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The superconducting resistive transition has been investigated in high-qual8y®iQ, single crystals
with critical temperaturd . (midpoiny =3.7—9 K in magnetic fieldgcontinuous up to 28 T and pulsed up to
52 T) applied perpendicular and parallel to thb plane. The temperature dependence of the resistive upper
critical field HZ, 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 temperatufé3 . =0.3, in close agreement with the Werthamer-
Helfand-Hohenberg theoretical curve calculated for conventional type-Il superconductors. The following ther-
modynamic parameters were extracted from the experimental resiff60),,=16—27 T, H%,(0),=43 T
(for 50% of the normal state resistapceorresponding to superconducting coherence length&)=35
—45 A and£,(0)=15 A . 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.
[S0163-18299)12441-X

[. INTRODUCTION cant field-induced broadening of the resistive transition in
HTSC such a method can lead to great uncertaimigver-
Despite the fact that the upper critical figf},(0) is one  theless, data for the magnetotransport measurements of
of the fundamental parameters in the problem of High- La,_,SrCuQ, (Ref. 4 suggest that whereas the supercon-
superconductivity, up to now some ambiguity has existedducting transitions of optimally dopeg@vith the maximum
about the values and the temperature dependenide¢T). T.) and underdoped samples broaden as the magnetic field is
Due to the structural simplicity and the low critical tempera-applied, the overdoped samples show a parallel shift. This
ture T;, the low-T, phases of the highi; superconductors assumption is supported by the fact that the overdoped
(HTSO) are an excellent choice for studying the superconsamples TI2201 in the above-mentioned arlidlave rela-
ducting and normal state transport properties. Recently, byively sharp magnetic transitions with parallel shifts to higher
measuring the resistive transitions of low-critical- fields as the temperature is lowered.
temperature oxides JBa,CuQ; (TI2201), single crystals It is well known that the preparation of homogeneous,
(T, near 20 K,' and B,SKLCuQ; (Bi2201) films (transition  single-phase, and pure single crystals of the HTSC with sat-
from 19 down to 12 K% in high magnetic fields, an anoma- isfactory quality is a very difficult task. A significant spatial
lous temperature dependencetdf,(T) was observed. The variation in the concentration of the mobile oxygen can have
magnetoresistand®R) curves were shifted to higher fields dramatic effects on the magnetotransport phenomena and on
with decreasing temperature, but evidence of saturatiothe width of the superconducting transition in a magnetic
down to temperatures in the mK range was not found. Thdield. In contrast to the situation for the TI2201 compound, in
value ofH,(0) exceeded the one expected from the slopehe Bi2201 crystals the oxygen ions have a low mobility and
dH.,/dT at T, greatly. This anomalous exotic behavior can-a weak sensitivity ofT, to oxygen content in the CyO
not be explained by any well-established model. planes. In this connection we have studied the temperature
The conventional superconductors show a steplike resisdependence of the upper critical figt,(T) by using high-
tive transition with only small broadening for reducdd  quality Bi2201 single crystals. The investigations of the
values at increasing field. In this cas¢,,(T) values can be H,(T) dependence were performed in magnetic fields up to
directly obtained from the shifts of the resistive transition52 T.
curves as a function of the applied field. Due to the signifi- After a description of the investigated samples and their
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characteristics, we will discuss the measurements of the Low-Ohmic contacts were made to the samples by using
magnetic field dependence of the superconducting transitioavaporated and fired-on gold films. A four-probe contact
in crystals which reveal conditions close to the flux-flow configuration with symmetrical position of the contacts on
regime. It is known that in the case of a broadened super-both ab surfaces of the sample was used for the measure-
conducting transition different criteria can lead to differentments of the in-plane and out-of-plane resistances. In order
temperature dependencies fdif,(T). Therefore, the tem- to convert the measured resistances to specific resistivities,
perature dependence for the resistive upper critical filg  the dimensions of the samples were measured with a high
will be determined from the field at which the resistivitjn ~ resolution optical microscope. In the employed dc method
the transition region is 10%, 50%, or 90% of the saturatiorfor the resistance measurements, the current was about 50
value of the normal state resistiviy, at a given tempera- —2100 uA for in-plane and 106 1000 wA for out-of-plane
ture. resistance measurements. The crystals were studied with the
magnetic fieldH applied either parallel or perpendicular to
the ¢ axis. In the latter case a configuration withperpen-
dicular toH for the in-plane transport curredtwas used.
The Sr-deficient Bh.,Sh- (x+y)Cl1+y)O; single crys- High magnet.ic field measuremenps were carried up_to 28 Tin
tals were grown in a gaseous phase in the large closed caontinuous fields and up to 52 T in pulsed magnetic fields.
ties of a KCI solution melf.In this case, the crystals do not ~ The magnetotransport measurements have been per-
have contact with the solidified melt in the crucible, therebyformed on crystals witf; (midpoiny =3.7—9 K. The tran-
avoiding thermal stresses during cooldown. The number osition width defined by the 10% and 90% points of the su-
the crystals in one cavity reached several tens. The crystaRerconducting transition of our samples ranged from 0.5 to
were grown in the temperature range 83860 °C with the 1.7 K. We note that the onset temperatures of the supercon-
ratio Bi/Sr=1.4— 1.5 provided the Cu content was increasedducting transition from dc resistance and ac susceptibility
insignificantly. Due to the long growth time our single crys- measurements were close and the transition widths almost
tals have high cation ordering. The sizes of the crystals werthe same.
around (0.5-2) mmx (0.4—0.7) mmx (1.5-5) um. The in-plane resistivity of the crystals witi.=4—6 K
Properties of the crystals grown inside the same cavity weréhowed a linear temperature dependence at high tempera-
very similar. The high quality of the crystals was verified by tures which saturates below 2@0 K to a residual resistiv-
measurements of the dc resistance, ac susceptibility, x-rafy- Crystals withT,=8—9.5 K had a nearly linear tempera-
diffraction, and scanning electron microscdp@omposition  ture dependence,,(T) down toT.. The sloped p,,/AT of
of the crystals was studied using a Philips CM-30 electrorthe in-plane resistivity at high temperatures ranged from 0.5
microscope with Link analytical AN-95S energy dispersionto 1.5uQ cm/K. The residual resistivityp,,(0) lies be-
x-ray spectrometer. It is believed that the Idw-Bi com-  tween 60 and 18Qu{) cm. In the samples with highéf,,
pound crystals are either overdoped when the Bi/Sr ratio ismaller p,,(0) and largerAp,,/AT were observed. These
larger than 1(Bi excess is localized at the Sr positjoor  pan(0) andAp,,/AT values were obtained using the Mont-
overdoped at a significant excess of Cu with substitution oomery method. However, as was shéwmey can be twice
part of the Bi atoms by Cu. In the present measurements onlgs large as the values obtained by means of the Van der
crystals with Bi excess were investigated. It is also kndfvn Pauw four-probe methods. It is known that this discrepancy
that even in nondoped pure Bi2201 compound, both supeiis due to the strong anisotropy of the layered cuprates. It has
conducting and “semiconducting” crystals can be obtainedbeen showhthat in YBa,CusO, with p.>p,;, the absolute
by changing the Bi/Sr ratio. The Bi2201 samples with thevalue of p,,, measured by the contacts on one side of the
ratio Bi/Sr=1 contain many other phases and a single-phassingle crystal is roughly a factor of 2 larger than that ob-
solid solution can be formed by changing the ratio of Bi to Srtained with the current and voltage contacts on opposite sides
only. It was also establishéthat with increasing Bi content of the sample. We have also observed a similar phenomenon
the lattice parameters increase without formation of anyin our specimens. The out-of-plane resistivip(T) of
other phases. THE, value of the crystals formed by our free Bi2201 single crystals varies as a power law“ over the
growth method ranges up to 13 K. But we have found thatemperature regiorif=3—300 K with «=0.7—1.6. The
the more perfect superconducting Bi2201 single crystalsargest anisotropy ratip./p,p is 5.3<10* at T=0.4 K.
have a very narrow region of values of the lattice parameters In a two-dimensional model from the residual resistivity
a=5.360-5.385 A, c=24.60-24.63 A . In this case the p,,(0) and the lattice parameterwe determined the disor-
T. (midpoind values of the crystals lie in the region 3.5 der parameter valu (kgl),,=39—23 wherekg is the
—9 K. The half-width of the main reflections in the x-ray Fermi wave vector antl the elastic scattering length in the
rocking curves for the single crystals consisting of two orab plane. We measured a normal-state Hall coefficignin
three blocks did not exceed 0.3°, whereas for the crystalsur crystals at 4.2 K and found that the carrier density equals
comprised of one block onlywith dimensions of 0.3 mm (4.8—6.3)x 10? cm™ 3. The carrier density in the samples
X 0.3 mm) it was less than 0.1°. This value is close to thewith a lower T, was larger than that in samples wiih,
resolution limit of a diffractometer and for the analysis of the =9 K. If we take the effective mass in theeb plane for
crystal perfection we used the supercell parameters which a®i2201 m* =6.5m, (m, represents the free-electron mass
more sensitive to structural imperfections. In our single cryscalculated by Howet al!! based on the assumption of a cy-
tals there is a linear relationship between fhevalue and lindrically shaped Fermi surface, we obtaip~0.7 A1
the monoclinic superlattice angle vafuehich is directly andl=60-35 A atT less than 4 K. According to the opti-
related to the concentration of the carriers. cal data obtained by Tsvetkat al? on our Bi2201 single

Il. EXPERIMENT



PRB 60 TEMPERATURE DEPENDENCE OF THE UPPER ... 12 469
350 T T 100
» Bllc ] @ #13 Bllc
20
300 E ] ~ 80 o 746K 107K
a e T s ez 778
o R - N iich
250 s |08 E i _________ =7 Rk .
o " = 60 0.9, 228K 043K
= % f00 0 20 20 W g 2 158K 039K
§ 200 Temparsirs () 1 2 2
g T § w0/ /L ] a2
c.?150_ 2 so*n(g*lx X lt!.ll i % * * éwo #54 Bllc
? £ 60 ?" & 204 S o [18K
| ] o
100 Gy = g 40 / T 0~ 0 20 30 40 50 60
R / . . H(T),
50 r° J » 1 0 5 10 15 20 25 30
*BAOT 2 4 6 & 10
A . . . . Tempell'ature(K)I Magnetic field (T)
0 50 100 150 200 250 300
Temperature (K) ' ' ' ' ' )
FIG. 1. Upper inset: the temperature dependencies of the in-
plane p,, and out-of-planep, resistivities for two single crystals . i
with T.=4.6 K(A) and 8.5 K(B) atH=0 T. Main panel: the zero §
field resistivity vs temperature for one of the crystapen circles g 108K 11K
The stars show the resistivity data at 20 T taken from the saturation 2 89k 096K |
region of the resistivity. The lower inset shows an expanded scale B 7K 087K
of the low-temperature data. 8 55K 080K
4 43K 067K A
| 32K 059K
crystals, the carrier density=5.1x 10?* cm 3 at 10 K and K 02K A
the effective mass in thab plane m*=3m,. With this 1ok
value of m* we calculatedkg=0.44 A=, Fermi velocity —=F T . —— 5
ve=1.7x10" cm/s andl=90-50 A . It seems likely that 0 5 o520 25 30

m* extracted from optical data is more suited to the deter- Magnetic field (T)

mination of the transport parameters of crystals. FIG. 2. Resistive transitions of crystal #18 and #24(b) in a

magnetic fieldH||c at different temperatures. The dashed lines and
the arrows show the method used to defit{s from the measured
pan(H) curve. Inset in(@) shows the magnetic field dependence of
The zero field temperature dependence of the in-plane rehe in-plane resistivity for single crystal #54, at 4.2 K and 1.8 K in
sistivity of our low-T. Bi2201 single crystals was described a 52-T pulsed magnet. The magnetic field is applied parallel to the
in considerable detail earliéf.As an example we display in ¢ axis.
the upper inset of Fig. 1 the typical temperature dependences
of the in-planep,;, and out-of-planep, resistivities for two  dc currents (3QuA). In Fig. 2 we report the magnetoresis-
single crystals withilT.=4.6 K (A) and 8.5 K(B) under zero tance curves for two samples #1& and #24(b) at various
magnetic field. In the study of the superconducting resistivéaemperatures with the field direction perpendicular toahe
transition of the crystals in magnetic fields we observed thaplane of the crystal. The zero-field temperature region of the
all transition curves in the magnetic field saturated at temiransition defined by the 10% and 90% points of the transi-
peratures down to 0.4 K. In Fig.(inain panelthe zero field tion equals 5.1 6.8 K for sample #13 and 8-79.5 K for
resistivity is plotted as a function of temperatufepen sample #24. The dashed lines in Figa)2show the method
circles for one of the studied crystals. The stars represent thased to defindd}, from the measureg,,(H) curve. Three
data points forp,,(T) measured in a magnetic fielH other studied samples #10, #5, and #14 had the transition
=20 T. At temperature3 <T. the resistivity data were de- between 5.8 6.5 K, 4.3-4.8 K, and 4.55 K, respec-
fined from the resistive transition as a function of magnetictively. The field-induced resistive transitions for all three
field in the saturated portion of thg,(H) curves. The lower samples were similar to those shown in Fig. 2. In spite of the
inset in Fig. 1 shows an expanded scale of the low-strong broadening of the magnetic transitions one can see in
temperature data. The high magnetic-field measurements teBig. 2 that the resistive transitions in the normal state are
tify that theab plane resistivity in the normal state shows the completed at 25 T, even at the lowest experimental tempera-
ordinary behavior for a metal down to 0.4 K. Analogousture (a weak increase of the normal-state resistance is due to
results were obtained on the Ioly- phases of TI220%, a MR contribution in high magnetic fielgls
YBa,(Cly 92Ny 09307— 5,° and very recently on La-doped We also measured the resistive transitions for one of our
Bi2201 (T.=13 K).!* Since the finding is in close agree- Bi2201 crystalg#54,T.=5.5 K) in a 52-T pulsed magnetic
ment with data published earlier, we will not discuss thesdield with a 10-kHz excitation current of 1@A using a
results here. lock-in amplifier. Similar results were obtained. The inset in
The resistive superconducting transitions have shown &ig. 2@ shows the magnetic field dependence of the in-
significant field-induced broadening even at low measuringlane resistivity for the Bi2201 single crystal at 4.2 K and

Ill. RESULTS AND DISCUSSION
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1.8 K. The magnetic field is applied parallel to thaxis. N ' #1'3 B“c' ' ' (;)
We have studied the resistive transitions with the mag- 25F & ]

netic field parallel to theab plane and obtained similar re- * : 8"9

sults. Because of the very large values of the upper critical 201 ‘ R 0:5g:

fields in theH|lab geometry we defined thel}, values in - . L, v 0.1p,

this case for 50% and 10% of the normal-state resistiwjty V% 15F¢ ", E

only. The transport current was in tlad plane of the crys- % . . R

tals and orthogonal to the field in all cases. 2 10F7 ‘ i
It is well known that in layered HTSC the magnetoresis- 2 T )

tance neafl; is strongly influenced by phenomena related to & sl 7 . " ]

thermal fluctuations and quasi-two-dimensional vortex | v, .

states:>1® Because of the low pinning energies and large o v vt

fluctuations in the case of the high- phases of HTSC, ;
0o 1 2 3 4 5 6 7 8
transport measurements determine an irreversibility line
rather than the thermodynamic critical figt},,. However, Temperature (K)
in spite of the lowT_ values of our samples and the low 30 : : : : :
measuring temperatures where thermal fluctuations must #24 Blic (b)
play an insignificant role, the MR curves are broadened as 25 | ~
before. A similar behavior of the magnetic transitions in the
H|\c geometry in Bi2201 at temperaturés- 2.2— 5.4 K was
briefly reported previously® If we assume that because of
the significant excess of Bi our crystals are heavily doped,
the data in Fig. 2 are in strong contrast to the data for over-
doped TI2201 single crystdlsand Bi2201 films In cited
papers.? relatively sharp magnetic transitions with parallel
shifts to higher fields are observed even at temperatures near
T.. However, in present measurements as may be seen from 51 N * ]
Fig. 2 the transition widths decrease and the curves shift + °
parallel to higher fields at lower temperatures only. Most 0+ .+ t 0 toxe 1
probably such a sharpening of the superconducting transi- 0 2 4 6 8 10
tions is caused by reduced flux-flow effects at the lowest
temperatures. In the optimally La-doped Bi2201 polycrystals
samples which have the maximum vallde=25 K for FIG. 3. Temperature dependencies of the resistive upper critical
Bi2201 a carrier density nean=3x10cm 3 was field H%, in the H|lc geometry for samples #1@&) and #24(b)
obtained’ Then our single crystals witli,=3.5-4 K need extracted from the resistive transitions of the crystals. Mligval-
to be assigned to be heavily doped. On the other hand, as is are the fields at which the resistivity of the samples has reached
reported in Ref. 17, the carrier concentration in the under10%, 50%, 90%, and 100% of its normal-state vatije
doped BjSr,_,La,CuG;, s single crystals withT,=13 K
are similar. Because the largest value Tf in our pure 413 5) and #24(b) extracted from the MR curves. Thé%,
Bi2201 single crystals approximately equals 13 K, they 65 are obtained from the fields at which the resistivity of
samples studied here wilf=9—10 K are most likely to be the samples has reached 10%, 50%, 90%, and 100% of its

near optimal doping. Taking into account the relatively large ) i
value of the elastic scattering length, this assumption seemnsormal state valueg, . The temperature dependencett,

plausible’® This is consistent with the observed wide Super_Was also determined for the field oriented perpendicular to

conducting transition of the La-doped Bi2201 samples inthe ¢ axis in theH|jab geometry using the 10% and 50%

pulsed magnetic fieldé. La doping reduces the hole criteria. This dependenc_e is close to the one fou_nd irH‘jhe__
concentratioh and the width of the transition curves in- geometry. The broadening of the superconducting transition

creases. Unfortunately, such doping deteriorates the Crystgpd the rounding of the top of the transition make it impos-

quality also and the superconducting transition width in mag_suble to define the value of the upper critical field exactly.

netic fields is as large as 20 T evenTat 0.8 K. The sharp- | he temperature dependencies 18f, in Fig. 3 obtained
ening of the superconducting transitions upon lowering thdom the 10% and 50% criteria exhibit a strong upward cur-
temperature was recently observed in the underdope$turé as observed in 50verdoped TIZéOBuZZOl, and
La, ,Sr,CuQ, system® YBaz(CLb_97ZnO_03)307_5. By using crltgna for the d(_efml—
Another prominent feature of the MR curves for the low- fion of Hg, more closely top, we obtain almost a linear
T. samples(Fig. 2 is that all curves in thed|c geometry Hg2(T) dependence. For thél|lab geometry the linear
saturate at high enough fields and to the same value. This ¢,(T) dependence was even observed for 10% and 50%
consistent with the temperature independence of the normatiteria. The latter fact seem to give evidence for the strong
state resistivity of our samples at low temperatdfes. influence of the character of the vortex motion on the ex-
Figure 3 shows the temperature dependencies of the resigactedH,(T) dependence from the resistive measurements.
tive upper critical fieldH?, in the H| c geometry for samples From the linear part of thel’,(T) dependencies nedr,

Pn
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as determined from the=p, criterion we obtained the " ' " ' ' ' " '
slopesdHZ,/d T, ranging from—2.9 T/K to —4.7 T/K for

the five samples in thid|lc geometry. For théi|jab geometry 3r ]
the values dH,/dT.,=—12 T/K (sample #7, T.=3

—4.5K) and—5 T/K (sample #26T.=6—7.7 K) for the

50% and 10% criteria, respectively, were obtained. Using a__

linear extrapolation ol HZ,(T) from T, to zero temperature 'c% 2r 1

we foundH%,(0)=27 T, 22T, 20 T, 21 T, and 16 TH||c

axis) for samples #24, #13, #10, #5 and #14, respectively. In
the case of thel||ab plane geometryH},(0)=40—-43 T for

sample #7 and #260% criterionn was obtained. Using a 1
Werthamer-Helfand-HohenbergWHH)-type extrapolation
to lower temperatuf@ with H¥,(0)=0.693(— dHX,/dT) T, —_— )
we obtained from thep=p, points H3,(0)=22 T, 15T, ' ' ' '
14 T, 14.5 T, and 11 Tsamples #24, #13, #10, #5, and #14, TIT,
respectively for H||c axis. Here, thelH},/dT is taken to be

* !
_thte tangt(_ant OT Ct2h(.T)tat temtper_f;l rt]u:ﬁs ct:lose K ?ndTC t_he o reduced temperatur® T, for the H||c geometry extracted from the
INtersec I.On of this tangent wi e e.mpera ure aX|.s. Ulesistive transitions in four crystals. The solid curve corresponds to
results differ strongly from those found in Ref. 2 for Bi2201 y,o formulaA X exp(—aT/T,) with A=2.17 anda=7.14.
films which have higher values @f, (the midpoint transition €

at=15 K and the transition width=7 K). Extrapolating the etration depth\ ,,~3100 A (Ref. 23, the CuQ interlayer

data neafT, the slopedHg,/dT=—0.29 T/K andHc(0)  gpacings=12.3 A, and the flux quantud,. The estimated
=3.8 T were found for these filnfsSince the superconduct- T,, value is close to that found in our experiment.

ing transitions of our Bi2201 samples are broadened in a Egrlier measurements of the flux-flow resistiviy in

magnetic field and different criteria lead to different tempera-,nventional type-Il superconductors have shown thais
ture dependencies foit:,(T), we will consider that the data proportional to the magnetic field at low temperatures, i.e.,
obtained frOIszlpn (90% imd 100% criterjasshow the most . /p,=H/H,(0) (Ref. 24, wherep, is the normal-state
accurate reflection of thelc,(T) dependence. For compari- resistivity. For the comparison of experimental data on dif-
son we determinedH?,(T) also from crossing between the ferent samples it is convenient to use the dimensionless ratio

extrapolated normal state resistivity and the tangent of the(T)=[Hd(p;/p,)/d H]y - This parameter extracted from

transition. As a result, smaller values #£,(T) andHZ;(0)  our MR data for theH||c geometry as a measure for the slope
were obtained but the general view of the,(T) curves  of the transition curves is plotted in Fig. 4 as a function of
remained the same. the reduced temperature. As is seen from Fig. 4, the range of

Returning to Fig. 3, we observe that the temperature des(T) values for Bi2201 is almost comparable to that for the
pendence oH}, obtained from the 10% and 50% criteria conventional dirty Nb-Ta, In-Bi, and Pb-TI alloy8put their
demonstrate a strong upward curvature as observed earlier parameter$§ depend inversely on temperature. In the present
overdoped materiafs®® In these cited articlés the positive  case the behavior &(T) reflects the fact that the depinning
curvature of theH},(T) dependence was independent of thefield (the onset of resistangef Bi2201 increases faster than
chosen criterion. It can be supposed that our data deducediy, with decreasing temperature. This is also evident from
from 0.1p, and 0.9, criteria determine the irreversibility Fig. 2. Since a depinning line due to thermally activated flux
line which lies well belowH%,(T) and has an upward creep is the irreversibility ir€2” and the irreversibility
curvature?* The irreversibility line, as is known, does not field*! follows an exponential lawH;, =exp(—T/T,) or a
occupy a well defined position in thé-T diagram insofar as  power lawH;, =T~ 2, the observed temperature dependence
that it depends on the sample, sample size, and other expenf Sseems plausible. The solid curve in Fig. 4 corresponds to
mental conditions. the formulaAX exp(—aT/T.) with A=2.17 anda=7.14.

For our single crystals with a low, subsequently involv- It is known that resistance measurements provide the
ing low measuring temperatures, the fluctuation effectdower limit for p; because pinning may be present. Then
should be quite small except for temperatures very close tasing the expression for flux-flow viscosity=®yH/c?p;

T.. However, as can be seen from the braodened transitiongse find the upper limit for »<1.8x10 ' g/cms atT
close toH,, in Fig. 2, the short coherence length and the=4.3 K andH=1 T (Fig. 2). This value is close to the the-
large anisotropy probably enhance the contribution of thereretical viscosityz=3x10"7 g/cms, estimated by use of
mal fluctuations. The resistive transition widths decreasehe formulan=®H.,(0).,/c?p,, With the averaged value
with increasing magnetic field for temperatures lower tharof the normal-state resistivity in theab plane p,
T=3 K, where the transition curves are shifted showing a=120 ) cm. Based on the data presented in Fig. 4 and the
clear flux-flow regime with a resistivity linear in field. For calculated values of,, and 5, we believe that for the mea-
the 2D superconductors a crossover between free flux flowurements of the MR of our crystals in the mixed state the
and thermally activated motion should take place at a melteonditions close to the flux-flow regime were realized. For
ing temperatureT,, of the vortex lattic& given by T,, this reason at the significant broadening of the superconduct-
= (1/8m/3)®3s/16kg w2\ 2, =5.5 K using the London pen- ing transition in a magnetic field, the influence of the flux-

FIG. 4. The normalized slop8(T) of the transition curves vs
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. orbit effects. Except for the small region at lower tempera-
tures T/T.<0.3 the experimental data can be described by
the conventional WHH theory. We did not observe any un-
usual behavior of the resistive upper critical fiéld, in any
Bi2201 single crystals that were studied. Notice that the
agreement between WHH theory aHd,(T) data has previ-

L ER ousely been observed also by CFfeim studies of a single-
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curvature down to the lowest temperatures. However, one

0.0 Ay must note that at these temperatures it is rather impossible to
0.0 0.2 0.4 0.6 0.8 1.0 determine the superconducting transition exactly due to the
presence of superconducting fluctuations. In addition] at
<T, the coherence length is very short and inhomogeneities
FIG. 5. Reduced critical fielth,,=H%,/(—dH%,/dT); T,asa  ON the scale of(T) can be resolved, leading to deviation
function of the reduced temperatuFéT, for five samples together from the averaged propertiésCoffe, Muttalib, and Leviff

with the theoretical WHH curvédashed ling?° The inset shows ~Calculated the temperature dependench gffor highly dis-
the temperature dependenceHf, at points where the Hall resis- Ordered superconductors and predicted that because the mag-

tivity pyy(H)=0. netic field diminishes the localization effect, the low-
temperature values dfl ., can show an enhancement over
motion dissipation becomes less noticeable wHépis de-  the WHH curve for dirty superconductors. However, this
termined at a higher fraction @f,. Hence, we suppose that phenomenon plays probably no role here because in this case
the obtained data far},(T) in the H||c geometry using the one would also expect a negative normal-state in-plane MR.
p=0.9, and p=p, criteria are rather close to the true val- At low temperatures we always observed a positive MR.
ues. Then the upper critical field for our Bi2201 single crys- Hall effect measurements are a useful method in deter-
tals isH},(0).,=16—27 T. Because of the very high upper mining the transport behavior in metals and semimetals. Pre-
critical fields in theH||ab geometry, we could determine Vious experiments on YB&wO; revealegg a sign-reversal
H*,(0).=43 T for the p=0.5p, criterion only. If we take anomaly of the Hall poefﬂmerﬁiH nearT..™ Kopnin, !vlev,
H*,(0)ap at p=0.5p,, equal to 16 T(Fig. 3), we find that the and Kalatsky* describe the flux-flow Hall conducrswnyfas a
anisotropyH?,(0)[|ap/H2,(0) ] equals 2.7. We may also es- SUM Of the quasiparticle and vortices pang=oy+ oy .
timate theab plane andc axis coherence lengths at zero “H IS only determined by the imaginary part of the relaxation

temperature from the anisotropic Ginsburg-Landaut'me and has the same sign for any vortex directioiihe
relation<® H*z(0)||c:(1)o/277'§2b and H%,(0)]ab Hall conductivity is independent of pinning. The change of
C a C

= dy/2mépé, . Using the data from the=p,, criterion we sign in Hall resistivitypxy(Hz relates to exceeding a positive

get for four samplest,,=35—45 A in the ab plane and o r_elati\_/e to a negativer;, . Roughly approximated, the
£.=14 A in thec direction. Theé,, /&, anisotropy value is @pplied field VY'thP.xy(H)ZP may be thought of as an ap-

} T have measured the field dependence of the mixed-state Hall
avc'arage'd mean-free patl¢ 70 A our cr.ystails .app.ear to_be effect on one of our Bi2201 single crystals #24 at different
neither in the clean limit nor in the dirty limit wittg,,/I

* temperatures down to 0.4 K in magnetic fields up to 23 T
~0.6. The values oM ,(0)ay and £.(0) are close to the horpengicular to thab plane. We find thap,,(H) is nega-
ones %)taln_ed earlier for optimally doped Bi2201 singlegye with a broad minimum at low fields and holelike at high
crystal:” Using the energy gap vaIE?eA0=3_.5 meV, We  fia|ds in the normal state. By plotting the magnetic fields at
can estimate the Clogston paramagnetic linit,(0)  points wherep,,(H)=0 against reduced temperature, we
=No/ug\2=24T (ug |s*Bohr magneton That is close t0  find in the inset of Fig. 5 thatl*, varies linearly withT. The
the measured values &1c,(0)ap but lower than the mea- * Ty data determined by this means are in close agree-
suredH,(0)c. A similar suppression of the paramagnetic ment with those extracted from the, resistivity for the
effect was also observed in the conventional layered supekgme sampléFig. 2.
conductors NbSeand Ta$. o Figure 6 shows the resistive transitions of sample #13 in a

In Fig. 5 we display the reduced critical fieldc,  magnetic fieldH||c|J at different temperatures. The maxi-
=H&/(—dHg/dT); T, as a function of the reduced tempera- mum value of the out-of-plane resistivify, increases with
ture T/T, for five investigated samples at field orientation decreasing temperature in the magnetic field just as in studies
Hl|c together with the theoretical WHH curifewhich de-  of Bi,SrL,CaCuyO g, 5.%%3 This reflects the common “semi-
scribes the behavior of the upper critical field in conventionalconducting” normal-state behavior gf. in the layered Bi
type-ll superconductors without spin paramagnetic and spinfamily. The question of the coexistence of the metallic in-

Reduced temperature T/ T _
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0.45 — T T T T of the above given conclusion. Indeed, tH&,(T) depen-
040 | #13 Blic i dence determined by the maximum in thgH) curves ex-
_ - 1 hibits a significant positive curvature. The} (T) data lie
5 035 - 7] close to the points in Fig.(8) obtained for the same sample
S o030} . using the 50% criteria. This is consistent with the experi-
Z mental data because the maximgpgfH) coincide with the
% 25T 041K ] field positions ofp,,(H)=0.4p,. Hence, the peak effect in
® 020 062K 015 1 pc(H) is a property of the mixed state and results from a
(4 - 0.84 K ] competition between the “semiconducting” behavior mf
o 015 = 010 . . .\
% i 1.09K § | and the superconducting transition.
S 0.10 12‘1‘E Zossl] 1ok - All p.(H) curves(Fig. 6) have a pronounced break point
I 308K 7 I in the derivative well above thg,(H) peak, which shifts to
0.05 ' *%% o 20 30 40 % &0 higher fields with d ing t ture. ReT,, thi
. | 44K Magnetecfed (T) 1 igher fields wi ecreasing temperature. ¢, this
0.00 ‘ : . . break point disappears. The field position of these break
0 5 10 15 20 25 30

o points in the derivative coincide with the?, values deter-
Magnetic field (T) mined by thep,,=p, criterion with a similar temperature
FIG. 6. Magnetic-field dependences of the out-of-plane resistiv-depe.ndence' Since the r_nechanl_sm C.Jf a negative out-of-plane
. ; longitudinal magnetoresistance is still unclear, we can only
ity p. of sample #13 at different temperatures. Inset shows the

magnetic field dependence pf for crystal #54 afT=4.2 K and give a qualltgtlve discussion Of. this phenomenon. . .
1.9 K in the 52-T pulsed magnet. In conclusion, we have studied the superconducting resis-

tive transition in several high-quality B$r,CuQ, single
plane resistivity with the “semiconducting” out-of-plane re- crystals with critical temperaturg. (midpoint)=3.7-9 K

sistivity down to low temperatures has attracted much attenil! Mmagnetic fields up to 28 T for continuous fields and up to

tion in last few years and several models have been proposetf | o pulsed fields, both perpendicular and parallel to the
to explain it. Here, we do not want discuss this topic. How-2 _plr_:me. We fou_n_d tha_t the*temperatu_re dependenpe of the
ever, we would like to notice that the out-of-plane resistivity '€Sistive upper critical fieldHc,, determined as the field at
pe at T<T, shows a tendency to saturation in very high which the in-plane resistivity in the transition region is 90%
magnetic fields for the samples wilh<5 K. We observed ©F more of the normal-state resistivity, is down to the tem-
this saturation of the out-of-plane MR in pulsed magneticPeratures T/T.=0.3, in close agreement with the
fields with theH||c|J geometry at 4650 T. The inset in Werthamer-Helfand-Hohenberg theory _for conventional
Fig. 6 shows the magnetic field dependence,ofor crystal type-1l superconductors. The measured field dependence of
#54 atT=4.2 K and 1.9 K. The lock-in-amplifier operates at the mixed-state Hall effect at different temperatures down to
10 kHz with an excitation current 500 A. Unfortunately, 0.4 K in the magnetic field up to 28 T confirms the tempera-
precise measurements pf are a difficult task in the pulsed ture dependence of the resistive upper critical field extracted
magnet, due to the very low resistance of our crystals alon§®m the superconducting transitions.
the ¢ axis yielding a higher noise level.

Considering that Bi2201 belongs to the family of the
highly anisotropic layered superconductors BiSrCaCuO, it

could be expected that the out-of-plane resistiyitycannot We thank L. N. Bulaevskii for valuable correspondence
provide information orH?, because in this case the behaviorand helpful discussions, V. A. Stepanov for his help in the
of p. is related to Josephson effects and not with the formapreparation of the electrical contacts to the samples, and V.
tion of a superconducting order parameter inside the LuOP. Martovitskii for the careful x-ray studies of the single
layers. The resistivity anisotropy./p.,~10°—10* shows crystals. One of ugS.1.V.) was partially supported by the
that Bi2201 is a highly anisotropic superconductor. How-Russian Ministry of Science and Technical Policy in the
ever, in contrast to an anisotropy parameter &,,/é.  frame of the program Actual Problems of Condensed Matter
=200~ 1000 for B,LSr,CaCuyOg,? for Bi2201 the value of Physics Grant No. N96001 and by the Russian Foundation
&.nl €.=2.7 was obtained, which could lead to the oppositefor Basic ResearckProject No. 99-02-178%7
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