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Normal-state magnetoresistance of Sr2RuO4
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We report measurements of the in-plane and out-of-plane magnetoresistance~MR! of single crystals of the
layered perovskite superconductor Sr2RuO4 (Tc'1 K). The transversec-axis MR Drc /rc(B) (I ic,Biab)
varies linearly with field at low temperatures consistent with the behavior expected for a quasi-two-
dimensional Fermi surface in the intermediate-field regime.Drc /rc(T) shows a striking temperature depen-
dence which arises from the competing effects of two separate MR contributions. At low temperatures,Drc /rc

is large and positive due to the orbital magnetoresistance of the carriers. At high temperatures, however,
Drc /rc is dominated by a negative MR term that is associated with the nonmetallic out-of-plane resistivity
rc(T). We argue that the two contributions toDrc /rc(B,T) originate from separate conduction channels
along thec axis and that the competition between the metallic and nonmetallic channels is responsible for the
unusual temperature dependence ofrc(T). Finally, we discuss the relevance of these findings to our current
understanding of the unusual magnetoresistance of the high-Tc cuprates.@S0163-1829~98!09409-0#
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I. INTRODUCTION

The anomalous behavior of the out-of-plane conductiv
is one of the key challenges to our understanding of the h
Tc cuprate superconductors.1 Recent measurements on op
mally doped Bi2Sr2CuO6 have revealed that even below 1 K
rc(T) is divergent while the in-plane resistivityrab(T) is
metallic,2 thus rendering invalid any simple band-structu
model in which the conductivities are scaled by an ani
tropic transfer integral. Even in overdoped cuprates, wh
rc is ‘‘metallic’’ ~i.e., increasing withT!, the anisotropy ra-
tio rc /rab is temperature-dependent andl c , the mean-free
path along thec axis, is shorter than the interplanar spaci
d over a wide temperature range suggesting the possibilit
charge confinement and incoherent charge transport betw
the planes.

Several magnetoresistance studies of the layered cup
with current applied along thec axis have recently bee
published, shedding new light on the behavior of the int
layer charge dynamics. In overdoped cuprates,3,4 Drc /rc
(I ic,Biab) is large and positive and shows several featu
that are consistent with three-dimensional band format
despite the fact thatl c,d. In underdoped compounds,4,5 the
c-axis MR is negative and independent of field direction a
appears to be correlated with the nonmetallic behavior
rc(T).

The layered perovskite Sr2RuO4 is isostructural with the
cuprate parent compound La2CuO4 and recent measuremen
have revealed that, in addition to becoming superconduc
around 1 K,6 its normal-state properties are consistent w
those of a highly-correlated Fermi liquid.7–9 Since Sr2RuO4
also has a similar anisotropy ratio to the cuprates (rc /rab
570163-1829/98/57~9!/5505~7!/$15.00
y
h-

-
re

of
en

tes

-

s
n,

d
f

g

'1000), it seems an ideal reference material. Furthermor
great deal is already known about the Fermi surface
Sr2RuO4 from quantum oscillation experiments9 and this al-
lows us to make a direct comparison of the behavior
rc(T) with the predictions of Bloch-Boltzmann transpo
theory. Below 20 K, Sr2RuO4 behaves as a coherent thre
dimensional but highly anisotropic metal with bothrc and
rab varying asT2 and l c.d (d56.3 Å), at least for the two
dominant electron pockets.9 In contrast to the cuprates, how
ever, rc(T) goes through a maximum around 130 K th
decreases monotonically.

Here we report a study of the magnetoresistance
Sr2RuO4 single crystals between 3 and 350 K in fields up
15 T with current flowI iab and I ic and magnetic fieldBi I
andB'I . We find that the in-plane transverse magnetore
tanceDrab /rab is positive and shows a simple temperatu
dependence, in contrast to the in-plane Hall effect tha
complicated by multiband effects in Sr2RuO4.

10,11 At low
temperatures, thec-axis transverse MR~labeled hereafter as
TMR! is positive and extremely large~Drc /rc'1.7 in 15 T!
and varieslinearly with field in the intermediate-field re
gime, consistent with the behavior expected from ba
theory for a highly anisotropic, quasi-two-dimensional Fer
surface ~FS! in this experimental geometry.3,12 As T is
raised,Drc /rc falls sharply and becomes negative above
K, even thoughrc is still increasing with temperature. Th
TMR remains negative up to 300 K and becomes essent
equivalent to the longitudinal MR~I iBic, labeled hereafter
as LMR! above around 200 K.

We propose that the total TMR may be composed of t
separate contributions that are observable over a wide t
perature range. The positive term is attributed to the orb
5505 © 1998 The American Physical Society
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5506 57N. E. HUSSEYet al.
magnetoresistance of the carriers that persists well above
K, even thoughl c,d andrc(T) is nonmetallic. Being inde-
pendent of field direction, the negative MR is thought
arise from magnetic-field effects on the spin degrees of fr
dom in the system and is associated with the nonmeta
contribution torc(T). This is supported by the observatio
that there is no negative term in the in-plane MR. We p
pose that the combinedc-axis MR and resistivity data o
Sr2RuO4 can be qualitatively described in terms of two pa
allel conduction channels along thec axis, which leads natu
rally to the observed maximum inrc(T).

II. EXPERIMENTAL

The crystals used in this study were grown by a floatin
zone method described elsewhere.13 For the in-plane MR
measurements, we used a single crystal~approximate dimen-
sions 2 mm30.5 mm330mm) that has already been studie
in a series of quantum oscillation experiments9 and a detailed
in-plane Hall effect measurement.11 Six contacts were
mounted onto the crystal in the Hall geometry using Dup
6838 silver paint. All six contacts were mounted in such
way that thec axis was shorted out electrically to ensu
homogenous current flow within the plane. For the out-
plane measurements, a single crystal from the same b
with approximate dimensions 0.5 mm30.4 mm350mm was
mounted in a quasi-Montgomery configuration. Large c
rent and voltage pads were mounted on the top and botto
the sample. Although thec axis was along the shortes
dimension,rc(T,B) is reliable because of the large aniso
ropy ~the equivalent isotropic crystal, obtained by multipl
ing thec-axis dimension by the square root of the resistiv
anisotropy, has dimensions 0.5 mm30.4 mm31.8 mm at 30
K!. A second thinner crystal was also mounted for study
rc(T). Although the aspect ratios of the two crystals we
different, theirrc(T) and Drc /rc(T) data were essentially
equivalent, giving us confidence that, for the thicker crys
reported in this paper, the measuredrc(T) was intrinsic to
the c axis.

The zero-field resistivity data for each crystal are sho
in Fig. 1. rc(T) reaches a maximum around 130 K th

FIG. 1. Zero-fieldrab(T) and rc(T) of Sr2RuO4. The inset
shows rc(T) and rab(T) below 32 K plotted againstT2. The
dashed line is a guide to the eye.
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slowly decreases with increasing temperature up to 300 K
agreement with other reported data.6,13 Such behavior con-
trasts strikingly with that of the cuprates where oftenrc(T)
is ‘‘metallic’’ at high temperatures, despite being well abo
the Mott-Ioffe-Regel limit~i.e., l c,d!, then asT is lowered,
goes through a minimum and becomes semiconductingl
The inset in Fig. 1 shows that below 20 K, bothrc andrab

are varying asT2 and the ratioY5rc /rab is essentially
T-independent withY'1400.

III. RESULTS

A. c-axis magnetoresistance–low-temperature limit

Figure 2 showsc-axis MR field sweeps atT53.6 K with
both Biab andBic. The transverse MR~i.e., with Biab! is
extremely large, the resistivity increasing by more than
factor of 2 in 15 T. As can be seen from the figure, t
transverse MRDrc /rc varies linearly with field above
around 3 T with no sign of saturation. This linear variation o
Drc /rc is consistent with a treatment of standard Bloc
Boltzmann theory for quasi-two-dimensional metals in th
field geometry3,12 that predicts a /B/1 decay of the magneto
conductance when one leaves the strictly weak-field (2B2)
limit and enters the intermediate-field regime. For such
isotropic compounds, this region extends over a wide fi
range,12 namely, 1<Vct<Vct^n i&/^n'& where Vc

5(e/\)n iBd/A2 andn i andn' are the in-plane and out-of
plane Fermi velocities.

As T is raised, the magnetoresistivity is given simply b
the weak-field expressionr5r (0)1r (2), wherer (2) repre-
sents the term that is quadratic in field. For a single ba
metal, assuming an open FS with a circular cross secti3

the B2 term in the orbitalc-axis MR Dr (2)/r (0) is given by

Dr~2!/r~0!5Vc
2t2. ~1!

FIG. 2. c-axis MR field sweeps for Sr2RuO4 at T53.6 K with
Biab and Bic. The dashed line is drawn to highlight the regio
over which the transversec-axis MR Drc(B) is linear in field.
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57 5507NORMAL-STATE MAGNETORESISTANCE OF Sr2RuO4
At the lowest temperatures, where the transport proper
are dominated by large angle scattering from impurities,
can assume that the in-plane mean-free pathl i5n it is lim-
ited only by the separation between the scattering impuri
and is no longer sensitive to differences in the Fermi veloc
either at different parts of the same FS sheet or on diffe
sheets in the case of a multiband metal. This so-ca
‘‘isotropic-l ’’ approximation has been shown to work well i
Sr2RuO4 at low T where measurements of the in-plane H
coefficient below 1 K were found to be consistent with th
value estimated from the known FS parameters.11 Quantum
oscillation experiments have revealed that the FS of Sr2RuO4
is composed of three cylindrical sheets with weak dispers
along thec axis.9 Within the isotropic-l approximation, Eq.
~1! is still valid for a multiband metal, since the fraction
change in conductivity is the same for each band and
effects of the Hall conductivity can be ignored. In the sa
approximation, the in-plane resistivity in zero field is give
by

rab5
hd

e2l i( ikF
i , ~2!

wherekF
i are the Fermi wave vectors for each FS sheet50.3,

0.62, and0.75 Å21.9 Using Eq. ~1! and the experimenta
value of Dr (2)/r (0) for the c-axis MR at 3.6 K, we findl i

'1600 Å. Then Eq. ~2! gives a value for rab
50.6mV cm, in good agreement with the measured va
for our crystal at 3.6 K. This result illustrates further not on
the applicability of the isotropic-l approximation, even in a
multiband material, but also how an out-of-plane MR me
surement on a quasi-two-dimensional metal can be use
obtain a reliable estimate forl i .

With the field applied parallel to the current (Bic), we
also observe a large positive MR at low temperatures
tends to saturate at high fields, as shown in Fig. 2. The p
tive longitudinal MR is surprising since the Lorentz force
absent in this orientation. A large positive MR has also be
observed in Tl2Ba2CuO6 ~Ref. 14! and La22xSrxCuO4 ~Ref.
4!, though its origin is not understood. It is possible that su
a positive longitudinal MR may be spurious and due to so
current redistribution in the crystal~e.g., due to poor crystal
linity ! that causes some of the carriers to trace orbits par

FIG. 3. c-axis MR field sweeps for Sr2RuO4 with Biab ~left
panel! and Bic ~right panel! at various temperatures between
and 80 K.
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to theab plane. This is qualitatively consistent with the o
servation that the longitudinal MR is tending towards sa
ration at high fields as expected for contributions from clos
orbits. However, one might expect in this case that the fi
dependence of thec-axis LMR would be identical to that o
the in-plane TMR at the same temperature, which is
found experimentally. Another possibility is that this larg
c-axis LMR is in fact intrinsic, as suggested by directc-axis
resistivity measurements on long single-crystal bars
La22xSrxCuO4,

4 and linked to the effect of the magnet
field on a warped cylindrical FS.

B. c-axis magnetoresistance–temperature dependence

Figure 3 shows the transverse~left panel! and longitudinal
~right panel! c-axis MR field sweeps at various temperatur
between 20 and 80 K. AsT is raised, the positive MR in eac
case falls rapidly@much faster thant2, wheret21 is propor-
tional to rab(T)# and both become negative aroundT
575 K. Representative MR field sweeps above 80 K, wh
thec-axis MR is now negative, are shown in Fig. 4. The M
for both field orientations decreases gradually with incre
ing temperature.

The T dependence of theB2 parts in the transverse an
longitudinal c-axis MR between 65 and 350 K are summ
rized in Fig. 5.@Dr (2)/r (0) data at lower temperatures are n
included in this plot to allow the high-temperature behav
to be shown in greater detail.# The TMR Dr (2)/r (0) data,
indicated by closed squares, go through a minimum aro
120 K, then gradually becomes less negative with increas
T. Above 200 K, the TMR and the LMR~shown by open
squares! become essentially equivalent, implying that t
MR is ‘‘isotropic,’’ i.e., independent of the field direction
Below 200 K, the TMR becomes more positive than t
LMR, presumably due to the extra positive orbital contrib
tion to the TMR whenB'I . We will return to this point
later.

A negative isotropic MR has also been observed in so
underdoped cuprates4,5 and has been associated5 with the ef-
fect of a magnetic field on the normal-state gap that
thought to exist in these materials. It has been suggeste
several authors15–18that the normal-state gap acts as a barr
to interlayer charge transport in underdoped cuprates

FIG. 4. c-axis MR field sweeps for Sr2RuO4 with Biab ~left
panel! and Bic ~right panel! at various temperatures between 1
and 300 K.
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plays a significant role in the behavior ofrc(T) and the
out-of-plane ac conductivitysc(v). Within this picture, a
magnetic field will suppress the gap and hence prom
c-axis conduction. Even the existing data for the cupra
however, are not universally consistent with this simple
terpretation. The expected activated form forDrc /rc is ob-
served in Bi2Sr2CaCu2O8,

5 but in underdoped La22xSrxCuO4
~Ref. 4! and oxygen deficient YBa2Cu3O6.7,

5 the temperature
dependence ofDrc /rc is different. As shown in the inset to
Fig. 5, our data for Sr2RuO4 are similar in both magnitude
and temperature dependence to those of YBa2Cu3O6.7 and
clearly do not follow the activated form that was observed
Bi2Sr2CaCu2O8. Since there is no evidence of a normal-sta
gap in Sr2RuO4, our data serve to emphasize that the obs
vation of a negative isotropicc-axis MR in the cuprates
should not necessarily be taken as evidence in favor o
normal-state gap affecting thec-axis conductivity.

C. ab-plane magnetoresistance

Figure 6 shows a series of in-plane TMR field swee
from 10 to 85 K.~Above 85 K, the TMR became too small t
be measured with sufficient accuracy.! At low T, the MR is
again large and positive, though considerably smaller t
the correspondingc-axis TMR. Below 50 K,Drab /rab var-
ies quadratically at low fields then shows a tendency to s
rate at higher fields as expected for contributions from clo
orbits within the plane@this is seen most clearly with MR
data taken below 1 K~Ref. 8!#. As T is raised, the field
sweeps follow aB2 dependence more closely and above
K, Drab(B) is quadratic over the entire field regime studie

The inset to Fig. 6 shows theT dependence of theB2 term
of the in-plane TMR, plotted as 1/A(Dr (2)/r (0)) vs T2. Since
Dr (2)/r (0) is proportional toV i

2t2, the T dependence o
1/A(Dr (2)/r (0)) should give theT dependence of the trans

FIG. 5. Temperature dependence of theB2 term inc-axis MR of
Sr2RuO4 with Biab ~closed squares! andBic ~open squares! above
50 K. The inset shows thec-axis LMR data for Sr2RuO4 plotted as
Dr (2)/r (0) vs 1000/T together with similar data for YBa2Cu3O6.7

taken from Ref. 5.
te
s,
-

e
r-

a

s

n

u-
d

0
.

port scattering rate. As can be seen from the inset in Fig
1/A(Dr (2)/r (0)) can be well approximated by the expressi
A1BT2. A similar T dependence has also been observed
the in-plane orbital MR of YBa2Cu3O7 ~Ref. 19! and for both
the in- and out-of-plane MR of overdoped Tl2Ba2CuO61].

3 It
was noted that in both these cases, the square of the
angle tanQH has the sameT dependence asDr (2)/r (0), since
cotQH'A1BT2. Unfortunately this correspondence cann
be checked for Sr2RuO4, since the Hall effect of Sr2RuO4
shows a very complex behavior10,11 due to the competing
Hall contributions from the different FS sheets. Furthermo
the multiband nature of Sr2RuO4 prevents us from analyzing
the T dependence of the orbital MR in too much detail.

The longitudinal in-plane MR was found to be positiv
and very small~e.g.,Dr (2)/r (0)'431024 at 60 K and 12 T!
with a very similarT dependence to the in-plane TMR. W
believe that this small positive contribution is a fraction
the transverse component of the magnetoresistance due
small misalignment of the crystal in the magnetic field. S
nificantly, there is no evidence for a negative MR term wh
I iab. This is an important point that we will return to in ou
discussion of thec-axis MR data.

IV. DISCUSSION

The data in Fig. 5 are consistent with a picture in whi
the c-axis TMR of Sr2RuO4 is composed of two separat
contributions that individually extend over a wide tempe
ture range. Specifically, the LMR is negative above 75 K
a region whererc(T) is still metalliclike and the difference
between the TMR and the LMR, which is a measure of
orbital MR, remains appreciable up to 200 K, well above t
rc maximum. This latter observation is particularly intrigu
ing, since above 30 K,l c is known to be less thand for all

FIG. 6. In-plane MR field sweeps for Sr2RuO4 at various tem-
peratures below 100 K withBic. The inset is a plot of
1/A(Dr (2)/r (0)) vs T2 for the in-plane transverse MR data~below
85 K!.
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57 5509NORMAL-STATE MAGNETORESISTANCE OF Sr2RuO4
three FS sheets,9 implying diffusive rather than band propa
gation in thec direction at highT. It has been suggested20,21

that when thec-axis hopping integraltc becomes very smal
in anisotropic conductors, a large number of in-plane scat
ing events can take place before an electron hops or tun
to an adjacent plane. In this incoherent case,tc is renormal-
ized totc

2tab /\!tc ~Refs. 20 and 21! and thec-axis MR and
the out-of-plane conductivity are both dominated by the
plane scattering rate tab

21. Indeed, in overdoped
Tl2Ba2CuO61] ~Ref. 3! where no negativec-axis MR contri-
bution is observed,Drc /rc is found to follow theT depen-
dence of the in-plane TMRDrab /rab up to 300 K even
though above 30 K,l c,d. This behavior is somewhat puz
zling but does suggest that thec-axis MR may be dominated
at highT by scattering processeswithin the plane. However
for Sr2RuO4, rc(T) and rab(T) show completely different
behavior and hence some other mechanism must sta
dominate thec-axis conductivity at higherT.

With this in mind, we have attempted here to fit theT
dependence ofrc(T) and Drc /rc(T) of Sr2RuO4 using a
two-component model consisting of two parallel conduct
channels~one metallic and one nonmetallic! along thec axis.
In this case, the totalc-axis resistivity is given by the expres
sion 1/rc(T)51/rB(T)11/rT(T) whererB(T) is the band-
like term, which is known to be coherent at lowT and that
still represents some form of coherent or incoherent dir
hopping at elevatedT, and rT(T) is the nonmetallic term
that originates from some completely incoherent tunnel
process. ForDs!s, the total transversec-axis MR is then
given by the weighted sum of these two contribution
namely,

Drc

rc
5

sB

sc

DrB

rB
1

sT

sc

DrT

rT
, ~3!

FIG. 7. The temperature dependence of theB2 term in thec-axis
TMR of Sr2RuO4 between 60 and 300 K~closed squares! plotted as
Dr (2)/(r (0))2. The solid line is a fit toDr (2)/(r (0))2 with the ex-
pression ~valid for Ds!s! Dr (2)/(r (0))25DrB /rB

21DrT /rT
2,

where DrB /rB(T)5XDrab /rab(T), rB(T)5Yrab(T),
DrT /rT(T)5Z(H/T)2 and rT(T)51/@(1/rc)2(1/rB)#. For this
fit, X52, Y51400, andZ50.39. The inset is the same plot fo
Dr (2)/(r (0))2 below 100 K.
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or alternatively,

S Drc

rc
D 1

rc
5S DrB

rB
D 1

rB
1S DrT

rT
D 1

rT
. ~4!

Before attempting to fit the TMR data to this two-compone
model we must first make some assumptions about the
havior of the individual terms in Eq.~4!. Firstly, we assume
that the band termrB(T) has the sameT dependence as
rab(T) scaled only by the lowT anisotropy ratio~i.e.,
rc /rab'1400!. Similarly, the orbital MR contribution
DrB /rB(T)5XDrab /rab(T) where X is a scaling factor.
This seems reasonable since in overdoped Tl2Ba2CuO61]

~Ref. 3! and La22xSrxCuO4 ~Ref. 4!, Drc /rc(T) is propor-
tional toDrab /rab(T) up to 300 K. We can fixX (52.0) by
comparingDrc /rc(T) and Drab /rab(T) at low tempera-
tures~below 30 K! where this relationship is found to hol
and thec-axis TMR is dominated by the orbital MR term
The tunneling resistivityrT(T) is given simply by 1/rT(T)
51/rc(T)21/rB(T). Finally, since the negative MR contri
bution is isotropic~at least above 200 K!, we assume that it
arises from a Zeeman splitting of the eigenstates involved
the incoherent hopping process. A negative isotropic MR
arise in nonmetallic systems when the hopping or tunne
rate is increased due to the occupation of the higher ene
up-spin states by Zeeman splitting.22,23 In a simple model
where the carriers tunnel through an insulating barrier
tween the planes,DrT /rT(T) is expected to be equal t
Z(B/T)2 whereZ53/p2(mB /kB).23

Figure 7 shows the resulting fit of the TMR data to E
~4!, plotted asDrc /rc

2 above 50 K and the inset shows the
down to 15 K whereDrc /rc

2(T) is very large. Although we
have made several assumptions in fitting the TMR data
listed above, there is only one parameter that has been
lowed to vary, namely,Z, yet the fit is a reasonable one fo
all temperatures. A similar two-component fit torc(T) in

FIG. 8. Zero-fieldrc(T) of Sr2RuO4 ~solid line! together with a
fit to the expression 1/rc(T)51/Yrab(T)11/(A/T) ~dashed line!.
For this fit, Y51400,A55.15V cm. The two components of the
resistivity fit are shown by dot-dash lines. The inset shows the s
data on a different scale to highlight the behavior of the two ter
over a wider temperature range.
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zero field is shown in Fig. 8 in whichrT(T) is approximated
by a 1/T law.24 Of course, it is quite likely that a full descrip
tion of the T dependence ofrc(T) and Drc/rc(T) will in-
clude other contributions~e.g., aT-dependent anisotropy ra
tio Y(T) or thermal expansion effects on the incohere
hopping term!, but we believe that Figs. 7 and 8 serve
illustrations thatrc(T) and thec-axis TMR in Sr2RuO4 can
be considered as arising from two separate conduction c
nels that coexist over the entire temperature range 3 K,T
,300 K.

We have argued earlier that the isotropic negativec-axis
MR observed in Sr2RuO4 and in the underdoped cuprates a
of the same origin and both appear to be correlated with
nonmetallic rc(T). However, in the underdoped cuprat
@and optimally doped Bi2Sr2CuO6 ~Ref. 2!#, the out-of-plane
transport cannot be considered as a simple two-compo
process sincerc(T) has aminimumrather than a maximum
Instead,rc(T) probably contains multiplicative factors, e.g
rc(T) starts to rise at lowT due, for example, to a reductio
in the density of states caused by the opening of the norm
state gap17 or rc(T) increases withT at higherT because of
thermal expansion along thec axis.25

Several models describingrc(T) in the high-Tc
cuprates21,26–28 interpret the crossover from metalliclike t
nonmetallic behavior as a transition from coherent to in
herent hopping with changing temperature rather than du
the coexistence of two competing conduction channels. R
and Levin proposed a two channel model,29 in which the
layered perovskites are considered as weakly coupled
dimensional Fermi liquids. In this model,rB(T) again results
from band motion characterized bytc and proportional to
tab , while the second termrT(T) arises from impurity, pho-
non or spin-fluctuation assistedc-axis hopping. The combi-
nation of these two independent transport processes l
naturally to a maximum inrc(T) and a similarT dependence
to that observed in Sr2RuO4. Recent measurements of th
spin susceptibility,7 specific heat7 and electron
spectroscopy30 on single crystals of Sr2RuO4 suggest that
there are strong on-site electron-electron correlations
Sr2RuO4 that could give rise to an appreciable spi
fluctuation spectrum in this system. However, assisted h
ping via spin fluctuations might be expected to give rise t
positiverather than a negative contribution to the magneto
sistance. A more probable explanation is that the interla
hopping term is due to phonon-assisted hopping, but for
to be the case, thec-axis phonon spectrum of Sr2RuO4 ~Ref.
31! must be significantly different from that of overdope
La22xSrxCuO4 and the other overdoped cuprates, where
incoherent hopping term appears to be completely abs
This possibility needs to be investigated further.

In the overdoped cuprates, whosec-axis TMR shows a
similar behavior to the bandlike termDrB /rB in Sr2RuO4,
there is no evidence of a negative MR nor of a crossove
a nonmetallicrc(T) at higher temperatures. This is probab
the most striking difference between thec-axis resistivity of
the cuprates and Sr2CuO4, since in both cases,rc(T) is of
the same order andl c,d above around 30 K. In Sr2RuO4,
we have argued that there are two parallel conduction ch
nels along thec axis, yet in the overdoped cuprates, t
nonmetallic channel is clearly absent. In order to discuss
t
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origin of this contrasting behavior, we must consider whi
properties of Sr2RuO4 and the cuprates are significantly di
ferent, e.g., the different band structures of the two syste
the multiband nature of Sr2RuO4 or the effect of electron
correlations. We already know that thec-axis dispersion of
the small hole pocket in Sr2RuO4 ~labeleda! is considerably
smaller than that of the two larger electron pockets~b andg!
and significantly less than the band-structure predictio9

Simple band transport analysis from the individual FS p
rameters gives estimates ofl c for the a, b, andg pockets of
3 Å, 36 Å, and,30 Å, respectively, implying thatl c,d for
the a pocket even at zero temperature and therefore
c-axis transport for thea pocket may be nonmetallic at a
temperatures. However, it seems very unlikely that this sm
pocket could be solely responsible for the nonmetallic ch
nel and dominate over the two large electron pockets ab
the maximum inrc(T).

Electron correlations are thought to be significantly stro
ger in the cuprates and may have some role to play in
different behavior forrc(T) that is observed. We note, how
ever, that both a nonmetallicrc(T) and a negative isotropic
c-axis MR are also observed in underdoped cuprates wh
correlation effects are expected to be even stronger. Fin
it has been suggested that the unusual behavior ofrc(T) @and
sc(v)# in the cuprates are signatures of charge confinem
within the planes due to their non-Fermi-liquid groun
state.32 Many of the low-temperature properties of Sr2RuO4
are consistent with a model of a highly anisotropic Fer
liquid,7 and therefore it might be argued that these diff
ences between Sr2RuO4 and the overdoped cuprates, for e
ample, are consistent with them having different meta
ground states. However, essentially all the features ofrc(T)
and thec-axis MR described here for Sr2RuO4 are observed
in either the underdoped or the overdoped cuprates~but not
in both! and so it becomes very difficult to say which pro
erties are signatures of the particular ground state of e
system.

V. CONCLUSIONS

In conclusion, we have made a detailed study of the
and out-of-plane MR of Sr2RuO4 single crystals between 3
and 350 K. Our results show evidence for the existence
two contributions to thec-axis MR over a wide temperatur
range that can be thought to arise from two separate con
tion channels. At low temperatures,Drc /rc is large and
positive due to the orbital magnetoconductance of the ca
ers and appears to follow a similar temperature depende
to the in-plane orbital MRDrab /rab up to 200 K even
though above 130 K,l c,d and rc(T) shows nonmetallic
behavior. At high temperatures,Drc /rc is dominated by a
negative isotropic MR term. Since there is no negative M
contribution forDrab /rab and I iab, we conclude that this
negative isotropic MR is associated with the nonmeta
rc(T). Furthermore, theT dependence of thec-axis TMR in
Sr2RuO4 mirrors theT dependence ofrc(T) very well, im-
plying that there is a close link between the two effec
These observations suggest a consistent explanation o
c-axis transport of Sr2RuO4 as follows: Below 30 K, the
c-axis conductivity is dominated by the two large electr
pockets and shows many features consistent with th
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dimensional band formation. Above 30 K, even thoughl c of
all three pockets become smaller thand, an orbital MR con-
tribution and metalliclike conduction are still observed. A
the temperature is raised, the conductivity becomes a com
nation of direct tunneling viatc , which may become con-
trolled by in-plane scattering events, and some form of inc
herentc-axis hopping that eventually begins to dominate t
transport above the maximum inrc(T) at 130 K.
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