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Temperature dependence of the upper critical field of Bi2Sr2CuOx single crystals
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The superconducting resistive transition has been investigated in high-quality Bi2Sr2CuOx single crystals
with critical temperatureTc ~midpoint! 53.729 K in magnetic fields~continuous up to 28 T and pulsed up to
52 T! applied perpendicular and parallel to theab plane. The temperature dependence of the resistive upper
critical field Hc2* determined as the field at which the in-plane resistivity in the transition region is 90% or more
of the normal state resistivity is down to temperaturesT/Tc50.3, in close agreement with the Werthamer-
Helfand-Hohenberg theoretical curve calculated for conventional type-II superconductors. The following ther-
modynamic parameters were extracted from the experimental results:Hc2* (0)ab516227 T, Hc2* (0)c543 T
~for 50% of the normal state resistance!, corresponding to superconducting coherence lengthsjab(0).35
245 Å andjc(0).15 Å . The measured field dependence of the mixed-state Hall effect confirms the tem-
perature dependence of the resistive upper critical field found from the superconducting transitions.
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I. INTRODUCTION

Despite the fact that the upper critical fieldHc2(0) is one
of the fundamental parameters in the problem of highTc
superconductivity, up to now some ambiguity has exis
about the values and the temperature dependence ofHc2(T).
Due to the structural simplicity and the low critical temper
ture Tc , the low-Tc phases of the high-Tc superconductors
~HTSC! are an excellent choice for studying the superc
ducting and normal state transport properties. Recently
measuring the resistive transitions of low-critica
temperature oxides Tl2Ba2CuO6 ~Tl2201!, single crystals
(Tc near 20 K!,1 and Bi2Sr2CuO6 ~Bi2201! films ~transition
from 19 down to 12 K!,2 in high magnetic fields, an anoma
lous temperature dependence ofHc2(T) was observed. The
magnetoresistance~MR! curves were shifted to higher field
with decreasing temperature, but evidence of satura
down to temperatures in the mK range was not found. T
value of Hc2(0) exceeded the one expected from the slo
dHc2 /dT at Tc greatly. This anomalous exotic behavior ca
not be explained by any well-established model.

The conventional superconductors show a steplike re
tive transition with only small broadening for reducedTc
values at increasing field. In this case,Hc2(T) values can be
directly obtained from the shifts of the resistive transiti
curves as a function of the applied field. Due to the sign
PRB 600163-1829/99/60~17!/12467~8!/$15.00
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cant field-induced broadening of the resistive transition
HTSC such a method can lead to great uncertainty.3 Never-
theless, data for the magnetotransport measurement
La(22x)SrxCuO4 ~Ref. 4! suggest that whereas the superco
ducting transitions of optimally doped~with the maximum
Tc) and underdoped samples broaden as the magnetic fie
applied, the overdoped samples show a parallel shift. T
assumption is supported by the fact that the overdo
samples Tl2201 in the above-mentioned article1 have rela-
tively sharp magnetic transitions with parallel shifts to high
fields as the temperature is lowered.

It is well known that the preparation of homogeneou
single-phase, and pure single crystals of the HTSC with
isfactory quality is a very difficult task. A significant spatia
variation in the concentration of the mobile oxygen can ha
dramatic effects on the magnetotransport phenomena an
the width of the superconducting transition in a magne
field. In contrast to the situation for the Tl2201 compound,
the Bi2201 crystals the oxygen ions have a low mobility a
a weak sensitivity ofTc to oxygen content in the CuO2
planes. In this connection we have studied the tempera
dependence of the upper critical fieldHc2(T) by using high-
quality Bi2201 single crystals. The investigations of t
Hc2(T) dependence were performed in magnetic fields up
52 T.

After a description of the investigated samples and th
12 467 ©1999 The American Physical Society
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characteristics, we will discuss the measurements of
magnetic field dependence of the superconducting trans
in crystals which reveal conditions close to the flux-flo
regime. It is known5 that in the case of a broadened sup
conducting transition different criteria can lead to differe
temperature dependencies forHc2* (T). Therefore, the tem-
perature dependence for the resistive upper critical fieldHc2*
will be determined from the field at which the resistivityr in
the transition region is 10%, 50%, or 90% of the saturat
value of the normal state resistivityrn at a given tempera
ture.

II. EXPERIMENT

The Sr-deficient Bi(21x)Sr22(x1y)Cu(11y)Oz single crys-
tals were grown in a gaseous phase in the large closed c
ties of a KCl solution melt.6 In this case, the crystals do no
have contact with the solidified melt in the crucible, there
avoiding thermal stresses during cooldown. The numbe
the crystals in one cavity reached several tens. The crys
were grown in the temperature range 8302850 °C with the
ratio Bi/Sr51.421.5 provided the Cu content was increas
insignificantly. Due to the long growth time our single cry
tals have high cation ordering. The sizes of the crystals w
around (0.522) mm3(0.420.7) mm3(1.525) mm.
Properties of the crystals grown inside the same cavity w
very similar. The high quality of the crystals was verified
measurements of the dc resistance, ac susceptibility, x
diffraction, and scanning electron microscopy.6 Composition
of the crystals was studied using a Philips CM-30 elect
microscope with Link analytical AN-95S energy dispersi
x-ray spectrometer. It is believed that the low-Tc Bi com-
pound crystals are either overdoped when the Bi/Sr rati
larger than 1~Bi excess is localized at the Sr position! or
overdoped at a significant excess of Cu with substitution
part of the Bi atoms by Cu. In the present measurements
crystals with Bi excess were investigated. It is also know6,7

that even in nondoped pure Bi2201 compound, both su
conducting and ‘‘semiconducting’’ crystals can be obtain
by changing the Bi/Sr ratio. The Bi2201 samples with t
ratio Bi/Sr51 contain many other phases and a single-ph
solid solution can be formed by changing the ratio of Bi to
only. It was also established7 that with increasing Bi conten
the lattice parameters increase without formation of a
other phases. TheTc value of the crystals formed by our fre
growth method ranges up to 13 K. But we have found t
the more perfect superconducting Bi2201 single crys
have a very narrow region of values of the lattice parame
a55.36025.385 Å , c524.60224.63 Å . In this case the
Tc ~midpoint! values of the crystals lie in the region 3
29 K. The half-width of the main reflections in the x-ra
rocking curves for the single crystals consisting of two
three blocks did not exceed 0.3°, whereas for the crys
comprised of one block only~with dimensions of 0.3 mm
30.3 mm) it was less than 0.1°. This value is close to
resolution limit of a diffractometer and for the analysis of t
crystal perfection we used the supercell parameters which
more sensitive to structural imperfections. In our single cr
tals there is a linear relationship between theTc value and
the monoclinic superlattice angle value6 which is directly
related to the concentration of the carriers.
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Low-Ohmic contacts were made to the samples by us
evaporated and fired-on gold films. A four-probe conta
configuration with symmetrical position of the contacts
both ab surfaces of the sample was used for the meas
ments of the in-plane and out-of-plane resistances. In o
to convert the measured resistances to specific resistivi
the dimensions of the samples were measured with a h
resolution optical microscope. In the employed dc meth
for the resistance measurements, the current was abou
2100 mA for in-plane and 10021000mA for out-of-plane
resistance measurements. The crystals were studied with
magnetic fieldH applied either parallel or perpendicular
the c axis. In the latter case a configuration withJ perpen-
dicular to H for the in-plane transport currentJ was used.
High magnetic field measurements were carried up to 28 T
continuous fields and up to 52 T in pulsed magnetic field

The magnetotransport measurements have been
formed on crystals withTc ~midpoint! 53.729 K. The tran-
sition width defined by the 10% and 90% points of the s
perconducting transition of our samples ranged from 0.5
1.7 K. We note that the onset temperatures of the super
ducting transition from dc resistance and ac susceptib
measurements were close and the transition widths alm
the same.

The in-plane resistivity of the crystals withTc5426 K
showed a linear temperature dependence at high temp
tures which saturates below 20240 K to a residual resistiv-
ity. Crystals withTc5829.5 K had a nearly linear tempera
ture dependencerab(T) down toTc . The slopeDrab /DT of
the in-plane resistivity at high temperatures ranged from
to 1.5mV cm/K. The residual resistivityrab(0) lies be-
tween 60 and 180mV cm. In the samples with higherTc ,
smallerrab(0) and largerDrab /DT were observed. Thes
rab(0) andDrab /DT values were obtained using the Mon
gomery method. However, as was shown8 they can be twice
as large as the values obtained by means of the Van
Pauw four-probe methods. It is known that this discrepan
is due to the strong anisotropy of the layered cuprates. It
been shown9 that in YBa2Cu3O7 with rc@rab the absolute
value of rab measured by the contacts on one side of
single crystal is roughly a factor of 2 larger than that o
tained with the current and voltage contacts on opposite s
of the sample. We have also observed a similar phenome
in our specimens. The out-of-plane resistivityrc(T) of
Bi2201 single crystals varies as a power lawT2a over the
temperature regionT532300 K with a50.721.6. The
largest anisotropy ratiorc /rab is 5.33104 at T50.4 K.

In a two-dimensional model from the residual resistiv
rab(0) and the lattice parameterc we determined the disor
der parameter values10 (kFl )ab539223 where kF is the
Fermi wave vector andl the elastic scattering length in th
ab plane. We measured a normal-state Hall coefficientRH in
our crystals at 4.2 K and found that the carrier density equ
(4.826.3)31021 cm23. The carrier density in the sample
with a lower Tc was larger than that in samples withTc
59 K. If we take the effective mass in theab plane for
Bi2201 m* 56.5m0 (m0 represents the free-electron mas!,
calculated by Houet al.11 based on the assumption of a c
lindrically shaped Fermi surface, we obtainkF'0.7 Å 21

and l 560235 Å at T less than 4 K. According to the opti
cal data obtained by Tsvetkovet al.12 on our Bi2201 single
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PRB 60 12 469TEMPERATURE DEPENDENCE OF THE UPPER . . .
crystals, the carrier densityn55.131021 cm23 at 10 K and
the effective mass in theab plane m* 53mo . With this
value of m* we calculatedkF50.44 Å21, Fermi velocity
vF51.73107 cm/s andl 590250 Å . It seems likely that
m* extracted from optical data is more suited to the de
mination of the transport parameters of crystals.

III. RESULTS AND DISCUSSION

The zero field temperature dependence of the in-plane
sistivity of our low-Tc Bi2201 single crystals was describe
in considerable detail earlier.13 As an example we display in
the upper inset of Fig. 1 the typical temperature dependen
of the in-planerab and out-of-planerc resistivities for two
single crystals withTc54.6 K ~A! and 8.5 K~B! under zero
magnetic field. In the study of the superconducting resis
transition of the crystals in magnetic fields we observed t
all transition curves in the magnetic field saturated at te
peratures down to 0.4 K. In Fig. 1~main panel! the zero field
resistivity is plotted as a function of temperature~open
circles! for one of the studied crystals. The stars represent
data points forrab(T) measured in a magnetic fieldH
520 T. At temperaturesT,Tc the resistivity data were de
fined from the resistive transition as a function of magne
field in the saturated portion of therab(H) curves. The lower
inset in Fig. 1 shows an expanded scale of the lo
temperature data. The high magnetic-field measurements
tify that theab plane resistivity in the normal state shows t
ordinary behavior for a metal down to 0.4 K. Analogo
results were obtained on the low-Tc phases of Tl2201,1

YBa2(Cu0.97Zn0.03)3O72d ,5 and very recently on La-dope
Bi2201 (Tc.13 K).14 Since the finding is in close agree
ment with data published earlier, we will not discuss the
results here.

The resistive superconducting transitions have show
significant field-induced broadening even at low measur

FIG. 1. Upper inset: the temperature dependencies of the
plane rab and out-of-planerc resistivities for two single crystals
with Tc54.6 K ~A! and 8.5 K~B! at H50 T. Main panel: the zero
field resistivity vs temperature for one of the crystals~open circles!.
The stars show the resistivity data at 20 T taken from the satura
region of the resistivity. The lower inset shows an expanded s
of the low-temperature data.
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dc currents (30mA). In Fig. 2 we report the magnetoresis
tance curves for two samples #13~a! and #24~b! at various
temperatures with the field direction perpendicular to theab
plane of the crystal. The zero-field temperature region of
transition defined by the 10% and 90% points of the tran
tion equals 5.126.8 K for sample #13 and 8.729.5 K for
sample #24. The dashed lines in Fig. 2~a! show the method
used to defineHc2* from the measuredrab(H) curve. Three
other studied samples #10, #5, and #14 had the trans
between 5.826.5 K, 4.324.8 K, and 4.525 K, respec-
tively. The field-induced resistive transitions for all thre
samples were similar to those shown in Fig. 2. In spite of
strong broadening of the magnetic transitions one can se
Fig. 2 that the resistive transitions in the normal state
completed at 25 T, even at the lowest experimental temp
ture ~a weak increase of the normal-state resistance is du
a MR contribution in high magnetic fields!.

We also measured the resistive transitions for one of
Bi2201 crystals~#54,Tc55.5 K) in a 52-T pulsed magnetic
field with a 10-kHz excitation current of 10mA using a
lock-in amplifier. Similar results were obtained. The inset
Fig. 2~a! shows the magnetic field dependence of the
plane resistivity for the Bi2201 single crystal at 4.2 K an

n-

n
le

FIG. 2. Resistive transitions of crystal #13~a! and #24~b! in a
magnetic fieldHic at different temperatures. The dashed lines a
the arrows show the method used to defineHc2* from the measured
rab(H) curve. Inset in~a! shows the magnetic field dependence
the in-plane resistivity for single crystal #54, at 4.2 K and 1.8 K
a 52-T pulsed magnet. The magnetic field is applied parallel to
c axis.
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12 470 PRB 60VEDENEEV, JANSEN, HAANAPPEL, AND WYDER
1.8 K. The magnetic field is applied parallel to thec axis.
We have studied the resistive transitions with the m

netic field parallel to theab plane and obtained similar re
sults. Because of the very large values of the upper crit
fields in theHiab geometry we defined theHc2* values in
this case for 50% and 10% of the normal-state resistivityrn

only. The transport current was in theab plane of the crys-
tals and orthogonal to the field in all cases.

It is well known that in layered HTSC the magnetores
tance nearTc is strongly influenced by phenomena related
thermal fluctuations and quasi-two-dimensional vor
states.15,16 Because of the low pinning energies and lar
fluctuations in the case of the high-Tc phases of HTSC,
transport measurements determine an irreversibility
rather than the thermodynamic critical fieldHc2. However,
in spite of the lowTc values of our samples and the lo
measuring temperatures where thermal fluctuations m
play an insignificant role, the MR curves are broadened
before. A similar behavior of the magnetic transitions in t
Hic geometry in Bi2201 at temperaturesT52.225.4 K was
briefly reported previously.10 If we assume that because
the significant excess of Bi our crystals are heavily dop
the data in Fig. 2 are in strong contrast to the data for ov
doped Tl2201 single crystals1 and Bi2201 films.2 In cited
papers,1,2 relatively sharp magnetic transitions with paral
shifts to higher fields are observed even at temperatures
Tc . However, in present measurements as may be seen
Fig. 2 the transition widths decrease and the curves s
parallel to higher fields at lower temperatures only. Mo
probably such a sharpening of the superconducting tra
tions is caused by reduced flux-flow effects at the low
temperatures. In the optimally La-doped Bi2201 polycryst
samples which have the maximum valueTc.25 K for
Bi2201 a carrier density nearn5331021 cm23 was
obtained.7 Then our single crystals withTc53.524 K need
to be assigned to be heavily doped. On the other hand,
reported in Ref. 17, the carrier concentration in the und
doped Bi2Sr22xLaxCuO61d single crystals withTc513 K
are similar. Because the largest value ofTc in our pure
Bi2201 single crystals approximately equals 13 K, t
samples studied here withTc59210 K are most likely to be
near optimal doping. Taking into account the relatively lar
value of the elastic scattering length, this assumption se
plausible.18 This is consistent with the observed wide sup
conducting transition of the La-doped Bi2201 samples
pulsed magnetic fields.14 La doping reduces the hol
concentration7 and the width of the transition curves in
creases. Unfortunately, such doping deteriorates the cry
quality also and the superconducting transition width in m
netic fields is as large as 20 T even atT50.8 K. The sharp-
ening of the superconducting transitions upon lowering
temperature was recently observed in the underdo
La22xSrxCuO4 system.19

Another prominent feature of the MR curves for the lo
Tc samples~Fig. 2! is that all curves in theHic geometry
saturate at high enough fields and to the same value. Th
consistent with the temperature independence of the no
state resistivity of our samples at low temperatures.13

Figure 3 shows the temperature dependencies of the r
tive upper critical fieldHc2* in theHic geometry for samples
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#13 ~a! and #24~b! extracted from the MR curves. TheHc2*
values are obtained from the fields at which the resistivity
the samples has reached 10%, 50%, 90%, and 100% o
normal-state valuesrn . The temperature dependence ofHc2*
was also determined for the field oriented perpendicula
the c axis in theHiab geometry using the 10% and 50%
criteria. This dependence is close to the one found in theHic
geometry. The broadening of the superconducting transi
and the rounding of the top of the transition make it impo
sible to define the value of the upper critical field exact
The temperature dependencies ofHc2* in Fig. 3 obtained
from the 10% and 50% criteria exhibit a strong upward c
vature as observed in overdoped Tl2201,1 Bi2201,2 and
YBa2(Cu0.97Zn0.03)3O72d .5 By using criteria for the defini-
tion of Hc2* more closely torn we obtain almost a linea
Hc2* (T) dependence. For theHiab geometry the linear
Hc2* (T) dependence was even observed for 10% and 5
criteria. The latter fact seem to give evidence for the stro
influence of the character of the vortex motion on the e
tractedHc2* (T) dependence from the resistive measureme

From the linear part of theHc2* (T) dependencies nearTc

FIG. 3. Temperature dependencies of the resistive upper cri
field Hc2* in the Hic geometry for samples #13~a! and #24~b!
extracted from the resistive transitions of the crystals. TheHc2* val-
ues are the fields at which the resistivity of the samples has rea
10%, 50%, 90%, and 100% of its normal-state valuern .
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as determined from ther5rn criterion we obtained the
slopesdHc2* /dTc ranging from22.9 T/K to 24.7 T/K for
the five samples in theHic geometry. For theHiab geometry
the values dHc2* /dTc5212 T/K ~sample #7, Tc53
24.5 K) and25 T/K ~sample #26,Tc5627.7 K) for the
50% and 10% criteria, respectively, were obtained. Usin
linear extrapolation ofdHc2* (T) from Tc to zero temperature
we foundHc2* (0).27 T, 22 T, 20 T, 21 T, and 16 T (Hic
axis! for samples #24, #13, #10, #5 and #14, respectively
the case of theHiab plane geometryHc2* (0)540243 T for
sample #7 and #26~50% criterion! was obtained. Using a
Werthamer-Helfand-Hohenberg~WHH!-type extrapolation
to lower temperature20 with Hc2* (0)50.693(2dHc2* /dT)Tc8
we obtained from ther5rn points Hc2* (0)522 T, 15 T,
14 T, 14.5 T, and 11 T~samples #24, #13, #10, #5, and #1
respectively! for Hic axis. Here, thedHc2* /dT is taken to be
the tangent ofHc2* (T) at temperatures close toTc andTc8 the
intersection of this tangent with the temperature axis. O
results differ strongly from those found in Ref. 2 for Bi220
films which have higher values ofTc ~the midpoint transition
at .15 K and the transition width.7 K). Extrapolating the
data nearTc , the slopedHc2* /dT520.29 T/K andHc2(0)
53.8 T were found for these films.2 Since the superconduc
ing transitions of our Bi2201 samples are broadened i
magnetic field and different criteria lead to different tempe
ture dependencies forHc2* (T), we will consider that the data
obtained fromr.rn ~90% and 100% criteria! show the most
accurate reflection of theHc2* (T) dependence. For compar
son we determinedHc2* (T) also from crossing between th
extrapolated normal state resistivity and the tangent of
transition. As a result, smaller values forHc2* (T) andHc2* (0)
were obtained but the general view of theHc2* (T) curves
remained the same.

Returning to Fig. 3, we observe that the temperature
pendence ofHc2* obtained from the 10% and 50% criter
demonstrate a strong upward curvature as observed earl
overdoped materials.1,2,5 In these cited articles1,2 the positive
curvature of theHc2* (T) dependence was independent of t
chosen criterion. It can be supposed that our data dedu
from 0.1rn and 0.5rn criteria determine the irreversibility
line which lies well below Hc2* (T) and has an upward
curvature.21 The irreversibility line, as is known, does no
occupy a well defined position in theH-T diagram insofar as
that it depends on the sample, sample size, and other ex
mental conditions.

For our single crystals with a lowTc subsequently involv-
ing low measuring temperatures, the fluctuation effe
should be quite small except for temperatures very clos
Tc . However, as can be seen from the braodened transit
close toHc2 in Fig. 2, the short coherence length and t
large anisotropy probably enhance the contribution of th
mal fluctuations. The resistive transition widths decre
with increasing magnetic field for temperatures lower th
T.3 K, where the transition curves are shifted showing
clear flux-flow regime with a resistivity linear in field. Fo
the 2D superconductors a crossover between free flux
and thermally activated motion should take place at a m
ing temperatureTm of the vortex lattice22 given by Tm

5(1/8pA3)F0
2s/16kBp2lab

2 .5.5 K using the London pen
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etration depthlab.3100 Å ~Ref. 23!, the CuO2 interlayer
spacings512.3 Å , and the flux quantumF0. The estimated
Tm value is close to that found in our experiment.

Earlier measurements of the flux-flow resistivityr f in
conventional type-II superconductors have shown thatr f is
proportional to the magnetic field at low temperatures, i
r f /rn5H/Hc2(0) ~Ref. 24!, where rn is the normal-state
resistivity. For the comparison of experimental data on d
ferent samples it is convenient to use the dimensionless r
S(T)5@Hd(r f /rn)/dH#Hc2

. This parameter extracted from

our MR data for theHic geometry as a measure for the slo
of the transition curves is plotted in Fig. 4 as a function
the reduced temperature. As is seen from Fig. 4, the rang
S(T) values for Bi2201 is almost comparable to that for t
conventional dirty Nb-Ta, In-Bi, and Pb-Tl alloys,25 but their
parametersSdepend inversely on temperature. In the pres
case the behavior ofS(T) reflects the fact that the depinnin
field ~the onset of resistance! of Bi2201 increases faster tha
Hc2* with decreasing temperature. This is also evident fr
Fig. 2. Since a depinning line due to thermally activated fl
creep is the irreversibility line26,27 and the irreversibility
field21 follows an exponential lawHir .exp(2T/Tc) or a
power lawHir .T22, the observed temperature dependen
of Sseems plausible. The solid curve in Fig. 4 correspond
the formulaA3exp(2aT/Tc) with A52.17 anda57.14.

It is known that resistance measurements provide
lower limit for r f because pinning may be present. Th
using the expression for flux-flow viscosityh5F0H/c2r f
we find the upper limit for h<1.831027 g/cms at T
54.3 K andH51 T ~Fig. 2!. This value is close to the the
oretical viscosityh.331027 g/cm s, estimated by use o
the formulah5F0Hc2(0)ab /c2rn with the averaged value
of the normal-state resistivity in theab plane rn
5120 mV cm. Based on the data presented in Fig. 4 and
calculated values ofTm andh, we believe that for the mea
surements of the MR of our crystals in the mixed state
conditions close to the flux-flow regime were realized. F
this reason at the significant broadening of the supercond
ing transition in a magnetic field, the influence of the flu

FIG. 4. The normalized slopeS(T) of the transition curves vs
reduced temperatureT/Tc for the Hic geometry extracted from the
resistive transitions in four crystals. The solid curve correspond
the formulaA3exp(2aT/Tc) with A52.17 anda57.14.
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motion dissipation becomes less noticeable whenHc2* is de-
termined at a higher fraction ofrn . Hence, we suppose tha
the obtained data forHc2* (T) in the Hic geometry using the
r50.9rn andr5rn criteria are rather close to the true va
ues. Then the upper critical field for our Bi2201 single cry
tals isHc2* (0)ab516227 T. Because of the very high uppe
critical fields in theHiab geometry, we could determin
Hc2* (0)c.43 T for ther50.5rn criterion only. If we take
Hc2* (0)ab at r50.5rn equal to 16 T~Fig. 3!, we find that the
anisotropyHc2* (0)iab /Hc2* (0)ic equals 2.7. We may also es
timate theab plane andc axis coherence lengths at ze
temperature from the anisotropic Ginsburg-Land
relations28 Hc2* (0)ic5F0/2pjab

2 and Hc2* (0)iab

5F0/2pjabjc . Using the data from ther5rn criterion we
get for four samplesjab535245 Å in the ab plane and
jc514 Å in thec direction. Thejab /jc anisotropy value is
found to be 2.7. Comparing these values ofjab with the
averaged mean-free pathl̄ 570 Å our crystals appear to b
neither in the clean limit nor in the dirty limit withjab / l̄
'0.6. The values ofHc2* (0)ab and jab(0) are close to the
ones obtained earlier for optimally doped Bi2201 sing
crystal.10 Using the energy gap value29 D053.5 meV, we
can estimate the Clogston paramagnetic limitHp(0)
5D0 /mBA2.24 T (mB is Bohr magneton!. That is close to
the measured values ofHc2* (0)ab but lower than the mea
suredHc2* (0)c . A similar suppression of the paramagne
effect was also observed in the conventional layered su
conductors NbSe2 and TaS2.

In Fig. 5 we display the reduced critical fieldhc2

5Hc2* /(2dHc2* /dT)Tc
Tc as a function of the reduced temper

ture T/Tc for five investigated samples at field orientatio
Hic together with the theoretical WHH curve20 which de-
scribes the behavior of the upper critical field in conventio
type-II superconductors without spin paramagnetic and s

FIG. 5. Reduced critical fieldhc25Hc2* /(2dHc2* /dT)Tc
Tc as a

function of the reduced temperatureT/Tc for five samples togethe
with the theoretical WHH curve~dashed line!.20 The inset shows
the temperature dependence ofHc2* at points where the Hall resis
tivity rxy(H)50.
-

u

r-

l
n-

orbit effects. Except for the small region at lower tempe
turesT/Tc,0.3 the experimental data can be described
the conventional WHH theory. We did not observe any u
usual behavior of the resistive upper critical fieldHc2* in any
Bi2201 single crystals that were studied. Notice that
agreement between WHH theory andHc2(T) data has previ-
ousely been observed also by Chen30 in studies of a single-
crystalline Bi2201 sample in magnetic field up to 8 T
temperatures 4.327 K.

The result in Fig. 5 clearly shows that the data for t
temperature dependence of the reduced critical fieldhc2 can
be described by a linear dependence which is very clos
the WHH curve. One can suppose that the deviation of
experimental points atT/Tc,0.3 is indicative of a positive
curvature down to the lowest temperatures. However,
must note that at these temperatures it is rather impossib
determine the superconducting transition exactly due to
presence of superconducting fluctuations. In addition, aT
!Tc the coherence length is very short and inhomogenei
on the scale ofj(T) can be resolved, leading to deviatio
from the averaged properties.31 Coffe, Muttalib, and Levin32

calculated the temperature dependence ofHc2 for highly dis-
ordered superconductors and predicted that because the
netic field diminishes the localization effect, the low
temperature values ofHc2 can show an enhancement ov
the WHH curve for dirty superconductors. However, th
phenomenon plays probably no role here because in this
one would also expect a negative normal-state in-plane M
At low temperatures we always observed a positive MR.

Hall effect measurements are a useful method in de
mining the transport behavior in metals and semimetals. P
vious experiments on YBa2Cu3O7 revealed a sign-reversa
anomaly of the Hall coefficientRH nearTc .33 Kopnin, Ivlev,
and Kalatsky34 describe the flux-flow Hall conductivity as
sum of the quasiparticle and vortices partssH5sH

n 1sH
f .

sH
f is only determined by the imaginary part of the relaxati

time and has the same sign for any vortex direction.35 The
Hall conductivity is independent of pinning. The change
sign in Hall resistivityrxy(H) relates to exceeding a positiv
sH

n relative to a negativesH
f . Roughly approximated, the

applied field withrxy(H)50 may be thought of as an ap
proximate estimation ofHc2* /2 at given temperature. We
have measured the field dependence of the mixed-state
effect on one of our Bi2201 single crystals #24 at differe
temperatures down to 0.4 K in magnetic fields up to 23
perpendicular to theab plane. We find thatrxy(H) is nega-
tive with a broad minimum at low fields and holelike at hig
fields in the normal state. By plotting the magnetic fields
points whererxy(H)50 against reduced temperature, w
find in the inset of Fig. 5 thatHc2* varies linearly withT. The
Hc2* (T) data determined by this means are in close agr
ment with those extracted from therab resistivity for the
same sample~Fig. 2!.

Figure 6 shows the resistive transitions of sample #13
magnetic fieldHiciJ at different temperatures. The max
mum value of the out-of-plane resistivityrc increases with
decreasing temperature in the magnetic field just as in stu
of Bi2Sr2CaCu2O 81d .36,37This reflects the common ‘‘semi
conducting’’ normal-state behavior ofrc in the layered Bi
family. The question of the coexistence of the metallic
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plane resistivity with the ‘‘semiconducting’’ out-of-plane re
sistivity down to low temperatures has attracted much at
tion in last few years and several models have been prop
to explain it. Here, we do not want discuss this topic. Ho
ever, we would like to notice that the out-of-plane resistiv
rc at T!Tc shows a tendency to saturation in very hi
magnetic fields for the samples withTc<5 K. We observed
this saturation of the out-of-plane MR in pulsed magne
fields with theHiciJ geometry at 40250 T. The inset in
Fig. 6 shows the magnetic field dependence ofrc for crystal
#54 atT54.2 K and 1.9 K. The lock-in-amplifier operates
10 kHz with an excitation current 500m A. Unfortunately,
precise measurements ofrc are a difficult task in the pulsed
magnet, due to the very low resistance of our crystals al
the c axis yielding a higher noise level.

Considering that Bi2201 belongs to the family of th
highly anisotropic layered superconductors BiSrCaCuO
could be expected that the out-of-plane resistivityrc cannot
provide information onHc2* because in this case the behav
of rc is related to Josephson effects and not with the form
tion of a superconducting order parameter inside the C2
layers. The resistivity anisotropyrc /rab;1032104 shows
that Bi2201 is a highly anisotropic superconductor. Ho
ever, in contrast to an anisotropy parameterg5jab /jc
520021000 for Bi2Sr2CaCu2O8,22 for Bi2201 the value of
jab /jc.2.7 was obtained, which could lead to the oppos

FIG. 6. Magnetic-field dependences of the out-of-plane resis
ity rc of sample #13 at different temperatures. Inset shows
magnetic field dependence ofrc for crystal #54 atT54.2 K and
1.9 K in the 52-T pulsed magnet.
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of the above given conclusion. Indeed, theHc2* (T) depen-
dence determined by the maximum in therc(H) curves ex-
hibits a significant positive curvature. TheHc* (T) data lie
close to the points in Fig. 3~a! obtained for the same samp
using the 50% criteria. This is consistent with the expe
mental data because the maxima ofrc(H) coincide with the
field positions ofrab(H)50.4rn . Hence, the peak effect in
rc(H) is a property of the mixed state and results from
competition between the ‘‘semiconducting’’ behavior ofrc
and the superconducting transition.

All rc(H) curves~Fig. 6! have a pronounced break poin
in the derivative well above therc(H) peak, which shifts to
higher fields with decreasing temperature. AtT.Tc , this
break point disappears. The field position of these br
points in the derivative coincide with theHc2* values deter-
mined by therab5rn criterion with a similar temperature
dependence. Since the mechanism of a negative out-of-p
longitudinal magnetoresistance is still unclear, we can o
give a qualitative discussion of this phenomenon.

In conclusion, we have studied the superconducting re
tive transition in several high-quality Bi2Sr2CuOx single
crystals with critical temperatureTc (midpoint)53.729 K
in magnetic fields up to 28 T for continuous fields and up
52 T for pulsed fields, both perpendicular and parallel to
ab plane. We found that the temperature dependence of
resistive upper critical fieldHc2* , determined as the field a
which the in-plane resistivity in the transition region is 90
or more of the normal-state resistivity, is down to the te
peratures T/Tc50.3, in close agreement with th
Werthamer-Helfand-Hohenberg theory for convention
type-II superconductors. The measured field dependenc
the mixed-state Hall effect at different temperatures down
0.4 K in the magnetic field up to 28 T confirms the tempe
ture dependence of the resistive upper critical field extrac
from the superconducting transitions.

ACKNOWLEDGMENTS

We thank L. N. Bulaevskii for valuable corresponden
and helpful discussions, V. A. Stepanov for his help in t
preparation of the electrical contacts to the samples, and
P. Martovitskii for the careful x-ray studies of the sing
crystals. One of us~S.I.V.! was partially supported by the
Russian Ministry of Science and Technical Policy in t
frame of the program Actual Problems of Condensed Ma
Physics Grant No. N96001 and by the Russian Founda
for Basic Research~Project No. 99-02-17877!.

-
e

ar-

te
.

K.
1A.P. Mackenzie, S.R. Julian, G.G. Lonzarich, A. Carrington, S
Hughes, R.S. Liu, and D.C. Sinclair, Phys. Rev. Lett.71, 1238
~1993!.

2M.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!.

3T.T.M. Palstra, B. Batlogg, R.B. van Dover, L.F. Schneemey
and J.V. Waszczak, Phys. Rev. B41, 6621~1990!.

4M. Suzuki and M. Hikita, Phys. Rev. B44, 249 ~1991!.
.

,
.

r,

5D.J.C. Walker, O. Laborde, A.P. Mackenzie, S.R. Julian, A. C
rington, J.W. Loram, and J.R. Cooper, Phys. Rev. B51, 9375
~1995!.

6V.P. Martovitsky, J.I. Gorina, and G.A. Kaljushnaia, Solid Sta
Commun.96, 893 ~1995!; J.I. Gorina, G.A. Kaljushnaia, V.P
Martovitsky, V.V. Rodin, and N.N. Sentjurina,ibid. 108, 275
~1998!.

7A. Maeda, M. Hase, I. Tsukada, K. Noda, S. Takebayshi, and
Uchinokyra, Phys. Rev. B41, 6418~1990!.



F.

n

.

n

e

n

y

F

ta
er
ta

h-
i,

e

e-

V.

ge,

d R.

g,

.

.A.

12 474 PRB 60VEDENEEV, JANSEN, HAANAPPEL, AND WYDER
8T. Manako, Y. Kubo, and Y. Shimakawa, Phys. Rev. B46,
11 019~1992!.

9H. Safar, P.L. Gammel, D.A. Huse, S.N. Majumdar, L.
Schneemeyer, D.J. Bishop, D. Lopez, G. Nieva, and F. de
Cruz, Phys. Rev. Lett.72, 1272~1994!.

10A.T. Fiory, M.A. Paalanen, R.R. Ruel, L.F. Schneemeyer, a
J.V. Waszczak, Phys. Rev. B41, 4805~1990!.

11X.H. Hou, W.J. Zhu, J.Q. Li, J.W. Li, J.W. Xiong, F. Wu, Y.Z
Huang, and Z.X. Zhao, Phys. Rev. B50, 496 ~1994!.

12A.A. Tsvetkov, J. Schutzmann, J.I. Gorina, G.A. Kaljushnaia, a
D. van der Marel, Phys. Rev. B55, 14 152~1997!.

13S.I. Vedeneev, A.G.M. Jansen, A.A. Tsvetkov, and P. Wyd
Phys. Rev. B51, 16 380~1995!.

14Y. Ando, G.S. Boebinger, A. Passner, N.L. Wang, C. Geibel, a
F. Steglich, Phys. Rev. Lett.77, 2065~1996!.

15G. Briceno, M.F. Crommie, and A. Zettl, Phys. Rev. Lett.66,
2164 ~1991!.

16M. Oussena, P.A.J. de Groot, R. Gagnon, and L. Taillefer, Ph
Rev. Lett.72, 3606~1994!.

17Y. Ando, G.S. Boebinger, A. Passner, N.L. Wang, C. Geibel,
Steglich, I.E. Trofimov, and F.F. Balakirev, Phys. Rev. B56,
8530 ~1997!.

18The complementary measurements of our Bi2201 single crys
composition performed in the Material Science Centre, Univ
sity of Groningen, The Netherlands have shown that our crys
are slightly underdoped by oxygen depletion also.

19K. Karpinska, A. Malinowski, M.Z. Cieplak, S. Guha, S. Gers
man, G. Kotliar, T. Skoskiewich, W. Plesiwicz, M. Berkowsk
and P. Lindenfeld, Phys. Rev. Lett.77, 3033~1996!.

20N.R. Werthamer, E. Helfand, and P.C. Hohenberg, Phys. R
147, 295 ~1966!.
la

d

d

r,

d

s.

.

ls
-
ls

v.

21M. Tinkham, Phys. Rev. Lett.61, 1658~1988!.
22J.H. Cho, M.P. Maley, S. Flesher, A. Lacerda, and L.N. Bula

vskii, Phys. Rev. B50, 6493~1994!.
23S. Martin, A.T. Fiory, R.M. Fleming, L.E. Schneemeyer, and J.

Waszczak, Phys. Rev. B41, 846 ~1990!.
24A.R. Strand, C.F. Hempstrad, and Y.B. Kim, Phys. Rev. Lett.13,

894 ~1964!.
25C.J. Axt and W.C.H. Joiner, Phys. Rev.171, 461 ~1968!.
26Y. Yeshurun and A.P. Malozemoff, Phys. Rev. Lett.60, 2202

~1988!.
27D. Hu, V.A.M. Brabers, J.H.P.M. Emmen, and W.J.M. de Jon

Physica C216, 315 ~1993!.
28R.C. Morris, R.V. Coleman, and R. Bhandari, Phys. Rev. B5,

895 ~1972!.
29S.I. Vedeneev, P. Samuely, A.G.M. Jansen, I.P. Kazakov, an

Gonnelli, Z. Phys. B83, 343 ~1991!.
30J.W. Chen, Physica C225, 294 ~1994!.
31G.E. Zwicknagl and J.W. Wilkins, Phys. Rev. Lett.53, 1276

~1984!.
32L. Coffey, K.A. Muttalib, and K. Levin, Phys. Rev. Lett.52, 783

~1984!.
33J.M. Harris, Y.F. Yan, O.K.C. Tsui, Y. Matsuda, and N.P. On

Phys. Rev. Lett.73, 1711~1994!.
34N.V. Kopnin, B.I. Ivlev, and V.A. Kalatsky, J. Low Temp. Phys

90, 1 ~1993!.
35V.B. Geshkenbein and A.I. Larkin, Phys. Rev. Lett.73, 609

~1994!.
36S. Vedeneev, A.G.M. Jansen, P. Samuely, V.A. Stepanov, A

Tsvetkov, and P. Wyder, Phys. Rev. B49, 9823~1994!.
37Y.F. Yan, P. Matl, J.M. Harris, and N.P. Ong, Phys. Rev. B52,

R751 ~1995!.


