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In-plane and out-of-plane magnetoresistance in La_,Sr,CuO , single crystals
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The magnetoresistance of +a.Sr,CuQ, single crystals has been studied extensively over a wide compo-
sition range(0.07<x=<0.29 using current paralle{in plane and perpendiculaftout of plang to the CuQ
plane. In the underdoped superconducting phase((10, the in-plane magnetoconductivity abovgis well
described as fluctuation conductivity but only with the Aslamasov-Larkin term. The negligibly small Maki-
Thompson contribution is suggestive of anisotropic Cooper pairing. We find a pronounced negative and
isotropic out-of-plane magnetoresistance at low temperatures in this composition range. In the optimally doped
to the overdoped superconducting pha€e$5<x=<0.20), a substantial normal-state component is observed in
the in-plane magnetoresistance. The classical Kohler’s rule appears to break down for the normal-state mag-
netoresistance, which supports the involvement of two distinct scatteringsatesd 7, . In the out-of-plane
magnetoresistance, we find an unconventional scalipg/p.><(H/p,)? for HLJ and H/T)? for H||J. In
contrast to these anomalous behaviors, we find that Kohler’s rule holds for both the in-plane and the out-of-
plane transverse magnetoresistance in the overdoped normal metal region, implying a conventional anisotropic
three-dimensional transport. These findings provide further evidence for the unconventional normal-state trans-
port in the samples which exhibit high: superconductivity.

I. INTRODUCTION charge transport and the strong electron correlation. In the
overdoped normal metal region where superconductivity dis-
One of the most interesting and puzzling issues in theappears, the transport properties recover much more conven-
research of highF, superconductors is the anomalous tional behavior. For example, the in-plane resistivity exhibits
normal-state transport propertieS. High-T. cuprates show a T?-like temperature dependentdhe out-of-plane resis-
a number of distinctive transport properties, which is hard tdivity shows almost the same temperature dependence as the
explain in terms of conventional Fermi liquid theory for met- in-plane resistivity, indicating a crossover from two dimen-
als. In the optimally doped compounds, fhdinear in-plane ~ Sions(2D) to 3D°
resistivity over a wide temperature range and thdinear To get further insight into the anomalous charge transport,
scattering rate ¥, deduced from the optical measurements,the magnetoresistand®R) measurement is a useful tool
are commonly observed, which contrast with what is ex-since it is more sensitive to the change in the charge carrier
pected for the conventional Fermi liquid,7%w?2. The Hall ~ Scattering rate ¥/ effective massn*, and the geometry of
effect, indicative of a small number of carriers, appears tdhe Fermi surface. In conventional metals, the electrical con-
violate the Luttinger sum rule which requires a large Fermiductivity can be described in terms of the Boltzmann
surface containing-1 electron/Cu. In addition, the Hall ef- equation? In the presence of a magnetic fiett the change
fect is known to be strongly temperature dependent; for inin the distribution functiorg(v) is described by
stance Ry« 1/T for YBa,Cuz0- (YBCO). The out-of-plane

resistivity shows a semiconducting temperature dependence e o al-t 9f0
in contrast to the metallic in-plane resistivity, suggesting that  g(v)=|1+(H7)=vXH. —- _} — reE-v—|.
the conduction mechanism along tbeaxis is completely ¢ ok v de

different from that along thab plane. @
High-T. cuprates can be viewed as a doped charge-

transfer insulator. As a function of carrier doping, the systemrlhe magnitude of the magnetic field contributes to @gin

generally changes from antiferromagnetic insulator to supera product ofH and r. Since 1 is generally proportional to

conductor to normal metal. The anomalous transport can bine zero-field resistivity,, the MRAp/py depends only on

seen only in the vicinity of charge-transfer insulator-to-metalH/py. This results in a scaling law referred to as Kohler’s

transition, suggestive of a close link between the anomalousile which holds in many conventional metals,

0163-1829/96/5@.3)/873310)/$10.00 53 8733 © 1996 The American Physical Society



8734 T. KIMURA et al. 53

Ap

—=f(H7)=F| — 2

Po Po
In the low-field limit, the MR quadratically depends ¢h
and is therefore scaled @sp(T)/po(T)=constx (H/pg)?.

Although the in-plane MR of higfi-, cuprates in the nor-

mal state has already been studied by several groups, the
experimental results reported so far are controversial.
Lacerdaet al” found a positive transverse in-plane MR in
underdoped Lag,sSrg 07:CuO, . 5, Which follows Kohler’s
rule. They interpreted their results using a semiphenomeno-
logical theory based on anisotropic scattering on the

hole-pocket Fermi surfaces. In contrast, Pregeal® ob- FIG. 1. Temperature dependence of the zero-field-cooled and

served a negative and isotropic in-plane MR in underdOpegeld-cooled magnetization for La,Sr,CuQ, single crystals with

La,_,Sr,CuO, various Sr contents, measured in a magnetic field of 1 Oe parallel to
STy .

Recently, Harriet al® reported that, in both 90 K and 60 € ¢ axis.

K YBa,Cu;0;_s, the transverse in-plane MR is scaled by
Ap(T)/ po(T)=(H?/T4). Taking account of BT, as ex-
pected from thél-linear resistivity, the observed MR appar-

ently violates Kohler’s rule. They interpreted their result in concentration was determined by inductively coupled plasma

terms of the two d.istinct scatteri.ng rateg=T and 7y T2 (ICP) spectroscopy. Theum range homogeneity of Sr con-
which they had pointed out previously, based on H"?‘" a_ngIeC ntrationx was checked by an electron probe microanalyzer
measurements. They also observed an analogous violation

) X ; PMA). Ax<0.005 in the underdoped samples<(0.15),
Kohler's rule in optimally doped LgSr,CuQs,. andAx<0.01 in the overdoped samples#£0.15. Observa-

Only a few studies have been performed on the Cmt'c’f'tion of the polished cross section of the crystalline-grown

plane MR, apparently due to the lack of single crystals, Wlthrods by a polarized microscope and by the x-ray back-

. . . 10 .
a I?r%e Idlme:\]/lsllqon aéqnsg tgegmso Yantgsaé c StUd'e(? tge reflection Laue technique confirmed that a substantial portion
out-ol-plane in BpSr,CaCly0g. 5 ( O, and ob- ;¢ oach of the grown rods consisted of a single-crystalline

S‘?rVEd a neg_ative MR, which rapidly increases in magnitud% main. The grown crystals were carefully cut out into rect-
with decreasing temperature. The temperature dependenceiﬂ(i(‘:]ular slab specimens along the main crystalline axes with

ka magnitudg can be describgd bY the activation Ia\'\é\n accuracy of 1°-2°. Sample dimensions for the transport
exp(—U,/T), with a gapU, that varies with the oxygen con- measurements were typicallyx3x 0.2 mnt, with the long-

tent 4. Since the negative MR was only weakly dependente .
: L . . st axes both parallel and perpendicular to the gplane
on the field direction, they claimed that the spin degrees werg_ in-planepand out-of-p?ans measurements, r%spectively.

Eﬁgagli/r;ﬁ:pggsi':ﬁ]efogiI;reeartg‘ug rtgteesbarrler to mterplaneThe specimens were then annealed at about 800 °C under 1
g P y P : tm of pure flowing oxygen for 3 days to 1 week. With

The apparent discrepancies above suggest to us that 4 creasing doping, the annealing period was set longer since

Egzsgha:ztgn'\ﬂ;ng/%gldoge tfégilgn?ﬁze?:ﬁgégnetr?:i tcargﬁr Xygen vacancies are much more easily introduced into over-
P 9 Y, oped samples than underdoped ones.

therefore motivate us to perform extensive measurements The high quality of the crystals has been confirmed from
ggg::irie\glsde hole concentration range using hlgh'qu""“tymagnetic shielding and the Meissner measurements under a
: field of 1 Oe parallel to the axis, using a superconducting
Thte ,:‘az‘xsfrﬁ.(:l;]_?“ (LSCtO) sgstem hasft?:aen. reglarded taslquantum interference devic€SQUID) magnetometer. As
a prototype of hight cuprates because ot ItS simple crystal g, iy Fig. 1, the crystals exhibited rather sharp supercon-
structure consisting of a single Cy@lane and of its chemi- '

| flexibilit inst hole dopi Notablv. thi A ._ducting transitions, with transition width less than 1-2 K,
cal flexibllity against hole doping. Notably, thiS SySIem 15 5,4 e magnitude of shielding indicates the perfect diamag-
one of a few systems which cover the full range of compo-

o - netism(except for the nonsuperconducting overdoped crystal
sitions from under- to overdoped superconductivity as WeIIOf x=0(2& P P g P y
as nonsuperconductivity phases. Because of the advantages g
much experimental data have been accumulated for LSCO

a function of hole doping. Recent progress in the crystal;

floating zone technique as reported previodShdl the crys-
tals had a large dimension~6 mm) along thec axis,
enough for direct measurements @hxis transport. The Sr

'Both in-plane (|ab) and out-of-plane J||c) resistance
lues of the crystals were measured by the conventional

port measurements using single crystals, over a wide ran

of Sr doping which covers the full generic phase diagfam. the measurements of the in-plane resistance were performed

In this paper, we report the in-plane and out-of-plane MRN. . :
. . ith a low-frequency ac resistance brid¢s.9 H2 due to
Aplpo 0f LSCO single crystals as a function of temperature,the lower magnitudg of the resistivity. The voltage and the

magnetic field, and the doping level. current electrodes were formed by gold paste with a heat
Il. EXPERIMENTAL DETAILS tregtment at 800 °C for 2.—3 h under 1 atm of purg,O
which allows a contact resistance of less thaf.1The MR
A series of Lg_,Sr,CuQ, single crystals with various Sr measurements were performed by sweeping magnetic fields
contents(0.07<x=<0.28 was grown by the traveling solvent at fixed temperatures. During the measurements, the tem-
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FIG. 3. In-plane {||ab) magnetoresistance of La,Sr,CuO,
: crystal x=0.09 as a function of magnetic field 8t=60 K, with
S b 0] various field orientationsi|c, H|J|lab, andHL J||ab.
- Q" 01_',_____/ 015| 1
’g L 0.3
3] - e}
SO | " Temperature (K) | of the in-plane {|ab) MR under three different magnetic
N 007 field orientations: H|ab,H||J), (H||lab,HLJ), and
B -~ (Hllc,HL J). An appreciable amount of MR can be seen only
fg 0.09 for the H||c configuration, i.e., transverse MR with field par-
[ in 0'11' allel to the c axis. The negligibly small longitudinal MR
———— indicates that the orbital part dominates the transverse MR.

On the other hand, the finding that the transverse MR with
Hl|jab is much smaller than that witHl|/c implies a strong

mass anisotropy between in-plane and out-of-plane direc-
tions. The observed anisotropy is qualitatively consistent
with other experiments such as the magnitude of resistivity.
The dominant orbital contribution fdd||c is observed over
the entire temperature range, and is common among to all of
the specimens investigated here. In the following, we will
perature was stabilized by a resistance thermomégke-  discuss only the high-symmetry transverse MR withc as
shore cernok the orbital scattering part.

The zero-field in-plane and out-of-plane resistivity values By extending the MR measurements over a wide tempera-
of the crystals used in this study are shown in Fig. 2. Thewre range, we can see the validity of the classical Kohler’s
magnitude ofp, for the optimally dopedx=0.15 sample rule in the overdoped normal metal phase. In Fig),4he
(~400 1€ cm at room temperatuyavas comparable with transverse MR is shown for=0.28 at various temperatures.
the lowest value reported so far for LSCO crystals. While theAs seen in Fig. &), the MR is always positive and mono-
in-plane resistivity was always metallidg,/dT>0) over tonically decreases with increasing temperature. The mag-
the whole composition range investigated, the out-of-planaetic field dependences are essenti&lfyup to 80 kOe for
resistivities in the underdoped to optimally doped superconall temperatures. The data in Fig(f% are replotted as
ducting phase showed semiconducting temperature depefp,/p,, Vs (H/p,0)2, Kohler's plot, in Fig. %a). All the
dences. In these regions, we found a well-defined kink irdata fall onto a single straight line, which implies that the
eachp.-T curve, which coincided well with the structural MR is essentially scaled bii/p,g, i.e., that it follows the
phase transition temperature from the high-temperature teslassical Kohler’s rule.
tragonal to the low-temperature orthorhombic phases. Even- In contrast to the Kohler scaling behavior in the over-
tually in the nonsuperconducting overdoped regiondoped sample, MR for the superconducting samples cannot
(x=0.28, the temperature dependencepgfwas essentially be simply scaled byH/p,o, as shown in Fig. 5. At high
the same as that gf,. Namely, the ratigp./p, was nearly temperatures, the MR curves more or less fall onto the same
temperature independent, 50—-100, indicative of anisotropisingle line. However, at low temperatures, the MR curves
3D charge transport in this region. deviate upwards from those at high temperatures. This devia-
tion becomes more significant as the temperature approaches
T. and as the composition approaches0.15, the optimal
composition. This evolution strongly suggests that violation
of Kohler’s rule in the superconducting samples is largely
due to a superconducting fluctuation. Hence, we will analyze

First, we focus on the in-plane MR in the overdoped andthis enhancement of MR at low temperatures in terms of the
optimally doped regions. Figure 3 shows a typical examplesuperconducting fluctuation.

FIG. 2. Temperature dependence of in-plaag and out-of-
plane (b) resistivity for La_,Sr,CuO, crystals with various Sr
contents.

Ill. RESULTS

A. In-plane magnetoresistance in the overdoped
and optimally doped regions
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x=0.28(c), as a function of magnetic field at selected temperatures.

anomaly is observed near=0.13 just below the optimal
composition ofx=0.15, as seen in Fig.(d). It is clear from

the data above 100 K that an anomaléidinear behavior is
dominant at least up to 80 kOe, which causes the MR to be
significantly larger than the other compositions. With ap-
proachingT., the MR tends to show an upward curvature.
The finite slope at zero field, however, indicates the presence
of a largeH-linear term even at low temperatures. The MR
in the vicinity of T, therefore, appears to consist of the
anomalousH-linear term plus theH? term associated with
the superconducting fluctuation. The observed singularity
around a Sr composition of=0.13 is intrinsic. The results
shown in Fig. 4d) are reproducibly observed for a sample
taken from a different batch with the same Sr concentration.
Furthermore, théd-linear term is also observed in the vicin-
ity of x=0.13, i.e., thex=0.12 sample, as seen in Figc

120]
, ' . . " ; 0~ 150] This distinct H-linear dependence is not observed for the

0 a0 T80 0 ) 20 other samples, as shown in Figgajand 4b). At high tem-
H (kOe) H (kOe) peratures the magnitude of the MR is vanishingly small in

the samples with th&=0.09 and 0.11. Comparing=0.11

FIG. 4. TransverseH1J) in-plane (|lab) magnetoresistance with the x=0.09 samples, thel?>-dependent MR is strongly
with Hf[c in La,_,Sr,CuO, crystalsx=0.09* (a), x=0.11* (b),  suppressed for the=0.11 sample, which is ascribed to the
x=0.12* (c), x=0.13* (d), x=0.15** (e), andx=0.28"** (f),as  «1/g anomaly” composition.

a function of magnetic field at selected temperatures (* underdoped
and superconductivity, ** optimally doped and superconductivity,

and *** overdoped and nonsuperconductivity C. Out-of-plane magnetoresistance in the overdoped and

optimally doped regions

Let us turn to the out-of-plane MR. Figure 6 displays the
ransverse i|jabl J) out-of-plane MR forx=0.13, 0.18,

In the underdoped superconducting phase, the MR bel

haves in a much more complicated way. As shown in Fig. 4:’;md 0.28 samples. We find that, in these samples, the out-of-

the magnitude of the MR in this region does not vary monoplane MR IS always_ positive, that it hz_;\s H? dep_endence,
tonically with hole concentration. First, a pronounced and that it monotonically decreases with increasing tempera-
' ' ture, similar to the in-plane MRt is noted that the anoma-

lous out-of-plane MR is not observed in tke=0.13 sample
which shows an anomalous in-plane MR.

One of the most remarkable findings is an anomalous
| scaling of out-of-plane MR. In Fig. 7, we replot the trans-
o verse out-of-plane MR as a function oH(p,)%, not

T (H/pgo)?. Itis seen that\ p./p.o against H/p,o)? falls on a
single straight line over a wide temperature range, for
x=0.18 andk=0.28 samples. It is not surprising that the MR
for x=0.28 is scaled by, . In the overdoped normal metal,
the temperature dependencepgfis essentially the same as
that of p,. The scaling by K/p,,) for x=0.28 therefore

FIG. 5. Kohler plots for the crystals 6#=0.28(a), 0.18(b), and  implies Kohler’s rule. For the=0.18 sample, however, the
0.15(c), at selected temperatures. The presence of a universal lingmperature dependence gf is different from that ofp, .
for x=0.28 implies that Kohler’s rule holds. Therefore, the scaling byH/p,o) observed here cannot be

B. In-plane magnetoresistance in the underdoped region

——
1©x=015
Hllc
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FIG. 7. Transverse H1J) out-of-plane (|lc) magnetoresis- FIG. 9. Longitudinal H|J) out-of-plane {|/c) magnetoresis-

tance in Lg_,Sr,CuQ, crystals ofx=0.13 (a), x=0.18 (b), and  tance in Lg_,Sr,CuQ, crystals ofx=0.13(a) andx=0.18(b) as a
x=0.28 (c), as a function of Kl/p,,)? at selected temperatures. function of (H/T)?, andx=0.28(c) as a function of H/p,,)>.
Note that the field dependence is scaled by the in-plane resistivity
pao- If we assume that Kohler’s rule is valid for the anisotropic 50 K, with magnitude comparable with that of transverse
materials, its validity gives the same gradient at each temperatureViR. At high temperatures around 100 K, the longitudinal
MR becomes positive, with a magnitude much larger than
understood by conventional Kohler scaling/p.o). In Fig.  that for the transverse MR. At 40 K, we can see a rather
7(a) a similar scaling is also observed in the slightly under-complicated field dependence in Fig.(Q which is likely
doped samplex=0.13), at least at high temperatures. The due to the coexistence of the negative component and the
downward deviation seen at low temperatures might be atsuperconducting fluctuation contribution. A similar negative
tributed to the onset of negative MR seen in the underdopeMR is also observed in the=0.07 underdoped sample. This
region. The scalingH/p40)? suggests that the out-of-plane isotropic and negative MR implies that a spin part, rather
MR for the optimally doped to overdoped superconductingthan a orbital part, plays a significant role in the negative
phases is dominated essentially by the in-plane scatteringut-of-plane MR.

rate 1f,.
Another interesting observation is that, in contrast to the IV. DISCUSSION
observations reported in conventional two-dimensional com-
pounds such as an intercalated graphite, the longitudinal MR A. Superconducting fluctuations
is larger than the transverse MRig. 8). Furthermore, in the In the previous section, we have shown the breakdown of

x=0.13 andx=0.18 samples for which the transverse MR iSthe scaling by K/p) for the transverse in-plane MR, which
scaled by E/pao), the longitudinal MR is essentially scaled pecomes particularly significant in underdoped samples. The
by (H/T) as shown in Fig. 9, which implies that the Zeemangpserved systematics implies that superconducting fluctua-

energy plays a substantial role in the longitudinal MR.  tjons play a significant role in the breakdown. In layered
high-T. cuprates, factors such as high transition temperature,
D. Out-of-plane magnetoresistance in the short coherence length, and quasi-two-dimensionality sub-
underdoped region stantially increase the influence of the superconducting fluc-

. . tuations on the conductivity compared with conventional su-
In the underglopgd sample W|1>h=((j).09 Véh'Ch sh;gs a perconductors. In this section, we estimate the contribution
strong semiconducting temperature dependengg 0B dis- g,y the superconducting fluctuations to estimate the contri-

tinct negative and isotropic MR has been observed at low, i5 from the normal-state resistivity. In the next section,
temperatures, unlike optimally doped to overdoped samples.

As shown in Fig. 1(8), the transverse MR is virtually absent
at high temperatures. Below about 90 K, a distinct negative

MR is observed which appears to be almost isotropic. As 01 ] f&_
seen in Fig. 1(), the longitudinal MR is clearly negative at 60
i T 150
- 90~200 200
K 0 80 7
=Y 70
,,,,,,,, T 60 7
o5 m— S0
g HIlT =u.lr T b
.t <QI 50 50
% 04f :z i i 40
s | o -0.2 | (a) x=0.09 KT (b) x=0.09 7
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FIG. 10. Transverséa) and longitudinal(b) out-of-plane mag-
FIG. 8. Longitudinal H|J) out-of-plane (||c) magnetoresis- netoresistance in underdoped,LaSr,CuQO, crystals ofx=0.09, as
tance in Lg_,Sr,CuO, crystals ofx=0.13 (a), x=0.18 (b), and  a function of magnetic field. Negative and isotropic magnetoresis-
x=0.28(c), as a function of magnetic field. tance is observed at low temperatures.
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we discuss the possible violations of Kohler’s rule after

properly subtracting the fluctuation contribution. - T L om T8 o5 T . 18
The excess conductivity induced by the superconducting 100k Q‘-‘_ Hile + °% Hle % Hlle -

fluctuation consists of an Aslamasov-LarkifAL) type con- Tg % < AL ; ° 50,

tribution, which is associated with fluctuational Cooper pairs,& ;1| ™ o obsd ] % i o,

= s, 3 o

and the Maki-ThompsonMT) type contribution which g 5 .~ %o ° %
arises from the interaction of electrons with fluctuational ,,-| S Lol L ar

Cooper pairs. The fluctuation conductivity in a magnetic g R o o obsd SN F oo

field, Ac(H), comprises four contributions: the AL-orbital ™ L% . ..., “T® . . .., ©
(ALO), MT-orbital (MTO), AL-Zeeman (ALZ), and MT- Y © R ©oNa”

Zeeman(MTZ) contributions. The total field-dependent fluc-
tua_tion conductivityA o(H) o4 i the sum of the four contri- FIG. 11. Temperature dependence efd(Ac,)/d(H?) for
butions La,_ ,Sr,CuO, crystals with(a) x=0.09 and(b) x=0.18. Open
circles indicate the experimental data and solid curves show the
Adioa(H)=A0ao(H)+Aouro(H) +Aoaz(H) calculated AL contributi%n. The fitting parameters used for the bro-
ken lines are for(@ x=0.09, T,=29.2 K, £,(0)=0.75 A,
aoumz(H)- @ £..(0)=30 A, for (b) x=0.15, T,=35 K, £(0)=1.4 A,
Each term of this equation has been given by Hikami and:,,(0)=28 A, and for (c) x=0.18, T,=30 K, £(0)=1.9 A,
co-workerd®for the dirty limit form and by Bieriet al®  £,(0)=30 A.
for the clean limit form.

So far, several group$ > have investigated the magne- wide temperature range. The fitting parametgs(0),
toconductivity of highT, cuprates in terms of the supercon- £,(0), andT,, using only the AL term, well agree with those
dUCting fluctuations. They have fitted the obtained MR datq'eported by other experimenta] techniques' The MT contri-
to the sum of the above four contributions. Most of theirbution to the magnetoconductivity therefore should be sub-
results indicated that the MT term significantly contributes tostantially smaller than the AL term. To obtain a good fit to
the fluctuation conductivity. A conflicting result has been ob-the results using both AL and MT terms, an extremely small
tained by Sembat al,, concluding that the MTZ term was ygJye of T4 (e.g.,.<~10 %5 s at 40 K must be introduced,
negligible™® which appears unrealistic becausér,=10° K. Therefore

Whether the MT term is present or not in fluctuation con-we conclude that the MT contribution is absent in under-
ductivity offers a unique opportunity to examine the symme-ggped LSCO. In view of the prediction by Y#3the absence
try of Cooper pairs in highF. cuprates. Yif? has shown  of the MT term suggests that underdoped LSCO is a super-
theoretically that, in superconductivity with anisotropic pair- conductor with nors-wave pairing. Recently, experiments
ing, the MT contribution should not be present while the AL sych as Raman spectrosc8psind neutron scatterifgjhave
contribution is essentially unchanged. In this context, theyeen interpreted to support the existence of an anisotropic
presence of the MT term in most of the previous works im-podal(extendeds- or d-wave gap in LSCO. The results are
plies that hight; cuprates may be conventionsdwave su-  consistent with the present interpretation of the fluctuation
perconductors. conductivity results.

We have analyzed the present data in terms of fluctuation As seen in Figs. 1(b) and 11c), in the optimally doped
conductivity, using the dirty limit form for the underdoped and overdoped regions, one can see a weak temperature de-
sample and using the clean limit form for the overdopedpendence and appreciable upward deviation of the experi-
sample. Regarding the superconducting paramefgs®))  mental data from the calculated data by AL terms at high
and £.(0) of the present LSCO single crystals, it has beenemperatures, unlike in the underdoped samples. However,
previously reported thag,,(0) is almost constant{30 A)  even if we take account of the contributions of both AL and
with doping, while £.(0) decreases with increasing MT terms in any theory, the temperature dependence ob-
doping?*** From o-=h/e®(kel), under the assumption of a served cannot be reproduced. In previous reports, it has been
small Fermi surface with carrier concentratior-x, we es-  assumed that MR in the normal state arises only from super-
timate that the mean free palth- 26 A for x=0.09,1~64 A conducting fluctuations. However, considering that the MR
for x=0.15, and ~80 A for x=0.18 samples. In the under- in the nonsuperconducting samplexs£0.28 is comparable,
doped sampld,is comparable witlt,,(0), suggestive of the we strongly believe that the normal-state MR cannot be ne-
intermediate region. With increasing dopingrapidly in-  glected. Applying the above discussion to the underdoped
creases and the overdoped sample approaches a clean lirdgjion, we assume that only the AL term contributes to the
superconductor. In the following discussion, however, it ismagnetoconductivity due to the superconducting fluctua-
not crucial whether the data are analyzed by the clean or thgons, and that the rest originates from the normal-state MR.
dirty limit form. The dephasing time, is assumed to have
the same temperature dependence;as

In Fig. 11, we plot the results of the calculation and the
experimental data for=0.09 (underdopel] x=0.15 (opti- With the substantial contribution from the superconduct-
mally doped, and x=0.18 (overdopedl samples. First, we ing fluctuations in mind, we address the normal-state MR in
focus on the underdopeat=0.09 sample. Figure 14 terms of the violation of Kohler’s rule, the issue raised in the
clearly shows that the magnetoconductivity in the0.09  context of theT? dependence of the Hall angle. Chietal 2
sample is well described only by the AL contribution over ahave reported that th@2 dependence of the Hall angle,

B. Violation of Kohler’s rule
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FIG. 12. Temperature dependencespgf~ 7, >, cotfy~7,", Sr content x
and (Ap/po) Y?~7,4 for x=0.15 and x=0.18 samples.ryg
shows essentially the same temperature dependencg, anot FIG. 13. Sr composition dependence of the in-plane magnetore-
Tir - sistance at 80 kOe at selected temperatures. Note the presence of

two singular compositiong=0.11 andx=0.13.

cotdy=aT?+B, is commonly observed in a series of Zn-
doped YBCO single crystals. The result was interprete
by introducing two distinct scattering I’ate§_10<p0<T and
4 - cotdy T2 Since then, thé? dependence of the Hall
angle was confirmed in a variety of high-cuprates®—°As
given in Eq.(2), Kohler’s rule in the framework of the Boltz-
mann equation is based on an isotropic scattering process.
the temperature dependence@rl is clearly different from
T{rl, which dominates in determining resistivity, Kohler’s
rule should then be violated since the orbital MR is closel
related with theHall scattering. |

Since the above analysis indicates that the normal-state® ™
contribution is dominant only in the overdoped region, we
focus on the optimally doped and the overdoped regions to
examine the possible violation of Kohler’s rule. In Fig. 12,  The systematic evolution of the MR as a function of dop-
we plot the temperature dependences of scattering ratddg is summarized in Fig. 13. The figure clearly illustrates a
o1, 74+, and 75, deduced fromp, cotfy, and Ap/p,  Pronounced anomaly at=0.11 (dip) and 0.13(peak, as
respectively, forx=0.15 andx=0.18 samples. Within the described in the previous section. We ascribe the suppression
Boltzmann equation approach, the resistivity is connecte@f low-temperature MR neax=0.11 to the “1/8 anomaly”
with 7 asp~ 7, ! and the Hall angle as c@{~n;'. As given which is firmly e§tabl|§hed in the La214 system. Ar.ognd.the
in Eq. (2), when the MR quadratically depends d, hole concentration withp=1/8, the superco'nductlwty is
Aplpo~(H7)?, then (Ap/py)*? at a fixed field is propor- known to be_ suppr_e_ssed b_y the charge ordering and/or struc-
tional to 7yg. Here we have subtracted the AL contribution tUral 'aztf'&e instability against a low-temperature tetragonal
from the obtained magnetoconductivity, using the abovéJ_hasea- Recently several groups claimed that the suppres-
analysis. As indicated from the linear behavior in Fig. 12, theSion of ~superconductivity for LSCO occurs around

temperature dependenceif* is well described in terms of X ~0.115 rather than 0.1251/87°In the present series of
the power law AT'8+B for the x=0.15 sample and single crystals, the suppression of superconductl\_/lty is in-
A'TY6+ B’ for the x=0.18 sample. In contrast;, * is al- de.ed.most pronounced for't.hezo.ll sample(see Fig. 1
most T linear in these samples, and therefore, the line forThIS IS exactly the composition where we observe t_he sup-
1. - R o : pression of the low-temperature MR. The correlation be-
7y~ IS convex in Fig. 12, mijicatmg a (_jlstm_cltly different tween superconductivity and the magnitude of MR provides
temperature dependence fragq™ . By plotting 7z deduced  gyqng evidence for the dominant superconducting fluctua-
from thﬁell2 MRﬁl data in Fig. 12, it is clear that {5ns'in the underdoped region.
(Ap/po) "= 7r Shows the same temperature dependence at this stage, we cannot explain the anomaly in the speci-
as cotyy~m, -, but different fromp~ 7=, which is consis-  men withx=0.13. We speculate on the following two possi-
tent with the assumption of two distinct scattering rates asilities. One is related to the 1/8 anomaly. As stated above,
claimed by Harriset al’ the suppression of superconductivity is most pronounced at
In Fig. 12, we find that the temperature dependence 0k=0.11, not atx=0.13. In the vicinity of the singular com-
7" deduced from MR and céf changes from &2 de-  position, where charge ordering occdfsit is possible to
pendence to a weaker power law in the optimally doped tthave a substantial fluctuation towards charge ordering. The
overdoped regionsT(-® for x=0.15 andT"® for x=0.18.  application of a magnetic field may enhance such a fluctua-
7-;1 is known to change fronT linear to a stronger power tion.

daw with increasing dopin§.The difference betweer:,]1

and rgl is therefore getting substantially smaller as the com-
position approaches the overdoped normal metal region. In
the overdoped normal metal wherg ! is roughly ~T*5,
Kohler’s rule holds well. This means thaf* and r,,5 even-
tijally show the same temperature dependéhde,propor-

tion to ~ T, In this regards, the disappearance of supercon-
ductivity on increasing the doping level is associated with
the crossover from the anomalous metal phase with two dis-
Ytinct scattering rates to the conventional metal with a univer-

C. Two singular compositionsx=0.11 andx=0.13
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@ . | o) o - . . from that of the in-plane resistivity. This means that the in-
HlcllJ ¢ Hllclls plane scattering rate is somehow involved in the out-of-plane
2 04 O x=0.09 | . 0 x=0.07 | transport.
= N A& 013 | o 009 | Kumar and Jayannavirshowed that, when the interlayer
z . oo +* : o hopping rate is smaller than the in-plane scattering rate
—~02F e o 028+ e + 0181 7,1, coherent transport becomes impossible. As a result, in-
X a
< ¢ &y @ * 028 terlayer tunneling. is renormalized by the in-plane scatter-
< + @ &t o y C y p
o [ e, e, T ° %5 ] ing rate, ast} ~(t./7a)t.. Their scenario may provide a
N 0 eeéggé Bodo....8 gBoos F ot N possible explanation for the observed anomalous scaling of
[~===""" o i a=h it T-""""" = 25 b . .
< oo o transverse MR. However, in order to explain the temperature
L . . 1 ° . . i dependence op. which is distinctly different from that of
0 100 200 0 100 200 the in-plane resistivity, a coupling to bosonic degrees of free-
T (K) T (K) dom with the acoustic phonon has to be invoked.

In the underdoped region, a pronounced isotropic hegative

FIG. 14. Temperature dependence of transvésand longitu- MR shows up at low temperatures. As seen from Fig. 2, this
dinal (b) out-of-plane magnetoresistance in LSCO at 80 kOe. negative MR is observed when the temperature dependence
of p¢ is strongly semiconducting. In this sense, the negative
o . MR appears to be directly related to the mechanism of
_ The other possibility is related to the van Hove singular-cparge confinement. Note that the in-plane resistivity is me-
ity. The van Hove singularity arises from a saddle point inggjiic'in the corresponding temperature range. Therefore, car-
the energy vs momentum relation. Theoretically, the resultar}ﬁer localization is h|gh|y un|ike|y as the mechanism to ex-
high density of state¢DOS) at the Fermi level has been plain the negative MR in this case.
suggested to enhance..®” Experimentally, angle-resolved A similar negative MR has been observed in Bi and Y123
photoemission studies have found that the van Hove singwsystems?4344In the Bi2212 system, Yaet al.observed that
larity is located right below the Fermi level in optimally the magnitude of the negative MR is thermally activated with

doped YBCO(Ref. 38 and BSCCO?® Although direct ob-  an activation energy of 300 K. In the present LSCO system,

servation by photoemission spectroscopy has not yet beeHnce the negative contribution becomes visible at tempera-

achieved for LSCO, an ultrasonic measurerffestiggests tures lower than in the Bi2212 system, t_he corresponding
: ; nergy scale appears to be smaller than Bi2212. It has turned
the existence of a narrow DOS peak, at a doping Ieveg

) . e ut that the negative MR in the present study does not show
slightly below the optimal compositiorn=0.15, where we

! any activation-type temperature dependence.
have observed the anomalodslinear MR. Since the negative contribution appears to be almost iso-

tropic, the origin of the negative MR should be ascribed to
spin degrees of freedom. As pointed out by Yetnal, an
attractive scenario for the spin-derived negative MR may be
Strong two dimensionality has been recognized as one dhat the interlayer charge transport is prevented by spin-
the most distinct properties of high: cuprates. Doped holes singlet-pair formation associated with a spin gap. Therefore,
appear to be strongly confined within the Cu@lane. Ex- the applied magnetic field reduces the out-of-plane resistivity
perimentally observed anisotropy in the resistivignd the Py breaking up the spin-singlet pairs. The negative MR is
spectral weight obtained by optical measurenfénere observed only in the underdoped region where the pseudo

much greater than the one obtained from band structure cafPIn 92p has been generally observed. However, in LSCO, a

culations. The temperature dependence of the out-of—plan‘?—:seUdo spin gap has not been observed so far. Nevertheless,

resistivity is semiconducting in the underdoped region dowr|JnderdODGd LSCO shows unusyal beha\?ﬁ)ema!ogous to
to T, and therefore might diverge &t=0 limit. This so- L_ln_d_erdoped YBCQRefs. 46_@'” terms of static suscep-
called “charge confinement” has been frequently discusse({l'b'“ty and the_HaII effect, which appears to be closely re-
in terms of the non-Fermi-liquid nature of the ground state.ated to the spin gap.
As we have shown in the previous section, we also observed
a quite unusual behavior in the out-of-plane MR. By plotting
the temperature dependence of the MR at 80 kOe in Fig. 14, We have performed systematic measurements of the
the evolution of the MR with doping can be clearly illus- in-plane and the out-of-plane magnetoresistance for
trated. Both longitudinal and transverse MR decrease mond-a,_,Sr,CuQ, single crystals over a composition range be-
tonically, with decreased hole doping. tweenx=0.07 and 0.28. In the overdoped nonsuperconduct-
In the optimally doped to overdoped superconductinging metal region, both in-plane and out-of-plane MR were
phases, the transverse out-of-plane MR is scaletHly,,  well scaled by the conventional Kohler’s rule, which is con-
and the longitudinal one is scaled by T. Although we do sistent with the finding that the system is an anisotropic 3D
not yet understand the origin of the appreciable longitudinaFermi liquid in this composition range. In the superconduct-
MR, we do not presume that this arises from an isotropidng phase, a superconducting fluctuation substantially con-
spin contribution, since the system is highly anisotropic. As-ributes to the transverse in-plane MR. This brings about a
suming that the transverse MR simply consists of an orbitadlifficulty in deducing normal-state properties, particularly in
contribution, the scaling implies that the orbital MR behavesthe underdoped region. We propose from the MR data for the
similarly to the in-plane MR, though the temperature depenunderdoped region that the AL term is the only significant
dence of the out-of-plane resistivity is distinctly different contribution to the fluctuation conductivity, and this is sug-

D. Out-of-plane magnetoresistance

V. SUMMARY
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gestive of anisotropic pairing. By subtracting the fluctuationby (H/T). In the underdoped region, a negative component
conductivity consisting of the AL term alone, the normal- in the out-of-plane MR, closely related to the diverging be-
state MR has been estimated. The estimated normal-stak@wior of p. with decreasing temperature, is observed at low
MR apparently violates Kohler’s rule, which supports thetemperatures. The isotropic magnitude of this component
existence of two distinct scattering rate§* and 7,,;*, for  suggests that the spin degrees of freedom play a significant
the optimally doped to overdoped superconducting phases ole in charge confinement within the Cu@lane.

Furthermore, two singular compositions were noticed in
the in-plane MR for the underdoped samples. First, anoma-
lously largeH-linear MR is observed arounx=0.13. Sec-
ond, the influence of the 1/8 anomaly is clearly identified
aroundx=0.11 as a suppression of the superconducting fluc- We thank H. Taniguchi for his help at the initial stage of
tuations. the study and K. Kishio, M. Nohara, |. Terasaki, K. Semba,

The transverse out-of-plane MR in the optimally doped toY. Matsuda, and N. Nagaosa for helpful discussions. One of
overdoped superconducting regions is found to be scaled bipe authors(T.K.) is grateful to the Japan Society for the
(H/pgo). This result suggests that the in-plane scattering®romotion of Science for support. This work was partly sup-
process is somehow involved in interlayer transport. Alsoported by a grant in Priority-Areas from the Ministry of Edu-
the longitudinal out-of-plane MR in these regions is scaledcation, Science and Culture of Japan.
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