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Irreversibility line of overdoped Bi 2¿xSr2À„x¿y…Cu1¿yO6Ád at ultralow temperatures and high
magnetic fields
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The irreversible magnetization of the layered high-Tc superconductor Bi21xSr22(x1y)Cu11yO66d ~Bi-2201!
has been measured by means of a capacitive torquemeter up toBa528 T and down toT560 mK. The
deduced irreversibility fieldBirr is in excellent agreement with the analytical form of the melting line of a
three-dimensional~3D! anisotropic flux lattice as calculated from the Lindemann criterion. For a comparison,
the applicability of alternative models based on quantum melting, 2D melting, and flux-creep models is
discussed. Rescaling the magnetic-field dependence of the pinning-force with the irreversibility field reveals a
similar magnetic-field dependence for different temperatures.
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I. INTRODUCTION

The investigation of the magnetic properties of high-Tc

superconductors~HTSC’s! has attracted much interest, bo
experimental and theoretical, thanks to the spectacular v
ety of different and surprising phenomena. The research b
on the flux-line statics and dynamics, which has import
technological consequences connected to the magnetic
versibility, and on the fundamental magnetic properties
the superconducting state, like the upper critical fieldBc2 and
the subtle nature of the superconducting transition in a m
netic field, has been widely developed. A large choice
theoretical models is available to describe the vortex pha
in HTSC’s,1 allowing one to draw accurateB-T phase dia-
grams. However, particularly in the compounds withTc

;100 K, the experimental results usually do not cover
ultra-low-temperature range, where, for example, the de
tion of vortex phase transitions would require magnetic fie
beyond the currently available values. There are sev
compounds that, while sharing most of the structural a
physical properties with the other HTSC’s, have low enou
critical temperatures to allow an experimental investigat
of the wholeB-T phase diagram at the currently availab
high magnetic fields and low temperatures. Among th
compounds, the layered cuprate superconductor Bi2Sr2CuO6
~Bi-2201! is certainly one of the most interesting ones, b
cause of its fundamental similarities with the Bi- and T
based high-Tc materials. Unfortunately, the difficulties i
growing high-quality single crystals of Bi-2201 makes e
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perimental work on this compound less developed compa
to other high-Tc compounds.

The aim of our work is to obtain experimental inform
tion on the irreversible magnetization of Bi-2201 down
very low temperaturesT.0.01Tc compared to the critica
temperatureTc in order to investigate several models of th
physical origin of the irreversibility line. To our knowledge
no extensive studies of the vortex assembly in Bi-2201 h
been reported so far. It is only very recently that a study
the dc magnetization has been published.2 A very intriguing
result is the anomalous upward curvature of the resistive
per critical field in a Bi-2201 thin film.3 Our data will pro-
vide an interesting qualitative comparison with that expe
ment.

II. EXPERIMENTAL

The sample we investigated is a high-quality single cr
tal of overdoped Bi21xSr22(x1y)Cu11yO66d , grown from a
solution-melt in KCl,4 and having the approximate size o
11003700310 m m3 ~mass;0.2 mg). Both the growth
method and the small size are advantageous for an extr
homogeneity of the sample. The intrinsic overdoping is d
to the Bi excess localized on the Sr positions. The magn
zation loops were obtained by means of torque magnet
etry, using a very sensitive capacitive torquemeter.
reached temperatures down toT560 mK in continuous
magnetic fieldsBa up to 28 T. The field sweep ratedBa/dt
515 mT/s was chosen in order to have a maximum mea
ing time for each loop of about 1 h with a typical thermal
9113 ©2000 The American Physical Society
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9114 PRB 61MORELLO, JANSEN, GONNELLI, AND VEDENEEV
drift smaller than 5–10 mK in the whole temperature ran
Preliminary measurements were performed in a 10 T su
conducting magnet, usingdBa/dt510.8 mT/s. From our
magnetization experiments, we evaluated a critical temp
ture Tc'4 K, in agreement with the overdoping of th
sample.

Although we are interested in the irreversibility line fo
fields applied perpendicular to theab planes of the crystal
the torque method has no sensitivity forBaic. The relation-
ship t5M3Ba between torque densityt, magnetizationM ,
and applied magnetic fieldBa , suggests that the torque sig
nal can be increased by choosing large values of the angu
between the applied field and thec axis of the sample. Ac-
tually, in the case of a strongly two-dimensional superc
ductor like Bi-2201, the scaling analysis in the large anis
ropy limit of the Ginzburg-Landau model1,5 allows us to say
that the magnetizationM lies very close to thec axis, while
its magnitude is fully determined by the effective fie
Bacosu perpendicular to theab planes. We have chosenu
530°, so that the actual irreversibility fieldBirr for Baic is
given by Birr5Birr

(a)cos 30°, whereBirr
(a) is the applied field

corresponding to the vanishing of the magnetic irreversi
ity. In other words,Birr is the irreversibility field that we
expect to obtain in an ideal experiment withBaic ~i.e., with
u50°), which is not directly measurable with the torqu
magnetometry technique. From the torque loops, the ma
tization can be calculated asM5t/(Basin 30°) but, in view
of the arbitrary scaling of the measured torque density, th
is no need to take into account the sin 30° factor.

The measured torque loops shown in Fig. 1~a! clearly
show that the irreversible behavior vanishes quite quickly
the temperature increases. The corresponding magnetiz
loops shown in Fig. 1~b! have been plotted only forBa
.0.2 T, because the division of the torque by the field
sults in uncertainties forB'0. Both torque and magnetiza
tion loops have a typical shape that scales quite well w
temperature. None of our data shows jumps, peaks or fis
effects. In principle,Birr

(a) could be easily determined as th
point where the branches for increasing and decreasing
first touch, but we used a more accurate method to ob
Birr

(a) as illustrated in Fig. 2. First, for the differencet1

2t2 of the torque measurements between increasing and
creasing field, respectively, we make a linear fit of what
likely to be the reversible region. Then we defineBirr

(a) as the
point wheret12t2 deviates from the fit, helping the ey
with a straight line through the irreversible data. For an id
measurement, the linear fit oft12t2 in the reversible re-
gion should be a constant equal to zero. However, beca
the capacitance of the torquemeter is slightly tempera
dependent, the thermal drift leads to a nonzero slope
t12t2. With the thermal stability of our experiments, th
slope is actually extremely small~see the scales of the ins
in Fig. 2!. But also the irreversible signal vanishes ve
smoothly for increasing field, and neglecting the nonz
slope would lead to a much higher uncertainty in the eva
ation of Birr

(a) . Furthermore, this procedure becomes qu
useful for the measurements close toTc , where the signal-
to-noise ratio gets worse. Already aboveT'3 K the irre-
versible torque signal, although clearly present, become
small that a reliable determination ofBirr

(a) is no longer pos-
.
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sible. AboveT'4 K we found no more signs of hysteret
magnetic behavior.

III. DISCUSSION

Figure 3 shows the irreversibility lineBirr(T) of our Bi-
2201 sample, with a good overlap between the independ
sets of measurements atdBa/dt515 mT/s ~resistive mag-

FIG. 1. The torque loops~a! and the corresponding magnetiz
tion loops ~b! of the Bi-2201 single crystal sweeping the field u
and down atdBa/dt515 mT/s. Notice the absence of jumps
secondary peaks. The magnetization is plotted only forBa

.0.2 T.

FIG. 2. The differencet12t2 between the torque recorded fo
increasing and decreasing field atT560 mK with a linear fit in the
reversible region. The inset shows howBirr

(a) can be found, helping
the eye with a straight line through the first points in the irreversi
region.
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net! and atdBa/dt510.8 mT/s~superconducting magnet!.
The solid line is the best fit to our data, obtained assum
that the vanishing of the magnetic irreversibility correspon
to the melting of the vortex lattice.6 In particular, we suppose
to be dealing with a three-dimensional~3D! vortex lattice
~essentially equivalent to a lattice of ‘‘elastic strings’’!, but
where the anisotropic properties of the material are ta
into account by the mass ratiog5Amc /mab. The melting
condition can be obtained making use of the Lindemann
terion, i.e., assuming that the lattice melts when the me
squared amplitude of the vortex fluctuationsA^u2& exceeds a
certain fractioncL of the vortex spacinga. If we take into
account only the effects of thermal fluctuations (^u2&
[^u2& th), the melting line takes the form1

Bm~T!5Bc2~0!
4q2

~11A114qTs/T!2
, ~1!

where q5cL
2Abm/Gi(Tc /T21), Ts5TccL

2Abm/Gi,
cL is the Lindemann number, Gi
5 1

2 @gkBTc /(4p/m0)Bc
2(0)jab

3 (0)#2 is the Ginzburg num-
ber, k5lab(0)/jab(0) is the Ginzburg-Landau paramete
and bm'5.6 is a numerical factor. This expression is su
posed to be valid over a wide temperature range belowTc ,
since it is calculated taking into account the suppression
the order parameter close toBc2. The fit shown in Fig. 3 is
made fixingTc54 K and leavingBc2(0) andcL

2Abm/Gi as
free parameters. From our analysis we obtainBc2(0)
516.4 T @yielding jab(0)545 Å ] and cL

2Abm/Gi
50.221. Estimatingk;40 and takingg5350 ~Refs. 7 and
8! we find Gi53.331022, and we finally obtaincL50.13.
It is worth noting that Hikamiet al.9 have studied the melting
of a 3D flux lattice in strong magnetic fields, obtaining
criterion which is equivalent to the Lindemann’s one w
cL50.14. This could explain why Eq.~1! gives a good de-
scription of the data down to the lowest temperatures, i.e.
to the highest fields.

At ultra-low temperatures, also the effect of quantu
fluctuations of the vortices might be taken into account. T

FIG. 3. The irreversibility lineBirr(T) of the Bi-2201 single
crystal, recalculated forBic using Birr5Birr

(a) cos 30°. The data
points have been obtained for different sweep rates as indica
The solid line is a fit through the data for the 3D vortex melti
transition using Eq.~1! with deducedcL50.13.
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relative strength of quantum fluctuations with respect to
thermal ones can be estimated10 by a parameterQ

}Q̃/AGi, where Q̃5e2rab /\d (d is the interlayer spac-
ing!; it turns out that quantum fluctuations dominate abo
the fieldBQ'Bc2 /Q. Contrary toGi, Q̃ is unaffected by the
anisotropy, so in Bi-2201 we expect the thermal fluctuatio
to be much more enhanced than the quantum ones. Ne
theless, evidence for quantum contribution to the flux latt
melting has been reported for the strongly anisotro
k-(BEDT-TTF)2Cu(NCS)2 organic superconductor,11 be-
cause of theBirr}T law found at low temperatures; our dat
instead, show an increasing upward curvature ofBirr down to
T560 mK.

Another possibility, suggested by the high anisotropy
Bi-2201, is the crossover from three- to two-dimension
vortex system. At sufficiently low temperatures, the fl
lines are supposed to decouple in a stack of vor
pancakes,12 and this obviously influences the features of t
melting transition.13 Above a characteristic crossover fie
Bcr , the melting transition is expected to assume a 2D
ture:

Bcr'2p
f0 ln„gd/jab~0!…

g2d2
, ~2!

where f0 is the flux quantum; in this regime, there is
field-independent melting temperatureTm

2D below which the
existence of a 2D vortex solid is expected:

Tm
2D'

df0
2

2A3m0kB„4plab~0!…2
. ~3!

With g5350 andjab(0)545 Å as before,d524 Å ~Ref.
4! and lab(0);1500–2000 Å , we findBcr;0.1 T and
Tm

2D;30 K. The deduced combination of these values
Bcr andTm

2D for this model of the 2D cross makes clearly n
sense for Bi-2201.

For the detection of the dimensional crossover of the v
tex ensemble in Bi2Sr2CaCu2O8, a slightly different ap-
proach has been used by Schillinget al.14 Considering a
stack of Josephson-coupled layered superconductors an
plying the Lindemann criterion̂u2& th5cL

2a2, the melting
line becomes

Bm~T!'
f0

d2g2
expS f0

2cL
2d

2m0lab~0!kBTD . ~4!

Our data indeed follow aBm}exp(1/T) law below T
'0.5 K, which corresponds to the linear region in lnBm vs
1/T for 1/T.2 K21 shown in Fig. 4~a!. The solid line is a
fit to Eq. ~4! with the values ford andlab(0) as before, and
leads to unphysical valuescL;1023 andg56.

So far, we have made the implicit assumption that
irreversibility line ~i.e., what we actually measured! coin-
cides with the melting line. This assumption is n
straightforward,15,16 but is particularly acceptable in clea
and anisotropic HTSC’s. In the opposite case@a typical ex-
ample is Ba12xKxBiO3 ~Ref. 17!# the irreversibility line has
often been interpreted in a flux-creep picture,18 supposing the

d.
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9116 PRB 61MORELLO, JANSEN, GONNELLI, AND VEDENEEV
flux motion to take place for thermal activation over bu
pinning barriers, and obtaining

Birr~T!5Birr~0!~12T/Tc!
n ~5!

with n53/2 or 4/3~the value ofn depends on the approx
mations used to evaluate the pinning energy!. Figure 4~b!
shows that a fit to Eq.~5! with n51.5 andTc54 K as fixed
parameters is totally wrong, while a good approximation
quires the unphysical valuen55.2. We take this as a furthe
indication that the irreversibility line in Bi-2201 can be in
terpreted in terms of flux-lattice melting.

With respect to the observed irreversible behavior, o
should notice that the torque and magnetization data sh
in Fig. 1 tend to rule out the existence of transitions betwe
different phases of the vortex solid, since at least forT/Tc
,0.7 no jumps or fishtail effects are present~see, e.g., Ref.
19!. From another point of view, it follows that no cros
overs between different pinning mechanisms are present.
the torque magnetometry technique it can be shown20 that
the pinning force densityFp(B) is proportional to the hys-
teresis of the torque loop~i.e., what we calledt12t2). In
Fig. 5 we have plotted the field dependence of the pinn
force density at different temperatures, having rescaledFp by
its maximum valueFp

(max) and the applied field by the mea
suredBirr

(a) . All the curves tend to collapse into an uniqu
shape, which is also an indication that the magnetic fi
corresponding to the pinning force maximum has appro
mately the same temperature dependence asBirr(T).

From a qualitative point of view, the irreversibility lin
we measured can be interestingly compared to the resis
critical field measured by Osofskyet al.3 on a Bi-2201 thin
film. The upward curvature of the critical field obtained
this transport experiment is very different from the saturat

FIG. 4. Other models to interpretBirr(T): ~a! the 2D flux lattice
melting @Eq. ~4!# yields the unrealistic values ofcL;1023 and g
56; ~b! the flux creep model@Eq. ~5!# requires the unphysical valu
n55.2 ~dashed line!, while n51.5 ~solid line! does not fit the data
d
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low-temperature behavior ofBc2(T) of the Werthamer-
Helfand-Hohenberg theory.21 Among the numerous attempt
to explain that kind of anomaly,22–26 it was suggested27 that
magnetoresistive transitions tend to yieldBirr rather than
Bc2. The temperature dependence of the resistively de
mined critical field in Ref. 3 is actually very similar to th
irreversibility field reported here, which confirms that flu
lattice melting plays a crucial role in the magnetoresist
transitions.

IV. CONCLUSIONS

In conclusion, we have measured the irreversibility line
a Bi-2201 single crystal down toT560 mK and up toBa
528 T, obtaining a curve that can be fitted with the for
predicted by the Lindemann criterion for the melting of a 3
anisotropic vortex lattice. Other models that account
quantum fluctuations, 2D vortex system or flux creep,
unsuitable to describe our data. The magnetization loops
not show any jump or peak effect, and the pinning for
maintains the same shape as a function of the field throu
out the investigated temperature range. Finally, the beha
of Birr(T) obtained here is very similar to the resistive cri
cal field of a Bi-2201 thin film, suggesting that magnetor
sistive experiments are likely to be strongly influenced
flux lattice melting.
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FIG. 5. Pinning force densityFp}t12t2, normalized to the
maximum valueFp

(max), at various temperatures as a function of t
rescaled fieldBa/Birr

(a) . The good overlap and the very simila
shapes of all the curves suggest the absence of crossovers be
different pinning mechanisms.
,
te

tt.
1G. Blatter, M.V. Feigel’man, V.B. Geshkenbein, A.I. Larkin, an
V.M. Vinokur, Rev. Mod. Phys.68, 1125~1994!.

2H.H. Wen, W.L. Yang, Z.X. Zhao, and Y.M. Ni, Phys. Rev. Le
82, 410 ~1999!.

3M.S. Osofsky, R.J. Soulen, Jr., S.A. Wolf, J.M. Broto, H. Rako
J.C. Ousset, G. Coffe, S. Askenazy, P. Pari, I. Bozovic, J
Eckstein, and G.F. Virshup, Phys. Rev. Lett.71, 2315~1993!.
,
.

4J.I. Gorina, G.A. Kaliushnaia, V.I. Ktitorov, V.P. Martovitsky
V.V. Rodin, V.A. Stepanov, and S.I. Vedeneev, Solid Sta
Commun.91, 615 ~1994!.

5G. Blatter, V.B. Geshkenbein, and A.I. Larkin, Phys. Rev. Le
68, 875 ~1992!.

6A. Houghton, R.A. Pelcovits, and A. Subdo”, Phys. Rev. B40,
6763 ~1989!.



.V

e

n

a-

.

R.

ev.
v.

y,

tt.

g,

PRB 61 9117IRREVERSIBILITY LINE OF OVERDOPED . . .
7S. Martin, A.T. Fiory, R.M. Fleming, L.F. Schneemeyer, and J
Waszczak, Phys. Rev. B41, 846 ~1990!.

8Yoichi Ando, G.S. Boebinger, A. Passner, N.L. Wang, C. Geib
and F. Steglich, Phys. Rev. Lett.79, 2595~1997!.

9S. Hikami, A. Fujita, and A.I. Larkin, Phys. Rev. B44, 10 400
~1991!.

10G. Blatter and B. Ivlev, Phys. Rev. Lett.70, 2621~1993!.
11T. Sasaki, W. Biberacher, K. Neumaier, W. Hehn, K. Andres, a

T. Fukase, Phys. Rev. B57, 10 889~1998!.
12J.R. Clem, Phys. Rev. B43, 7837~1991!.
13L.I. Glazman and A.E. Koshelev, Phys. Rev. B43, 2835~1991!,

and references therein.
14A. Schilling, R. Jin, J.D. Guo, and H.R. Ott, Phys. Rev. Lett.71,

1899 ~1993!.
15D.E. Farrell, E. Johnston-Halperin, L. Klein, P. Fournier, A. K

pitulnik, E.M. Forgan, A.I.M. Rae, T.W. Li, M.L. Trawick, R.
Sasick, and J.C. Garland, Phys. Rev. B53, 11 807~1989!.

16D. Majer, E. Zeldov, and M. Konczykowsi, Phys. Rev. Lett.75,
1166 ~1995!.

17G. Goll, A.G.M. Jansen, and J. Marcus, Czech. J. Phys.46, 849
.

l,

d

~1996!.
18Y. Yeshurun and A.P. Malozemoff, Phys. Rev. Lett.60, 2202

~1988!.
19B. Khaykovich, E. Zeldov, D. Majer, T.W. Li, P.H. Kes, and M

Konczykowski, Phys. Rev. Lett.76, 2555~1996!.
20M. Qvarford, K. Heeck, J.G. Lensink, R.J. Wijngarden, and

Griessen, Rev. Sci. Instrum.63, 5726~1992!.
21N.R. Werthamer, E. Helfand, and P.C. Hohenberg, Phys. R

147, 295 ~1966!; E. Helfand and N.R. Werthamer, Phys. Re
147, 288 ~1966!.

22A.S. Alexandrov, V.N. Zavaritsky, W.Y. Liang, and P.L. Nevsk
Phys. Rev. Lett.76, 983 ~1996!.

23J.R. Cooper, J.W. Loram, and J.M. Wade, Phys. Rev. B51, 6179
~1995!.

24G. Kotliar and C.M. Varma, Phys. Rev. Lett.77, 2296~1996!.
25V.B. Geshkenbein, L.B. Ioffe, and A.J. Millis, Phys. Rev. Le

80, 5778~1998!.
26A.A. Abrikosov, Phys. Rev. B56, 446 ~1997!.
27A.P. Malozemoff, T.K. Worthington, Y. Yeshurun, F. Holtzber

and P.H. Kes, Phys. Rev. B38, 7203~1988!.


