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We present a careful study of the resistive superconducting transition in Bi2+xSr2−xCuO6+� down to T /Tc

=0.04 for magnetic field applied parallel to the conducting planes. We find that 52 T is enough to destroy
superconductivity at low temperature. Based on a Ginzburg-Landau calculation, the paramagnetic limitation of
superconductivity for the field parallel to the layers is considered as an explanation of the observed behavior.
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I. INTRODUCTION

Since the discovery of high Tc superconductors �HTSC�,
the determination of their upper critical field Hc2 is contro-
versial. Nevertheless this parameter is of crucial importance
since it reflects the coherence length of the Cooper pair. Ow-
ing to the large value of Hc2 in the cuprates, many experi-
ments have been devoted to resistive measurements at high
magnetic field perpendicular to the conducting planes1–7 and
have shown an anomalous positive curvature of Hc2 at low
temperature. This result is in contradiction with the expected
low temperature saturation described by the conventional
Werthamer, Helfand, and Hohenberg �WHH� theory.8 More
recently, a careful study of Hc2 in electron-doped thin films
of Pr2−xCexCuO4 by using resistive and susceptibility
measurements9 has shown a direct correlation between the
low temperature behavior of Hc2 measured by resistivity and
the irreversibility line. Another support of the inadequacy of
the resistivity as a probe of Hc2 is given by Nernst
measurements10 in Bi2Sr2CaCu2O8 and Bi2Sr2CuO6, which
suggest that Hc2 is much higher that the upper critical field
deduced from resistivity measurements. A possible explana-
tion is the small coherence length giving rise to strong fluc-
tuation effects11 and a phase diagram occupied by a large
region of vortex liquid.12 Another approach considers that
HTSC possess intrinsic inhomogeneities and that the super-
conducting transition corresponds to a percolation among
different superconducting regions.13

In contrast, few measurements have been performed at
high magnetic field parallel to the conducting planes. In this
configuration, the magnetic field required exceeds the maxi-
mum field available in magnetic field facilities. O’Brien et
al.14 and Sekitani et al.15 have used single-turn coil and ex-
plosive flux compression with a contactless resistivity mea-
surement technique in the radio-frequency range in order to
construct the H-T phase diagram in the H �ab configuration
in YBa2Cu307+� �YBCO�. In Ref. 14, a paramagnetic limita-
tion of superconductivity was deduced, while in Ref. 15 a
phase diagram consistent with the WHH theory was found,
taking into account the Zeeman and spin-orbit effects. Such
measurements are extremely difficult since the rise time of
the field is typically a few microseconds, generating a dB /dt
of more than 108 T/s. Besides a poor signal-to-noise ratio,

the eddy currents generated by the field pulse may also
strongly increase the temperature of the sample during the
pulse. It seems to be rather difficult to draw a definitive
conclusion from these measurements.

Nevertheless, HTSC are suitable systems in order to test
theories of parallel upper critical field in layered supercon-
ductors. Historically, the first attempt to calculate Hc2�ab of
layered superconductors was carried out by Kats16 and by
Lawrence and Doniach.17 Afterwards, Klemm et al.18 have
shown that the upper critical field diverges at the temperature
T* when the coherence length perpendicular to the ab-plane,
�c�T�, approaches the value s /�2 where s is the distance
between the conducting layers. In this limit, the vortex cores
fit between the superconducting layers and supercurrents do
not quench the superconductivity. However, this conclusion
is only valid when the thickness of the superconducting lay-
ers is neglected.19 When one takes into account the flow of
supercurrents into the layers �which flow in opposite direc-
tion along the upper and the lower surfaces of the layers�, the
upper critical field is determined by the Cooper pair critical
velocity and is given by Hc2�ab=�3�0 /�d�ab.20,21 The tem-
perature driven transition from a three-dimensional �3D� to a
two-dimensional �2D� situation has been shown experimen-
tally for Nb-Ge multilayers by Ruggiero et al.22 They found
a H-T phase diagram where Hc2�ab starts as �Tc−T� close to
Tc �the anisotropic 3D behavior predicted by Refs. 16 and
17� and crosses over to the �Tc−T�1/2 behavior when �c�T�
�s /�2. The extension of the theory of Hc2�ab to low tem-
peratures has been derived by Lebed and Yamaji.23 It was
found that below the temperature TL�vFsH /�0 there is an-
other divergence of the upper critical field which has a quan-
tum origin. This type of divergence has never been observed
experimentally, most likely because it can occur only in ul-
traclean materials.24 Recently, an analytic expression of the
angular and temperature dependencies of the upper critical
field in layered superconductors has been derived.25 How-
ever, this derivation did not take into account the paramag-
netic limitation of the upper critical field Hc2�ab which can be
important in layered materials, like the HTSC.

In this paper, we present a careful study of the H-T phase
diagram for magnetic fields applied parallel and perpendicu-
lar to the conducting planes of Bi2+xSr2−xCuO6+� �Bi-2201�.
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We have measured the magnetoresistance using the standard
four probe geometry in pulsed magnetic fields up to 55 T
over a wide range of temperature, down to 0.38 K in a home-
made 3He refrigerator designed for pulsed magnetic field.26

Owing to the low critical temperature of Bi-2201, 52 T is
sufficient to suppress superconductivity at T /Tc=0.04 in the
H �ab geometry. Based on a Ginzburg-Landau approach ap-
propriate for Bi-2201, we estimate the paramagnetic Pauli
limit to be in agreement with the experimental value of
Hc2�ab

* .

II. EXPERIMENT

Two slightly underdoped single-phase Bi2+xSr2−xCuO6+�

crystals with a carrier concentration per Cu atom of p
=0.15–0.16, are investigated in this study. They were grown
without intentional doping by a KCl-solution-melt free
growth method detailed elsewhere.27 Typical dimensions of
the crystals are �2–10�� �400–800�� �600–900� �m3. The
zero-field critical temperatures defined by 10% and 90% of
the resistive transition equal 7.0–8.8, and 7.0–8.4 K for
samples No. 3 and No. 5, respectively. We estimate p in our
samples by using the empirical �nearly linear� relation be-
tween the excess Bi, x, and p.28,29 Optimum doping takes
place around p�0.17.29 In the four-probe resistivity mea-
surements the current is injected along the ab-plane of the
crystals and transverse to the field. The resistivity of each
sample was measured at a given fixed temperature during the
magnetic field pulse30 using a lockin amplifier working at
50 kHz. The onset of the transition was independent of cur-
rent density in our range of measurements and no frequency
dependence wasobserved in the data. Results obtained during
the rising �26 ms� and the falling �110 ms� edge of the
pulsed magnetic field, at the same B but at different dB /dt,
agree, which excludes any heating effects due to eddy cur-
rents. In order to check the stability of the temperature of the
sample during the pulse, the signal measured during the ris-
ing and the falling of the pulse must coincide. This is shown
in Fig. 1 for the data obtained in the 3He refrigerator at T
=0.38 K. Moreover, if the sample is not a superconductor,
the resistance of the sample recorded via a pretrigger before
the shot must be the same after the shot �see the curve of Fig.
1 obtained at T=8.2 K�.

III. RESULTS

Figure 2 shows the in-plane magnetoresistivity �MR� �ab
versus H for sample No. 3 at different temperatures for field
direction parallel to the ab-plane of the crystal. For compari-
son, we represent also the resistive superconducting transi-
tion of the same sample at T=0.46 K with the field direction
perpendicular to the ab-plane of the crystal. The field in-
duced resistive transitions for sample No. 5 are similar to
those shown in Fig. 2. At low temperature, the traces of
�ab(H) are roughly parallel with respect to each other in the
transition region. When the temperature is close but below
Tc, the superconducting transition broadens. The rapid in-
crease of the magnetoresistance at very low field observed at
T=7 K comes from the fact that this point lies in the sharp

superconducting transition of the sample. Beyond this flux-
flow regime, the resistivity reaches an asymptotic value close
to its normal-state value, which matches exactly for the two
orientations of the magnetic field.

Before addressing the Hc2
* �T� data, it is instructive to

present the temperature dependence of the in-plane resistiv-
ity of the samples at low temperatures for the magnetic field

FIG. 1. Magnetoresistance of the Bi-2201 crystal No. 3 at two
temperatures measured during the rising �dash lines� and the falling
�solid lines� of the magnetic pulse. It can be noticed that the curves
are superimposed.

FIG. 2. Selected traces of �ab as a function of magnetic field
applied parallel to the ab-plane for different temperatures �solid
lines�. For comparison, we represent also the resistive supercon-
ducting transition of the same sample at T=0.46 K with the field
direction perpendicular to the ab-plane of the crystal �symbols�.
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parallel to the ab-plane. Figure 3 �main panel� shows a semi-
logarithmic plot of �ab�T� at different magnetic fields applied
parallel to the ab-plane for sample No. 3 extracted from the
curves in Fig. 2. It is worth to notice that the 50 T and 55 T
data are almost identical. This is a further proof that we are
measuring the truly normal-state resistivity at high magnetic
fields in the parallel configuration. For comparison, the inset
of Fig. 3 represents data for Bi-2201 single crystal with p
=0.16 at various fixed magnetic fields applied perpendicular
to the ab-plane.29 Since these samples have nearly the same
carrier concentration and the same Tc, we conclude that the
behavior of �ab�T� for the slightly underdoped samples in the
normal state is nearly independent of the field orientation
�perpendicular or parallel to the CuO2 planes�. That is to say,
the slight upturn of the resistivity at low temperature which
becomes much more pronounced for heavily underdoped
samples29,31 �the so-called metal-to-insulator transition� is
not affected by the orientation of the magnetic field and the
Zeeman effect does not seem to play any role in this
anomaly.

Let us now turn our attention to the upper critical fields.
The temperature dependencies of the resistive upper critical
fields Hc2�ab

* �Hc2�ab
* � in the H �ab �H�ab� geometry are

shown in the main panel of Fig. 4 for the two investigated
samples together with the theoretical WHH curves.8 The re-
sistive Hc2

* deduced from the curves of Fig. 2 corresponds to
the field where the normal state resistivity value is com-
pletely recovered. The latter has been obtained by subtract-
ing the magnetoresistance in the normal state, as demon-
strated in Ref. 5. For the H�ab configuration, except at very
low temperature,5 the experimental data can be described by
the conventional WHH theory, which is based on an orbital
mechanism of quenching of superconductivity. The slight up-
turn of Hc2�ab

* �T� at low temperature moves to higher tem-

perature when one use a criterion distinct from the complete
normal state resistivity value, as shown in the inset of Fig. 4
for which Hc2

* �T� has been deduced from 90% of the normal
state resistivity �open circles�. However, in this configura-
tion, we know that fluctuation effects and the presence of a
vortex liquid in a sizeable part of the phase diagram may
lead to discrepancies.5,9

In contrast, for the H �ab configuration, the data show
saturation at low temperature. It is important to emphasize
that this saturation is robust against any criterion chosen for
the extrapolation of Hc2�ab

* , in particular when Hc2
* is deduced

from 90% of the normal state resistivity as depicted in the
inset of Fig. 4 �open squares and diamonds�. The curve cor-
responding to the WHH theory departs strongly from the
experimental data points for the H �ab configuration. The
WHH formula predicts Hc2

* �0�=0.693�−dHc2
* /dT�Tc� where

dHc2
* /dT is the tangent of Hc2

* �T� when T→Tc and Tc� the
intersection of this tangent with the temperature axis. From
the linear part of the Hc2

* �T� dependency near Tc, we obtained
the slopes dHc2

* /dTc=−13.3 T/K and −3.3 T/Kin the H �ab
and H�ab geometry, respectively. Setting these values into
the WHH formula leads to Hc2�ab

* �0�=92 T and Hc2�ab
* �0�

=24 T. Note that the Hc2
* �T� line in H �ab geometry has a

negative curvature close to Tc �Ref. 21� and therefore, the
Hc2

* �0� value deduced from WHH theory is certainly a lower
bound. It should be recognized that the strong broadening of
the superconducting transition when the temperature is close
to Tc leads to different temperature dependence of Hc2

* versus
T. The slope of Hc2

* near Tc will thus depend on the method
of evaluation of Hc2

* .6 Although the doping level of the

FIG. 3. Semilog plot of �ab versus temperature for various mag-
netic fields applied in the ab-plane. The inset shows our data for the
Bi-2201 single crystal with p=0.16 at various fixed magnetic fields
applied perpendicular to the ab-plane �Ref. 29�.

FIG. 4. Main panel, the resistive upper critical fields Hc2
* de-

duced from 100% of the normal state resistivity as a function of the
reduced temperature T /Tc for two investigated samples �No. 3,
squares and circles; No.5, diamonds� at two field orientations H �ab
and H�ab. Tc=10.2 K �9.0 K� for sample No. 3 �No. 5�. Dashed
lines correspond to the theoretical WHH curves �Ref. 8�. Inset, the
resistive upper critical fields Hc2

* deduced from 90% of the normal
state resistivity as a function of the reduced temperature T /Tc,
where Tc�90% �=8.8 K �8.4 K� for sample No. 3 �No. 5� �see text�.
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samples in the present study is slightly lower than the one in
Ref. 21, it has been shown that the temperature dependence
of the reduced upper critical field as a function of the re-
duced temperature for H�ab does not depend on the mag-
nitude of Tc for Bi-2201 single crystal providing that Tc
�midpoint� lies between 3.7 K and 9 K and in the tempera-
ture range T /Tc=0.04–1.5 In previous studies of Bi-2201
single crystals in static magnetic fields up to 28 T, the criti-
cal field Hc2�ab

* �0� has been estimated to 43 T �Tc

=6–7.7 K� when deduced from 50% of the normal state
resistivity5 and to 65 T �Tc=8.1–9.8 K� when deduced from
80% of the normal state resistivity.21 A rough extrapolation
gives Hc2�ab

* �0�=86 T and 81 T, respectively. Considering a
drastic broadening of the MR curves in the upper part of the
superconducting transition, these magnitudes should be
somewhat higher and we can say that 92 T shown in Fig. 4 is
consistent with preliminary data. The fact that our observa-
tions strongly deviate from the WHH theory for the case
H �ab shows that the quenching of the superconductivity is
not only due to orbital effect for this field orientation.

Another way to illustrate this departure is to translate the
upper critical field in terms of a coherence length via the
anisotropic Ginzburg-Landau �AGL� theory. The AGL rela-
tions are given by Hc2�ab=�0 /2��ab

2 and Hc2�ab
=�0 /2��ab�c, where �0=hc /2e is a flux quantum. Under
the assumption that the relations are valid over a wide range
of temperature, the temperature dependence of �ab�T� is ob-
tained from experimental values of Hc2�ab

* �T� using the first
AGL expression and �c�T� is deduced from the second AGL
expression together with the Hc2�ab

* �T� data. These results are
shown in Fig. 5 for sample No. 3. The solid curve is the best
fit of the AGL expression �ab�T�=�ab�0��1−T /Tc�−1/2 to the

data using �ab�0�=32 Å and Tc as adjustable parameter. The
dashed curve is a fit of the AGL expression �c�T�=�c�0��1
−T /Tc�−1/2 to the low temperature points using again �c�0�
and Tc as adjustable parameters. The same analysis has been
done for the other sample. Since the experimental Hc2

* �T�
dependencies are almost identical, the values of �ab�T� and
�c�T� are also in close agreement. Although there is a good
agreement with AGL theory for the temperature dependence
of the in-plane coherence length �ab, the data deduced from
Hc2�ab

* �T� give a temperature-independent value of �c

�17 Å. Note that the values of �ab�0� and �c�0� are in good
agreement with previous measurement.5 We can also esti-
mate the anisotropy parameter ��Hc2�ab /Hc2�ab=1.9 in the
low temperature range. This parameter is unusually low
compared to other HTSC.

IV. COMPARISON WITH THEORIES

For a layered superconductor in a parallel magnetic field,
a dimensional crossover from 3D to 2D with decoupled lay-
ers is predicted. At a temperature T* corresponding to
�c�T*��s /�2, the upper critical field should diverge. How-
ever, no sign of divergence and or even of discontinuity in
the H-T phase diagram for H �ab is observed in the experi-
mental data. This is in contradiction with the model proposed
by Klem et al.18 which predicts at T* a 2D situation with
decoupled layers for magnetic fields higher than HKLB
=�0 /s2�. Setting in the corresponding values for Bi-2201
s=12.3 Å and �=1.9, we find HKLB=720 T, much higher
than the experimental value of Hc2�ab

* for T→0. Moreover,
if one tries to take into account the finite thickness d of
the layers �which in principle should remove the divergence
of Hc2�, the parallel critical field can be written as Hc2�ab
=�3�0 /�d�ab.20 Then the upper critical field Hc2�ab at T
=0.4 K is estimated to be approximately 1100 T for a thick-
ness of the superconducting layers d=3 Å, which is much
larger than the measured value.

To explain the moderate values of Hc2�ab
* and of the an-

isotropic parameter �, we propose that the quenching of su-
perconductivity for H �ab is due to paramagnetic limitation.
Indeed, if the paramagnetic limit in Bi-2201 is of the order of
50 Tesla, then for H�ab we do not reach it. In contrast, for
H �ab, by lowering the temperature, we reach the region
where the critical field determined by the orbital effects
Hc2�ab=�0 /2��ab�c starts to be larger than the paramagnetic
limiting field. Then, at low temperatures, the Hc2 stops to
grow up and saturates at H�Hp. This effect finds its origin
in the quasi-two-dimensionality of the system.

A crude estimate of the paramagnetic field is given by the
Clogston-Chandrasekhar formula:32,33 HP=	0 /�B

�2. Under
the assumption that 2	0=3.5kBTc, we can rewrite HP�0�
=1.84Tc, which give HP�0�=18 T for Bi-2201, smaller than
the experimental value. If we take the experimental values of
the superconducting gap deduced from tunneling34 or
ARPES35 experiments, then HP�0�=48–82 T. Owing to the
uncertainty of the paramagnetic limit given by the simple
Clogston–Chandrasekhar formula, it is necessary to do a
proper calculation of HP�0� for a layered superconductor,

FIG. 5. Coherence lengths vs reduced temperature T /Tc as de-
rived from experimental measurements of critical fields and derived
using the AGL expressions for �ab �squares� and �c �circles�. The
solid and dashed curves are the best fit of the AGL expression
�ab�T� and �c�T� �see text�.
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which has not been considered in the previous calculations of
the angle and temperature dependencies of the upper critical
field in layered superconductors.19,25 Since we are not inter-
ested in the very low temperature region of the phase dia-
gram, where impurities and defects dominate the upper criti-
cal field behavior,24 we have chosen a Ginzburg–Landau
approach. In this approach, the upper critical field is an ei-
genvalue of the following equation, which has been directly
derived from an integral equation in Ref. 23:

7
�3�
�2�Tc�2�−

�2vF
2

4

�2	

�x2 + 2	 etsHx

�c

2

	 + ��H�2	� = �	 .

�1�

Here �=1−T /Tc, t is the interlayer hopping integral and s is
the distance between the centers of adjacent conducting lay-
ers, taken as the period of the structure. For simplicity we
neglect the higher order harmonics in the dispersion law cor-
responding to the actual period of Bi-2201 which is equal to
2s. Finally, �=g�B /2 is the magnetic moment of the elec-
tron.

By solving analytically equation �1�, we find that Hc2�ab is
a solution of the equation

H

Horb
+ 	 H

Hp

2

= � . �2�

Here

Horb =
�2�Tc�2c

7
�3��2etsvF

�3�

and

Hp =
2�Tc

�7
�3��
. �4�

When �→0 �T→Tc� we recover the Ginzburg-Landau
formula

Hc2�T� = Horb� . �5�

The initial slope −dHc2
* /dT is very large due to the quasi-2D

character of the material. If one assumes that

Hp  Horb. �6�

Then at low enough temperatures, where � has a finite value
of about 1 /2, we have from �2�

Hc2�T� � Hp
�� . �7�

Hence, when T→0, the Hc2�T� curve tends to saturate to-
wards the Pauli limit.

Taking Tc�10 K for Bi-2201, one can obtain the estimate

Hp�0� �
64

g
tesla. �8�

If one takes the free electron g-factor value g=2, we find
HP�0��32 T, smaller than the experimental value. However,
if we take into account spin-orbital coupling, the value of the
g-factor could be smaller than 2. Unfortunately, to our
knowledge, there is no electron paramagnetic resonance re-
sult on HTSC which gives an estimate of the g-factor. Any-
way, for H �ab, we find a paramagnetic limit HP smaller than
the orbital limit, given by the WHH extrapolation at low
temperature �see Fig. 4� and we can conclude that supercon-
ductivity is quenched at moderate fields due to the Zeeman
effect.

V. CONCLUSION

In summary, we have measured the resistive supercon-
ducting transition in Bi-2201 for H �ab. By drawing the H-T
phase diagram, we compare the experimental results with
several theories which estimate the upper critical field in lay-
ered superconductors. We did not observe any temperature
driven transition from a 3D to a 2D situation with decoupled
layers. We conclude by using a Ginzburg-Landau approach,
that superconductivity is quenched by paramagnetism at low
temperature.
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