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Isotropic negative out-of-plane magnetoresistance of Bi2Sr2CuO6¿d single crystals
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In the normal state, the out-of-plane resistivityrc of high-quality Bi2Sr2CuO61d single crystals shows an
anomalously large negative magnetoresistance in magnetic fields up to 28 T. This phenomenon corresponds to
a suppression of the increase inrc with decreasing temperatures as observed in high-Tc superconductors above
the critical temperatureTc . In contrast to the magnetoresistance in the superconducting state, this normal-state
out-of-plane magnetoresistance is independent of the field orientation~perpendicular and parallel to the CuO
planes!. This isotropic response points to the importance of spin effects on the pseudogap in the normal state,
whereas the highly anisotropic response of the superconducting state is due to orbital effects.
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The electrical transport of the layered high-Tc supercon-
ductors~HTSC’s! shows anomalous properties related to
quasi-two-dimensional~quasi-2D! structure which have bee
studied very extensively in recent years.1 One of the very
unusual features of the normal-state properties is the coe
ence of a metalliclike temperature dependence of the
plane resistivityrab and a semiconductinglike dependen
for the out-of-plane resistivityrc ~see, e.g., Refs. 2 and 3!.
Recently, such an opposite behavior of the resistivitiesrab
and rc was measured by Andoet al.4 in La-doped
Bi2Sr2CuOy ~superconducting critical temperatureTc513
K! in the normal state down to temperatures as low
T/Tc;0.04. The latter implies a 2D confinement and is
compatible with a Fermi-liquid behavior.

Many experiments ~e.g., NMR,5 photoemission,6

tunneling7! have provided evidence that in the normal st
of underdoped high-Tc superconductors a pseudogap exi
in the electronic exitation spectra below a temperatureT*
.Tc . Photoemission experiments have seend-wave symme-
try in the pseudogap structure.6 In scanning tunneling mea
surements on Bi2Sr2CaCu2O81d , Renneret al.7 have found
this pseudogap to be present both in underdoped and o
doped samples, and to scale with the superconducting ga
has been proposed that the pseudogap in the normal stat
be seen as a precursor for the occurrence of supercondu
ity where the superconducting phase coherence is suppre
by thermal or quantum fluctuations, e.g., Refs. 8–10. In
case of a nonsuperconducting origin, a pseudogap ca
formed in the spin part of the excitation spectrum. The
sponse of high-Tc superconductors in the normal state
high magnetic fields can give important information on t
question of the nature of the pseudogap.

Because the normal-state properties in the high-Tc super-
conductors are known to depend strongly on carrier conc
tration and doping, the reported magnetotransport data in
normal state cannot be easily catagorized in a common
ture. Concerning the transport along thec axis, the trend can
be observed that in the temperature region showing the s
conductinglikec-axis resistivity most compounds reveal
negative out-of-plane magnetoresistance: the BiSrCaC
system,11–16 the LaSrCuO system,17,18 the BiSr~La!CuO
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system4,19. In these experiments the relative variation
r(H) reaches values up to 10–20 % at the lowest temp
tures and highest fields.4,16 The observed negative out-o
plane magnetoresistance has been discussed in terms o
ferent models, such asc-axis hopping with interplanar
scattering,18 reduction of the density of states due to sup
conducting fluctuations,11,13,14 and suppression of the
pseudogap and/or spin gap.12,17 The dependence ofrc with
respect to the magnetic field orientation is of importance
discriminate between these interpretations. From the sm
anisotropy in therc(H) transport it was concluded that th
spins play an important role in the negativ
magnetoresistance.12,17,19

In this paper, we describe the experimental study of
c-axis resistivityrc in the normal state of high-quality non
doped Bi2Sr2CuO61d ~Bi2201! single crystals under continu
ous magnetic fieldsH up to 28 T in the temperature regio
from 6 to 100 K. The lowTc of these crystals (Tc.9.5 K!
permits us to investigate the magnetoresistance of a cup
superconductor in the normal state down to low tempe
tures. At low temperatures (,28 K! a negative out-of-plane
magnetoresistance~MR! up to 60% was observed which i
nearly independent of the applied field orientation.

The Bi2201 investigated single crystals were grown b
KCl-solution-melt method.20 A temperature gradient alon
the crucible results in the formation of a big closed cav
inside the solution melt. The several tens of crystals grown
such a cavity share common properties. The quality of
crystals was verified by measurements of the dc resista
ac susceptibility, x-ray diffraction, and energy-dispersi
x-ray microprobe analysis. Our crystals showed x-ray ro
ing curves with a width of about 0.1° – 0.3°. Two crysta
with Tc59.5 K ~midpoint! andDTc.1 K were investigated.
Composition measurements of our crystals withTc.9.5 K
have shown that they are slightly underdoped by oxyg
depletion.21 The dimensions of the crystals were 0.5 m
31mm33 mm ~crystal No. 1! and 0.5 mm31 mm310 mm
~crystal No. 2!.

A four-probe contact configuration with symmetrical p
sitions of the low-resistance contacts (,1V) on both ab
surfaces of the sample was used for the measurements o
5997 ©2000 The American Physical Society
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in-plane and out-of-plane resistances. The measured r
tances were transformed to the respective resistivitiesrc and
rab using the crystal dimensions. In zero magnetic field,
samples showed a nearly linear temperature dependen
the in-plane resistivityrab(T) which saturates below 20 K to
a residual resistivity of 50 and 80mV cm, respectively. The
out-of-plane resistivityrc(T) of the single crystals showe
semiconductinglike normal-state behavior over the temp
ture region T510–300 K. The temperature dependen
down to Tc could be reasonably described by a power-l
dependenceT2a with a51.65~crystal No. 1! and 1.3~crys-
tal No. 2!. The rc values atT5100 K of the thin and thick
samples are equal to 2.7 and 13.5 mVcm, respectively. The
anisotropy ratiorc /rab was nearly 53104 at low tempera-
tures. By measuring the Hall coefficientRH in the crystals
we determined the carrier densityn54.831021cm23. For
the applied currentJ parallel to thec axis, the magnetic field
H was applied both parallel to thec axis and parallel to the
ab plane in the longitudinal (HiciJ) and transverse
(H'ciJ) configuration.

Figure 1 displays the field dependence of the out-of-pl
resistivity rc in the longitudinal~a! and transverse~b! con-
figuration for the thin sample No. 1 at different temperatu
just below and aboveTc . After an increase ofrc at low

FIG. 1. The out-of-plane resistivityrc as a function of the mag
netic field H in the longitudinalHic ~a! and transverseHiab ~b!
configurations for the crystal No. 1 at different temperatures
below and aboveTc59.5 K.
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fields due to the suppression of superconductivity,rc de-
creases with increasing magnetic field in the normal st
The in-plane resistivityrab shows a metallic temperatur
dependence in the magnetic-field-induced normal state d
to low temperatures.21 The negative out-of-plane magnetor
sistance is consistent with other experiments on high-Tc su-
perconductors showing a semiconductinglikerc as reported
in the above cited publications. However, two new featu
can be distinguished in our data.

First, at low temperaturesrc shows a much stronger nega
tive magnetoresistance compared to reported experime
results. For example, atT'6 K, rc decreases by more than
factor of 2.5 in the highest applied fields. With increasi
temperature the magnetoresistance decreases and bec
positive above'28 K. In very high fieldsrc shows a ten-
dency to saturation. The inset of Fig. 2 shows therc(H) data
for a Bi2201 crystal withTc55.5 K ~overdoped! measured
up to 52 T ~Ref. 21! with a clear saturation in high field
after a twofold decrease. For the La-doped Bi2201 sys
@BiSr~La!CuO# studied previously,4 only a 10%-negative
out-of-plane magnetoresistance has been reported in pu
magnetic fields up to 60 T atT50.8 K. We note that the
high-temperaturec-axis resistivity of our crystals is abou
two orders of magnitude smaller compared to the Bi
~La!CuO crystals investigated by Andoet al.4 and Yoshizaki
and Ikeda.19 For our crystals we also observe a much larg
increase ofrc at low temperatures. The larger negative ma
netoresistance observed in our samples could be conne
with this characteristic inrc(T).

The second striking result is that the strong negative m
netoresistance is observed for both geometries (HiciJ and
H'ciJ). In contrast to the magnetoresistance in the sup
conducting state, the normal-state magnetoresistance ofrc is
independent of the field orientation with respect to the c
rent direction. To illustrate this, we show in Fig. 2rc(H)
curves at different temperatures for both configurations.

t

FIG. 2. rc(H) curves for the longitudinal and transverse co
figurations atT.6, 12.5, 17, and 20 K to show the isotropic fie
dependence in the normal state. The inset show the saturating
netoresistance for another sample (Tc55.5 K! in a pulsed-field ex-
periment~Ref. 21!.
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T,Tc(H50), rc(H) differs in absolute value between th
two field orientations. However, the relative variation
magnetic field is comparable. The considerable differenc
the field position of the maxima ofrc(H) between the two
field orientations~see Figs. 1 and 2! is a direct consequenc
of the anisotropy of the upper critical field in Bi2201 due
a difference in the orbital effect of the magnetic field. T
similarity in the normal-state data for the two field orient
tions excludes probably an explanation of the negative o
of-plane magnetoresistance in terms of superconductivity

Similar magnetoresistance behavior was obtained forrc
of the second crystal No. 2 except that at high magn
fields the relative change ofrc(H) was '2 times smaller
compared to crystal No. 1. Crystals No. 1 and No. 2 have
same nominal composition and the sameTc , but were grown
in different crucibles. The fact that the magnitude of t
magnetoresistance significantly differs for the two cryst
reflects presumably the disorder along thec axis, which is
believed to be related to the presence of additional insula
layers in the thick sample~cf. the difference inrc at zero
field for the two crystals!. Our x-ray studies have shown
better crystalline quality for the thinner samples.

The temperature dependence of the out-of-plane resi
ity in sample No. 1 is presented in Fig. 3 for magnetic fie
parallel@Fig. 3~a!# and perpendicular@Fig. 3~b!# to thec axis.
All rc(T,H) curves intersect the zero-fieldrc(T) curve at
T'28 K where the magnetoresistance changes sign. Th
set of Fig. 3~a! shows similar dependences for therc(T,H)
data of sample NO. 2. From the temperature-dependent
in Fig. 3 it can be concluded that the observed negative m
netoresistance corresponds to a suppression of the sem
ductinglike behavior inrc(T). A comparison of the data in
Figs. 3~a! and 3~b! confirms the previous mentioned isotrop
of the magnetoresistance. The inset of Fig. 3~b! displays the
relative variationDrc /rc05@rc(H,T)2rc(0,T)#/rc(0,T) in
the normal state at different temperatures for both confi
rations at a magnetic fieldH528 T.

In quasiclassical models of conventional metals sp
dependent scattering leads to a magnetoresistance whi
independent of the field orientation. This magnetoresista
is positive, usually very small (;1023), and has a quadrati
field dependence. The observed out-of-plane magneto
tance in our Bi2201 single crystals is negative and ha
much stronger variation with field. The strong negative m
netoresistance observed in our experiments shows an e
nential decrease with magnetic field. The slope in the lnrc
vs H plot of Fig. 4 decreases with increasing temperatu
From the inset of Fig. 4~plot of lnrc vs H/T) it follows
that our data can be described likerc(H,T)5rc0
1A exp(2gmBH/kBT) with g factorg52 and Bohr magneton
mB where the scaling factorA depends on temperature. For
more accurate determination of this exponential decre
with magnetic field, experiments in the saturating region
higher fields have to be done. Therc(H) data obtained from
pulsed-field experiments shown in the inset of Fig. 2 can
well described with a similar exponential decrease.

An anomalously large negative longitudinal MR~almost
90% at 0.05 K and 8 T! has been observed previously in th
transition metal dichalcogenides22 which also have a layere
structure. These compounds show the typical tempera
dependence due to variable-range hopping between loca
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states. Fukuyama and Yosida23 have explained this phenom
enon by introducing Zeeman shifts for the Anderson loc
ized states leading to enhanced conductivity~exponential in
gmBH/kBT) with the energy levels of one spin compone
closer to the mobolity edge. However, because the in-pl
resistivity in our Bi2201 crystals is metallic, the carrier lo
calization is highly improbable to explain the semicondu
inglike rc(T) data.

The small negative out-of-plane MR in Bi2212~1% at 14
T and 100 K! ~Ref. 12! and in BiSr~La!CuO ~2% at 17 T and
35 K! ~Ref. 19! have been interpreted in terms of a slig
reduction of the pseudogap by the magnetic field. Follow
this approach, the large decrease ofrc with magnetic field at
low temperatures can be interpreted as a gradual closin
the pseudogap. From the isotropic field dependence, we
conclude that superconductivity is probably not at the ori
of the pseudogap.

FIG. 3. The temperature dependencies of the out-of-plane re
tivity rc(T) for sample No. 1 at 10, 20, and 28 T~data points! in the
Hic configuration~a! and in theHiab configuration together with
the zero-field data~solid line!. The inset in~a! shows theHic data
for sample No. 2. The inset of~b! shows the relative variation
Drc /rc05@rc(H,T)2rc(0,T)#/rc(0,T) at different temperatures
for both configurations at a magnetic fieldH528 T.
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According to a widely believed view,8–10 the pseudogap
~a suppression of the electron density of states! in the normal
state aboveTc can be of superconducting nature, i.e., a
perconducting gap without the existence of phase cohere
In angle-resolved photoemission spectroscopy~ARPES!
measurements,6 the pseudogap appears belowT* at the
points (p,0) on the Fermi surface and the superconduct
gap appears at lower temperatures belowTc at the points
(p,p) ~both ared-wave type!. The transitions leading to th
pseudogap and the superconducting gap are separate
temperature. In the framework of this scenario it is diffic
to explain the isotropy of MR because the response o

FIG. 4. Therc data for sample No. 1 on a logarithmic scale
a function of magnetic field (Hic configuration! for different tem-
peratures. For the lowest temperaturesrc2rc0 has been plotted
with rc050.043V cm. The inset shows the same plot as a funct
of the ratiogmBH/kBT.
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superconductor to the orbital effect of a magnetic fie
should be highly anisotropic. This is clearly visible in Figs.
and 2 on comparison of therc(H) curves in theHic and
Hiab configurations at temperatures belowTc . The isotropic
behavior of the normal-state MR with respect to the orien
tion of the magnetic field shows that actually only the effe
of the magnetic field on the spins~Zeeman effect! is impor-
tant in the normal state. The pseudogap may have nonsu
conducting origin, for example, a spin-density wave or a
other more complicated spin excitation. For this situatio
there is no problem to reconcile the isotropic magnetore
tance in the normal state with the anisotropic one in
superconducting state. Although we can conclude on the
ferent nature of the pseudogap with respect to supercon
tivity, our spin-dominated effect on the magnetotransp
along thec axis gives no further information on the possib
spin structure to explain the pseudogap.

To summarize, an anomalously large negative longitu
nal MR up to 60% has been observed in the out-of-plane
in single crystals of the single-CuO-layer compou
Bi2Sr2CuO61d in magnetic fields up to 28 T in the norma
state up to 28 K. In contrast to the MR in the supercondu
ing state, the normal-state MR is independent of the app
field direction with respect to the current, suggesting
uniquely spin-dominated origin of MR. Interpreting th
magnetic-field-induced suppression of the low-temperat
upturn inrc(T) by a suppression of the pseudogap, our
sults would put serious doubts on the superconducting na
of the pseudogap.

One of us~S.I.V.! was partially supported by the Russia
Ministry of Science and Technical Policy in the framewo
of the Program Actual Problems of Condensed Matter Ph
ics ~Project No. N96001! and by the Russian Foundation fo
Basic Research~Project No. N99-02-17877!.
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