to draw the following
conclusions: (i) The presence of the crossover eA'ect at
the same reduced temperature of T*/T, = 0.6 in

Htt(T*), HM(T*), and Hx(T*) indicates that HR(T*)
probes the H and T dependence of the irreversibility line,
even in the lower T, electron-doped cuprates [17]. (ii)
The breakdown of the m =

& power law below T*/T,
=0.6 is most likely a scale-invariant universal charac-
teristic of high T, superconductors, independent of the
superconducting copper oxide material, the value of T„
and the experimental procedure employed to measure
H(T*). (iii) The value of the crossover magnetic field

H t, which marks the onset of the more rapid temperature
dependence, is lower for superconductors with larger
transverse magnetic penetration depth.

According to the flux creep model of irreversibility be-
havior, the value of the exponent m is governed by the
physics of the pinning potential [18],with the existence of
the crossover implying two regimes in which the pinning
potential displays different temperature and/or magnetic
field dependencies. Two models have been invoked to ex-
plain such a crossover. The first model [10] accounts for
the crossover by postulating a characteristic vortex sepa-
ration distance denoted a*. When the flux line spacing
ao= (@0/H) ' exceeds a*, the IIux line bundles are
found to be weakly correlated, with pinning-induced fluc-
tuations in the local flux density smoothed over the entire
bundle. This regime leads to an irreversibility exponent
of —,'. At stronger fields, characterized by ao&a*, the
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flux lines harden into rigid bundles, so that pinning effects
becotne truly collective; in this regime the exponent
m=3. The crossover point between the two regimes
occurs at a field 0* in which the flux line space is equal
to a*, i.e.,

(2)

Comparing a* to X (transverse to the field), the crossover
field extracted from magnetization measurements corre-
sponds to a flux line spacing of about A/4 for Sml s5-

Cec 1sCu04 ~ [10] and X/8 for oxygen-deficient
YBa2Cu30„[7]. This difference might originate in the
error introduced by using different methods to estimate X.

The small value of X (X,b = 1400 A [19]) in YBa2Cu307
suggests that the onset of strong correlations should occur
at much higher fields (H ) 2 T for Hllc).

The second model invokes the presence of a transition
in the vortex lattice from rigid three-dimensional vortex
lines to two-dimensional independent pancakelike vortices
that move in the Cu02 planes [20]. A high degree of an-

isotropy implies weak interplane coupling, which pro-
duces thermally activated decoupling of the pancakelike
vortices in the adjacent Cu02 layers. Hence, this model

predicts the crossover behavior to occur in highly aniso-
tropic systems like Bi- and Tl-based materials, as well as
oxygen-deficient YBa2Cu30„. The dimensional crossover
in YBa2Cu307 is not predicted to occur below H, 2 be-
cause of the lower anisotropy of this material. Similarly,
one would not expect to observe a dimensional crossover
in the electron-doped compound Sm 1 ssCeo 1 sCu04-~,
which also has a relatively low anisotropy [21]. However,
since we report crossover behavior in Sml ssCeolsCu-
04 ~, this model does not seem to be applicable to this
system.
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