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It is shown that the temperature dependence of the irreversibility lineB(T* ) of the Y12xPrxBa2Cu3O6.97

~0<x<0.55! system, inferred from magnetoresistance measurements, can be described by a Lindemann-type
model of a vortex-solid–vortex-fluid phase transition triggered by vortex fluctuations. In this model, the
previously observed transition inB(T* ) from a power-law temperature dependence nearTc to a more rapid
dependence belowT* /Tc'0.6 can be accounted for in terms of a crossover from three-dimensional~3D! to
two-dimensional~2D! vortex fluctuations. For differentx values, a lower limit for the anisotropy ratiog and an
upper limit for the crossover magnetic inductionBcr above which 2D vortex fluctuations dominate were
determined.

The presence of a boundaryH(T* ) in the applied mag-
netic fieldH temperatureT plane of the high transition tem-
peratureTc oxide superconductors which delineates the su-
perconducting region in which the critical current density
Jc(H,T)Þ0 and the magnetizationM (H,T) exhibits irre-
versible behavior was observed in polycrystalline
La22xSrxCuO41d.

1 Since then, there has been an ongoing
debate about whether the irreversibility lineH(T* ) repre-
sents a crossover from flux creep to flux flow2–4 or is caused
by glassy vortex kinetics5–7 or vortex lattice melting.8–11An
interesting development in the study of the irreversibility line
is the observation in a large number of cuprate materials
~both polycrystalline and single-crystal samples! of a transi-
tion from an approximate (12T* /Tc)

3/2 temperature depen-
dence nearTc to a more rapid dependence at lower
temperatures.12–18 Recently, it was shown that the
H(T* ) curves of Y12xPrxBa2Cu3O6.97 ~0<x<0.55!,
Sm1.85Ce0.15CuO42y, YBa2Cu3Oy , Bi2Sr2CaCu2O81d,
Bi2Sr2CuOy , and Tl2Ba2CuO6 appear to obey a universal
scaling relation characterized by anm53/2 power law near
Tc , with a change to a more rapid temperature dependence
below T* /Tc'0.6.19,20 Schilling et al.21 observed that the
magnetic inductionB(T* ), measured withHic on single
crystals of Bi2Sr2CaCu2O8, changes from a parabolic tem-
perature dependence,B5B0(12T* /Tc)

2, nearTc to an ex-
ponential dependence,B;exp~const/T* !, at largerB and
T* /Tc<0.6. They argued that the two regimes reflect a
crossover at an inductionBcr from essentially three-
dimensional~3D! vortex fluctuations nearTc to quasi-two-
dimensional~2D! vortex fluctuations at lower temperatures
and higher fields.

In this paper, we apply the analysis proposed by Schilling
et al. to the magnetoresistance data for the
Y12xPrxBa2Cu3O6.97 ~0<x<0.55! system19 and show that,
even for this system which has a lower anisotropy ratio than
Bi2Sr2CaCu2O8, B(T* ) is consistent with a vortex-solid–
vortex-fluid phase transition triggered by vortex fluctuations,
and that the departure ofB(T* ) from the power-law tem-
perature dependence forT* /Tc,0.6 can be explained by a
crossover from 3D to 2D vortex fluctuations. A Lindemann-

type melting criterion yields quantitative expressions for
B(T* ) in the two regimes which reproduce the experimental
data very well. We obtained reasonable values of the anisot-
ropy ratio g for different Pr concentrations by fitting the
experimental data to a Lindemann-type 2D melting line; as
expected,g increases with increasingx.

The present analysis was based on magnetoresistance
R(B,T) data taken on polycrystalline Y12xPrxBa2Cu3O6.97
~0<x<0.55! samples, reported in Ref. 19. Due to the large
anisotropy of the material, the onset of dissipation inR(B,T)
is determined by the grains which have theirc axes parallel
to the applied magnetic fieldH, while the grains with their
ab planes parallel toH are still superconducting and, hence,
do not contribute toR(B,T). As described in Ref. 19, the
curves in theB-T plane for several other systems inferred
from the magnetoresistance and the real component of the ac
magnetic susceptibility have the same temperature depen-
dence~with slightly different magnetic field scales! as the
true irreversibility line determined from measurements of the
dc magnetization; it is in this sense that we denoteB(T* )
extracted fromR(B,T) data as the ‘‘irreversibility line.’’ This
approach is justifiable since the main focus in this work is on
the temperature dependenceof B(T* ) and the uncertainty in
the scale ofH only introduces a small error in the value ofg,
as discussed later. In particular, we were not able to extract
the irreversibility line from dc magnetization measurements.
For x>0.3, the determination ofB(T* ) from magnetization
measurements can only be made in low fields~B<0.8 T!
since the Pr ions carry localized magnetic moments and the
resultant strong paramagnetism at higher fields dominates the
diamagnetic superconducting response, making it difficult to
extract the small diamagnetic signal from the large paramag-
netic background.

Feigel’man, Geshkenbein, and Larkin22 and Glazman and
Koshelev23 predicted the existence of a crossover from 3D to
2D vortex fluctuations at a magnetic fieldBcr'4f0/s

2g2,
wheref0 is the magnetic-flux quantum,s is the distance
between two superconducting layers, andg5lc/lab is the
anisotropy ratio, withlab and lc the magnetic penetration
depths. ForB@Bcr and moderate anisotropy (jab!g!lab),
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2D vortex fluctuations are expected with a mean-squared
thermal vortex fluctuation displacement^u2& th in Josephson-
coupled layers given by23

^u2& th5
8plab

2 kBT

f0sB
lnSBs2g2

f0
D , ~1!

wherekB is the Boltzmann constant, while, forB!Bcr , 3D
vortex fluctuations are expected with8,9

^u2& th54pglab
2 kBTS 4p

Bf0
3D 1/2. ~2!

The phenomenological Lindemann melting criterion24 pre-
dicts a melting transition when the displacement amplitude
grows to a substantial fraction of the lattice constanta @for a
vortex latticea'(f0/B)

1/2#, i.e.,

^u2&5cL
2a2'cL

2f0 /B, ~3!

where cL is the Lindemann number. This criterion is as-
sumed to provide a quantitative description of the experi-
mentally observedB(T* ) boundary in the magnetic phase
diagram which is considered as a vortex lattice melting
line.8,10,25

By assuming that̂u2& th dominates possible quantum fluc-
tuations, i.e.,̂ u2&'^u2& th , we determined the melting line
via the Lindemann criterion and compared this result with
our B(T* ) data. For the 2D vortex fluctuation region

B~T* !

B†~x!
5

f0

s2g2B†~x!
expS f0

2cL
2s

8plab
2 ~0!kBT*

D , ~4!

wherelab(T)'lab(0) at low temperatures, while for the 3D
vortex fluctuation region

B~T* !

B†~x!
5

f0
5cL

4

16p3lab
4 ~0!g2B†~x!~kBTc!

2 S 12
T*

Tc
Dm ~5!

with m52.
Plotted in Fig. 1 on a logarithmic field scale isB/B†(x) vs

T* /Tc for the Y12xPrxBa2Cu3O6.97 system, whereB
†(x) is a

scaling induction defined to be the value ofB(T* ) at
T* /Tc50.6, andT* (B) was taken to be the temperature at
whichR(B,T) drops to 90% of its extrapolated normal-state
value. We obtained similar results by extracting the irrevers-

ibility line from the magnetoresistance data corresponding to
different voltage criteria. This indicates that the crossover in
the irreversibility line is not due to changes in dynamics.
Also, the magnetoresistance measurements were performed
at very low dissipation levels~I'2 mA! where the system is
presumably in equilibrium and, hence, any changes in the
I -V curves would be due the a phase transition and not due
to dynamical effects.

In Fig. 1, the dashed line represents a fit of Eq.~4! to the
data at low temperatures and high fields, while the solid line
is a power-law fit of the data to Eq.~5! with m51.45 in the
vicinity of Tc . Recently, Blatter and Ivlev

25 have shown that
by including the quantum fluctuations along with thermal
fluctuations in^u2& @Eq. ~3!#, the shape of the melting line
can be approximated by a power law with an exponent
m51.45 instead ofm52. Hence, the fact that the best fit of
the data to Eq.~5! is obtained form51.45, rather thanm52
for thermal fluctuations alone, could indicate that the quan-
tum fluctuations are important in the Y12xPrxBa2Cu3O6.97
system. On the other hand, in the Bi- and Tl-based com-
pounds, the thermal fluctuations are enhanced due to the
weak interlayer coupling, while the quantum fluctuations re-
main essentially unchanged;25 hence, the quantum correction
is less important and the data for these materials are better
described by a power law with exponentm52.

The scaling behavior of B(T* ) in the
Y12xPrxBa2Cu3O6.97 system for various values ofx allowed
us to determine the anisotropy ratiog even for thosex values
for which the low-T ~T* /Tc<0.2! and high-B regime is not
experimentally accessible; we assumed that, if high enough
fields would be experimentally attainable, all of the data
~even the data at low-x values! would follow the same be-
havior in the low-T and high-B regime. Hence, we deter-
minedg from the prefactor to the exponential function@Eq.
~4!# by fitting it with all of the experimental data available in
this region, for differentx values. Assuming that the two
adjacent CuO2 planes are strongly coupled so they can be
treated as a single superconducting layer,26 and that the oc-
currence of induced superconductivity on the chains results
in an enhanced coupling between the CuO2 planes, the dis-
tances54.5 Å between the weakly coupled CuO2 and chain
layers was chosen to be the relevant distance.27 Even though
the fitting of the data to Eq.~4! was done over a rather small
range of fields and temperatures, we obtained reasonable val-
ues for g which, as expected, increase with increasing Pr
concentration. The values ofg for different Pr concentrations
are given in Table I. The very good agreement between the
irreversibility line and the melting line, obtained by applying
a Lindemann criterion, as well as the reasonable values of
the anisotropy for different Pr concentrations obtained by
applying this analysis indicate that a Lindemann criterion is
applicable in this case~even though it does not take the dy-
namic nature of the measurements into account! and that the
presence of the melting transition reveals its signature in dy-
namics.

We overestimated the value ofT* (B) by defining it as the
temperature corresponding to a 90% drop inR(B,T) instead
of defining it as the irreversibility temperature which lies at
lower T, in the flux-creep regime. As a result, this analysis
gives an upper limit forB†(x) andBcr ~given in Table I! and

FIG. 1. B/B†(x) vs T/Tc for Y12xPrxBa2Cu3O72d, on a loga-
rithmic field scale. The solid line corresponds to a fit according to
Eq. ~4!. The dashed line is a power-law fit to Eq.~5! with m51.45.
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a lower limit for g. However, as reported earlier,19 the tem-
perature dependence ofB(T* ) does not depend on choice of
T* .

Also given in Table I are the values of the Lindemann
numberscL

2D andcL
3D determined by fitting the data to Eqs.

~4! and ~5!, respectively. For lowx, the values forcL
2D are

somewhat smaller than the expected lower limit,
0.1<cL<0.3.29 However, Brandt has offered several reasons
for why the Lindemann number might be lower than
cL50.1.9 Also the values ofcL

2D determined by fitting the
data in the high-field regime, are smaller than the values of
cL
3D , extracted from the data in the low-field regime; the
same tendency was obtained by Schillinget al. for
Bi2Sr2CaCu2O8.

19 Both results disagree with the prediction
by Ryu et al.29 who, by applying Monte Carlo calculations,
obtained a Lindemann number which decreases with de-
creasing field.

In summary, we have shown that the temperature depen-
dence of the irreversibility line B(T* ) of the

Y12xPrxBa2Cu3O6.97 ~0<x<0.55! system, inferred from
magnetoresistance measurements, can be described by a
Lindemann-type model of a vortex-solid–vortex-fluid phase
transition triggered by vortex fluctuations. In this model, the
previously observed transition inB(T* ) from a power-law
temperature dependence nearTc to a more rapid dependence
belowT* /Tc'0.6 can be accounted for in terms of a cross-
over from 3D to 2D vortex fluctuations. For different Pr
concentrations, we determined a lower limit for the values of
the anisotropy ratiog and an upper limit for the crossover
induction Bcr , above which 2D vortex fluctuations are ex-
pected to occur, by fitting the experimental data to Eq.~4!.
The field dependence of the Lindemann numberscL

2D and
cL
3D determined by fitting the data to Eqs.~4! and~5!, respec-
tively, disagree with the prediction by Ryuet al.29 that cL
decreases with decreasing field.
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