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Isotropic negative out-of-plane magnetoresistance of Bsr,CuOg,. 5 Single crystals
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In the normal state, the out-of-plane resistivity of high-quality BL,SrL,CuQ;., s single crystals shows an
anomalously large negative magnetoresistance in magnetic fields up to 28 T. This phenomenon corresponds to
a suppression of the increasepinwith decreasing temperatures as observed in fiigeuperconductors above
the critical temperaturé&, . In contrast to the magnetoresistance in the superconducting state, this normal-state
out-of-plane magnetoresistance is independent of the field orien{g@@pendicular 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.

The electrical transport of the layered higlp-supercon-  systert'® In these experiments the relative variation in
ductors(HTSC’s) shows anomalous properties related to thep(H) reaches values up to 10-20% at the lowest tempera-
quasi-two-dimensionghuasi-2D structure which have been tures and highest fields'® The observed negative out-of-
studied very extensively in recent year®ne of the very plane magnetoresistance has been discussed in terms of dif-
unusual features of the normal-state properties is the coexisterent models, such as-axis hopping with interplanar
ence of a metalliclike temperature dependence of the inscatteringt® reduction of the density of states due to super-
plane resistivityp,, and a semiconductinglike dependenceconducting fluctuations?**** and suppression of the
for the out-of-plane resistivity, (see, e.g., Refs. 2 and.3 pseudogap and/or spin g&p’ The dependence gf, with
Recently, such an opposite behavior of the resistivitigs  respect to the magnetic field orientation is of importance to
and p. was measured by Andoetal® in La-doped discriminate between these interpretations. From the small
Bi,Sr,CuQ, (superconducting critical temperatuie,.=13  anisotropy in thep.(H) transport it was concluded that the
K) in the normal state down to temperatures as low aspins play an important role in the negative
T/T.~0.04. The latter implies a 2D confinement and is in-magnetoresistancd:*"*°
compatible with a Fermi-liquid behavior. In this paper, we describe the experimental study of the

Many experiments (e.g., NMR?® photoemissiofi, c-axis resistivityp. in the normal state of high-quality non-
tunneling) have provided evidence that in the normal statedoped B}Sr,CuQ;, 5 (Bi2201) single crystals under continu-
of underdoped high-, superconductors a pseudogap existsous magnetic field$l up to 28 T in the temperature region
in the electronic exitation spectra below a temperaflite ~ from 6 to 100 K. The lowT, of these crystalsT.=9.5 K)
>T.. Photoemission experiments have sdemave symme- permits us to investigate the magnetoresistance of a cuprate
try in the pseudogap structufdn scanning tunneling mea- superconductor in the normal state down to low tempera-
surements on BBLCaCyOg, 5, Renneret al.” have found  tures. At low temperatures<(28 K) a negative out-of-plane
this pseudogap to be present both in underdoped and ovemagnetoresistanc@VR) up to 60% was observed which is
doped samples, and to scale with the superconducting gap.nearly independent of the applied field orientation.
has been proposed that the pseudogap in the normal state canThe Bi2201 investigated single crystals were grown by a
be seen as a precursor for the occurrence of superconductiléCl-solution-melt method® A temperature gradient along
ity where the superconducting phase coherence is suppressting crucible results in the formation of a big closed cavity
by thermal or quantum fluctuations, e.g., Refs. 8—10. In thénside the solution melt. The several tens of crystals grown in
case of a nonsuperconducting origin, a pseudogap can kseich a cavity share common properties. The quality of the
formed in the spin part of the excitation spectrum. The re<rystals was verified by measurements of the dc resistance,
sponse of highF, superconductors in the normal state toac susceptibility, x-ray diffraction, and energy-dispersive
high magnetic fields can give important information on thex-ray microprobe analysis. Our crystals showed x-ray rock-
guestion of the nature of the pseudogap. ing curves with a width of about 0.1°—0.3°. Two crystals

Because the normal-state properties in the RAiglsuper-  with T.=9.5 K (midpoint andAT.=1 K were investigated.
conductors are known to depend strongly on carrier concercomposition measurements of our crystals wi=9.5 K
tration and doping, the reported magnetotransport data in theave shown that they are slightly underdoped by oxygen
normal state cannot be easily catagorized in a common piaepletion’ The dimensions of the crystals were 0.5 mm
ture. Concerning the transport along thaxis, the trend can X1mmx3 um (crystal No. 2 and 0.5 mnx1 mmx210 um
be observed that in the temperature region showing the semierystal No. 2.
conductinglike c-axis resistivity most compounds reveal a A four-probe contact configuration with symmetrical po-
negative out-of-plane magnetoresistance: the BiSrCaCuGitions of the low-resistance contacts:{{)) on bothab
systemt~1® the LaSrCuO systert;'® the BiSKLa)CuO  surfaces of the sample was used for the measurements of the
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FIG. 1. The out-of-plane resistiviy, as a function of the mag-
netic fieldH in the longitudinalH||c (a) and transversei||ab (b)
configurations for the crystal No. 1 at different temperatures just

below and abovd.=9.5 K.

sistance is consistent with other experiments on Rigisu-
perconductors showing a semiconductinglikeas reported

in the above cited publications. However, two new features
can be distinguished in our data.

First, at low temperaturgs. shows a much stronger nega-
tive magnetoresistance compared to reported experimental
results. For example, @=~6 K, p. decreases by more than a

in-plane and out-of-plane resistances. The measured resifactor of 2.5 in the highest applied fields. With increasing

tances were transformed to the respective resistivitieend  temperature the magnetoresistance decreases and becomes
pap Using the crystal dimensions. In zero magnetic field, thepositive above~28 K. In very high fieldsp, shows a ten-
samples showed a nearly linear temperature dependence @éncy to saturation. The inset of Fig. 2 shows gheH) data
the in-plane resistivity,,(T) which saturates below 20 Kto for a Bi2201 crystal withT.=5.5 K (overdopedl measured
a residual resistivity of 50 and 80() cm, respectively. The up to 52 T(Ref. 21 with a clear saturation in high fields
out-of-plane resistivityp(T) of the single crystals showed after a twofold decrease. For the La-doped Bi2201 system
semiconductinglike normal-state behavior over the tempergBiSr(La)CuQ] studied previously, only a 10%-negative
ture region T=10-300 K. The temperature dependenceout-of-plane magnetoresistance has been reported in pulsed
down to T, could be reasonably described by a power-lawmagnetic fields up to 60 T af=0.8 K. We note that the
dependenc@ ¢ with «=1.65(crystal No. 2 and 1.3(crys-  high-temperatures-axis resistivity of our crystals is about
tal No. 2. The p. values atT=100 K of the thin and thick two orders of magnitude smaller compared to the BiSr-
samples are equal to 2.7 and 13.5)em, respectively. The (La)CuO crystals investigated by Andx al* and Yoshizaki
anisotropy ratiop./p,, Was nearly 5 10* at low tempera- and Ikeda® For our crystals we also observe a much larger
tures. By measuring the Hall coefficieRy; in the crystals increase op. at low temperatures. The larger negative mag-
we determined the carrier density=4.8x10?*cm 3. For  netoresistance observed in our samples could be connected
the applied currend parallel to thec axis, the magnetic field with this characteristic ip(T).
H was applied both parallel to theaxis and parallel to the The second striking result is that the strong negative mag-
ab plane in the longitudinal H|c|J) and transverse netoresistance is observed for both geometrigfc(J and
(HLd|J) configuration. H L d|J). In contrast to the magnetoresistance in the super-
Figure 1 displays the field dependence of the out-of-planeonducting state, the normal-state magnetoresistangg isf
resistivity p. in the longitudinal(a) and transverséb) con-  independent of the field orientation with respect to the cur-
figuration for the thin sample No. 1 at different temperaturesrent direction. To illustrate this, we show in Fig.&(H)
just below and abovd .. After an increase op. at low  curves at different temperatures for both configurations. For
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T<T.(H=0), p.(H) differs in absolute value between the 0.16 .

two field orientations. However, the relative variation in Hlle  oals Ml

magnetic field is comparable. The considerable difference in %147 # Tl ® . heoT

the field position of the maxima qi,(H) between the two o12d o T 0086 e H=10T

field orientationgsee Figs. 1 and)ds a direct consequence ' S ool F o Ae20T

of the anisotropy of the upper critical field in Bi2201 due to 0104 L1 = :

a difference in the orbital effect of the magnetic field. The £ o < 0,02 :

similarity in the normal-state data for the two field orienta- g og{ ® o 0.005

tions excludes probably an explanation of the negative out- o o 50 100 150

of-plane magnetoresistance in terms of superconductivity. 0.06 ltq: Temperature (K)
Similar magnetoresistance behavior was obtainedpfor + HeoT

of the second crystal No. 2 except that at high magnetic 0044 * —Fit peaT®

fields the relative change qf.(H) was ~2 times smaller ® H-10T

compared to crystal No. 1. Crystals No. 1 and No. 2 have the ~ 0.02{ e

same nominal composition and the safe but were grown +

in different crucibles. The fact that the magnitude of the  90+—4r—————T————T——7——— 1

magnetoresistance significantly differs for the two crystals

reflects presumably the disorder along thexis, which is @ Temperature (K)

believed to be related to the presence of additional insulating

layers in the thick samplécf. the difference inp, at zero 0.16

field for the two crystals Our x-ray studies have shown a 1 Hilab 001 #1 H=28T ]

better crystalline quality for the thinner samples. 0141 # 01 n "
The temperature dependence of the out-of-plane resistiv 0 12_’ q 02 "

ity in sample No. 1 is presented in Fig. 3 for magnetic fields I B S o .

parallel[Fig. 3@)] and perpendiculdiFig. 3(b)] to thec axis. ool ™ < 03 -

All p(T,H) curves intersect the zero-fiejgL(T) curve at o 041 © = Hie

T~28 K where the magnetoresistance changes sign. The ing gggl =© 05| =

set of Fig. 3a) shows similar dependences for thgT,H) pe l
data of sample NO. 2. From the temperature-dependent dat g0 om
in Fig. 3 it can be concluded that the observed negative mag ]
netoresistance corresponds to a suppression of the semicol  0.04-

10 15 20 25 30
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——H=0T
ductinglike behavior inp¢(T). A comparison of the data in 1 : z:;g:
Figs. 3a) and 3b) confirms the previous mentioned isotropy 0.02 - O H=28T

of the magnetoresistance. The inset of Fig) 3lisplays the 1

relative variatiomA p./po=[pc(H,T) —pc(0,T)1/pc(0,T) in 00t+—"r——T—7T T T T T T
the normal state at different temperatures for both configu- 0 10 20 30 40 %0 & 70 & =0

rations at a magnetic field =28 T. (b) Temperature (K)
In quasiclassical models of conventional metals spin-
dependent scattering leads to a magnetoresistance which js.

!ndepe_zr_ldent of the field orlentatl(ir;. This magnetoremstqncguc configuration(a) and in theH||ab configuration together with

is positive, usually very small{10"), and has a quadratic he zero-field datdsolid line). The inset in(a) shows theH| c data
field dependence. The observed out-of-plane magnetorsigsr sample No. 2. The inset ofb) shows the relative variation
tance in our Bi2201 single crystals is negative and has @&,_/p.,=[p.(H,T)—p(0.T)1/p.(0.T) at different temperatures
much stronger variation with field. The strong negative mag-or both configurations at a magnetic fiett=28 T.

netoresistance observed in our experiments shows an expo- ) ]

nential decrease with magnetic field. The slope in the,dn  States. Fukuyama and Yosfddave explained this phenom-
vs H plot of Fig. 4 decreases with increasing temperature€non by introducing Zeeman shifts for the Anderson local-
From the inset of Fig. 4plot of Inp, vs H/T) it follows Ized states Iegdlng to enhanced conducn(ﬂyponentlal in
that our data can be described likp.(H,T)=p gugH/kgT) with the energy levels of one spin component

a : _ closer to the mobolity edge. However, because the in-plane
;Aﬁﬁgfe ?#:gégagﬂ;igﬁgg%szo?]n?ei%trgjgene;g?a resistivity in our Bi2201 crystals is metallic, the carrier lo-
B .

o : ) calization is highly improbable to explain the semiconduct-
more accurate determination of this exponential decreasi?]g”kep (T) data
c .

with magnetic field, experiments in the saturating region at "4 ‘small negative out-of-plane MR in Bi2212% at 14
higher fields have to be done. Thg(H) data obtained from 1 414 100 K (Ref. 12 and in BiStLa)CuO (2% at 17 T and
pulsed-field experiments shown in the inset of Fig. 2 can b&s k) (Ref. 19 have been interpreted in terms of a slight
well described with a similar exponential decrease. reduction of the pseudogap by the magnetic field. Following

An anomalously large negative longitudinal MBImost  thjs approach, the large decreasepgfvith magnetic field at
90% at 0.05 K and 8 JThas been observed previously in the ow temperatures can be interpreted as a gradual closing of
transition metal dichalcogenid@svhich also have a layered the pseudogap. From the isotropic field dependence, we can
structure. These compounds show the typical temperatureonclude that superconductivity is probably not at the origin
dependence due to variable-range hopping between localized the pseudogap.

FIG. 3. The temperature dependencies of the out-of-plane resis-
ty p.(T) for sample No. 1 at 10, 20, and 28@ata pointgin the
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m superconductor to the orbital effect of a magnetic field
01 \° I should be highly anisotropic. This is clearly visible in Figs. 1
_ 113K . .
£ %M and 2 on comparison of the,(H) curves in theH|c and
90 Wzas:?('sk H|lab configurations at temperatures bel@w. The isotropic
0.1 N e T8 -0.1 behavior of the normal-state MR with respect to the orienta-
0 anH P T [ z tion of the magnetic field shows that actually only the effect
€ N — 113K o of the magnetic field on the spiigeeman effegtis impor-
] 125K ] ;
a 175K = tant in the normal state. The pseudogap may have nonsuper-
= \ 19.5K & conducting origin, for example, a spin-density wave or an-
< 2.5K other more complicated spin excitation. For this situation
28K [ = . P P . o L
\\'\6.2,( there is no problem to reconcile the isotropic magnetoresis-
Hile 2K T tance in the normal state with the anisotropic one in the
superconducting state. Although we can conclude on the dif-
ferent nature of the pseudogap with respect to superconduc-
0.01 0 5 10 15 20 o5 30 0.01 tivity, our spin-dominated effect on the magnetotransport
Magnetic field (T) along thec axis gives no further information on the possible

spin structure to explain the pseudogap.
FIG. 4. Thep, data for sample No. 1 on a logarithmic scale as 10 summarize, an anomalously large negative longitudi-
a function of magnetic fieldH)| c configuration for different tem-  nNal MR up to 60% has been observed in the out-of-plane MR
peratures. For the lowest temperatuges- p., has been plotted in single crystals of the single-CuO-layer compound
with p.o=0.0430Q cm. The inset shows the same plot as a functionBi,Sr,CuG;, 5 in magnetic fields up to 28 T in the normal
of the ratiogugH/kgT. state up to 28 K. In contrast to the MR in the superconduct-

. . . . 8 10 ing state, the normal-state MR is independent of the applied
According to a widely believed vieW™ the pseudogap el direction with respect to the current, suggesting a

(a suppression of the electron density of staeshe normal niquely spin-dominated origin of MR. Interpreting the
state abovel; can be of superconducting nature, i.e., & SUynagnetic-field-induced suppression of the low-temperature
perconducting gap without the existence of phase coherenc

N ﬁpturn inpc(T) by a suppression of the pseudogap, our re-
In angle-resolved photoemission spectroscoyRPES g ,jts would put serious doubts on the superconducting nature
measurements,the pseudogap appears beloW at the

. X _of the pseudogap.
points (r,0) on the Fermi surface and the superconducting

gap appears at lower temperatures belbwat the points One of us(S.1.V.) was partially supported by the Russian
(7, 7) (both ared-wave typg. The transitions leading to the Ministry of Science and Technical Policy in the framework
pseudogap and the superconducting gap are separated dhthe Program Actual Problems of Condensed Matter Phys-
temperature. In the framework of this scenario it is difficult ics (Project No. N9600Land by the Russian Foundation for
to explain the isotropy of MR because the response of #8asic ResearckProject No. N99-02-178%7
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