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We report measurements of the in-plane and out-of-plane magnetoresigi#Ref single crystals of the
layered perovskite superconductor,u0, (T.~1K). The transverse-axis MR Ap./p:(B) (llic,Bllab)
varies linearly with field at low temperatures consistent with the behavior expected for a quasi-two-
dimensional Fermi surface in the intermediate-field regike, /p.(T) shows a striking temperature depen-
dence which arises from the competing effects of two separate MR contributions. At low temperapyrgs,
is large and positive due to the orbital magnetoresistance of the carriers. At high temperatures, however,
Ap./p. is dominated by a negative MR term that is associated with the nonmetallic out-of-plane resistivity
p(T). We argue that the two contributions top./p.(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 dependencepg(fT). Finally, we discuss the relevance of these findings to our current
understanding of the unusual magnetoresistance of theThigiuprates[S0163-18208)09409-0

[. INTRODUCTION ~1000), it seems an ideal reference material. Furthermore, a
great deal is already known about the Fermi surface in
The anomalous behavior of the out-of-plane conductivityS,RuQ, from quantum oscillation experimeftand this al-
is one of the key challenges to our understanding of the hightows us to make a direct comparison of the behavior of
T, cuprate superconductofsRecent measurements on opti- ps(T) with the predictions of Bloch-Boltzmann transport
mally doped BjSr,CuQ; have revealed that even below 1 K, theory. Below 20 K, SIRuQ, behaves as a coherent three-
pc(T) is divergent while the in-plane resistivity,,(T) is  dimensional but highly anisotropic metal with both and
metallic? thus rendering invalid any simple band-structurep,, varying asT? andl.>d (d=6.3 A), at least for the two
model in which the conductivities are scaled by an anisodominant electron pockefdn contrast to the cuprates, how-
tropic transfer integral. Even in overdoped cuprates, wherever, p.(T) goes through a maximum around 130 K then
pc is “metallic” (i.e., increasing withT), the anisotropy ra- decreases monotonically.
tio p./pap is temperature-dependent ahd the mean-free Here we report a study of the magnetoresistance of
path along the axis, is shorter than the interplanar spacingSr,RuQ, single crystals between 3 and 350 K in fields up to
d over a wide temperature range suggesting the possibility af5 T with current flowllab andlllc and magnetic fieldB|||
charge confinement and incoherent charge transport betweandB_L |. We find that the in-plane transverse magnetoresis-
the planes. tanceAp,,/pap IS positive and shows a simple temperature
Several magnetoresistance studies of the layered cupratdependence, in contrast to the in-plane Hall effect that is
with current applied along the axis have recently been complicated by multiband effects in &uQ,.2%* At low
published, shedding new light on the behavior of the intertemperatures, the-axis transverse MRlabeled hereafter as
layer charge dynamics. In overdoped cuprdtts\p./p.  TMR) is positive and extremely largé p./p.~1.7 in 15 7)
(llic,Bllab) is large and positive and shows several featuresnd varieslinearly with field in the intermediate-field re-
that are consistent with three-dimensional band formationgime, consistent with the behavior expected from band
despite the fact thdt.<d. In underdoped compoundsthe  theory for a highly anisotropic, quasi-two-dimensional Fermi
c-axis MR is negative and independent of field direction andsurface (FS) in this experimental geomet’*? As T is
appears to be correlated with the nonmetallic behavior ofaised,Ap./p. falls sharply and becomes negative above 75
pc(T). K, even thoughp, is still increasing with temperature. The
The layered perovskite RuQ, is isostructural with the TMR remains negative up to 300 K and becomes essentially
cuprate parent compound 4GuQ, and recent measurements equivalent to the longitudinal MRI|IBlic, labeled hereafter
have revealed that, in addition to becoming superconductings LMR) above around 200 K.
around 1 K® its normal-state properties are consistent with We propose that the total TMR may be composed of two
those of a highly-correlated Fermi liqufd® Since SsRuO,  separate contributions that are observable over a wide tem-
also has a similar anisotropy ratio to the cuprates/f,, perature range. The positive term is attributed to the orbital
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FIG. 1. Zero-fieldp,,(T) and p.(T) of SLRuUQ, The inset B (tesla)

shows p(T) and p,,(T) below 32 K plotted againsT?. The

dashed line is a guide to the eye. FIG. 2. c-axis MR field sweeps for JRuQ, at T=3.6 K with

Bllab and Bllc. The dashed line is drawn to highlight the region

) ) _ over which the transverse-axis MR Ap(B) is linear in field.
magnetoresistance of the carriers that persists well above 130

K, even thougH .<d andp(T) is nonmetallic. Being inde-

t of fiel irecti th ti MR is th ht t L . .
pendent of field direction, the negative 'S thoug 0sIowa decreases with increasing temperature up to 300 K, in

arise from magnetic-field effects on the spin degrees of free= th oth d d&s h behavi
dom in the system and is associated with the nonmetalli@9reement with other reporte -Such behavior con-

contribution top(T). This is supported by the observation rasts strikingly with that of the cuprates where ofie/T)

that there is no negative term in the in-plane MR. We pro-S “metallic” at high temperatures, despite belng well above

pose that the combined-axis MR and resistivity data of the Mott-loffe-Regel limit(i.e., | .<d), then asT is lowered,

SKRUQ, can be qualitatively described in terms of two par-9oes through a minimum and becomes semiconductinglike.

allel conduction channels along theaxis, which leads natu- The inset in Fig. 1 shows that below 20 K, bgthand pgp,

rally to the observed maximum ip.(T). are varying asT? and the ratioY=p./p,p, is essentially
T-independent withy ~ 1400.

Il. EXPERIMENTAL

The crystals used in this study were grown by a floating- lll. RESULTS
zone method described elsewhé&teror the in-plane MR
measurements, we used a single cry&pproximate dimen-
sions 2 mmx0.5 mmx30 um) that has already been studied ~ Figure 2 shows-axis MR field sweeps af = 3.6 K with
in a series of quantum oscillation experiméread a detailed  both Bllab andBiic. The transverse MR.e., with Bllab) is
in-plane Hall effect measuremeltt. Six contacts were extremely large, the resistivity increasing by more than a
mounted onto the crystal in the Hall geometry using Duponfactor of 2 in 15 T. As can be seen from the figure, the
6838 silver paint. All six contacts were mounted in such atransverse MRAp./p. varies linearly with field above
way that thec axis was shorted out electrically to ensure arourd 3 T with no sign of saturation. This linear variation of
homogenous current flow within the plane. For the out-of-Ap./p. is consistent with a treatment of standard Bloch-
plane measurements, a single crystal from the same bat®pltzmann theory for quasi-two-dimensional metals in this
with approximate dimensions 0.5 m00.4 mmx50 um was  field geometry*?that predicts aB/* decay of the magneto-
mounted in a quasi-Montgomery configuration. Large cur-conductance when one leaves the strictly weak-fietdt)
rent and voltage pads were mounted on the top and bottom gfyit and enters the intermediate-field regime. For such an-
the sample. Although the axis was along the shortest igqiropic compounds, this region extends over a wide field
d|me?i|on,pc(T,I|3) is rellab!e becaulse l;Jf Fhedlirge aln!slot— range!? namely, 1=Q.r<Q.xy)/(v,) where Q.
ropy (the equivalent isotropic crystal, obtained by multiply- _ “ T vy
ing thec-axis dimension by the square root of the resistivity _I;ﬁ/eﬁl)zg‘r?n?/\jgloa::ri]t(ijeys“ andv, are the in-plane and out-of
anisotropy, has dimensions 0.5 .4 mmx1.8 mm at 30 P o ' L .

K). A second thinner crystal was also mounted for studyin AsTis ralsed, the magnetore5|st|V|ty is given simply by
Yhe weak-field expressiop=p@+p@), where p® repre-
ptp, p p

pc(T). Although the aspect ratios of the two crystals were h hat | dratic in field inale band
different, theirp,(T) and Ap./p.(T) data were essentially sents the term that is quadratic in field. For a single ban

equivalent, giving us confidence that, for the thicker crystalmetalz' assuming an open FS with a c;rculglr.cro.ss segtion,
reported in this paper, the measuredT) was intrinsic to e B term in the orbitalc-axis MR Ap®@/p© is given by
the c axis.

The zero-field resistivity data for each crystal are shown (27 (0)_ (122
in Fig. 1. p.(T) reaches a maximum around 130 K then Ap&lp™=Qc". ()

A. c-axis magnetoresistancelow-temperature limit
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FIG. 3. c-axis MR field sweeps for SRuO, with Bllab (left
pane) and Blic (right pane] at various temperatures between 20
and 80 K.

FIG. 4. c-axis MR field sweeps for SRuO, with Bllab (left
pane) and Bllc (right pane) at various temperatures between 100
and 300 K.

At the lowest temperatures, where the transport pr.opertieﬁ) theab plane. This is qualitatively consistent with the ob-

Servation that the longitudinal MR is tending towards satu-

) . 5 ..._ration at high fields as expected for contributions from closed
ited only by the separation between the scattering impuritiey jss “However, one might expect in this case that the field

and is no longer sensitive to differences in the Fermi veIocitydeloenolence of the-axis LMR would be identical to that of
either at different parts of the same FS sheet or on dh‘ferer(g_‘e in-plane TMR at the same temperature, which is not

f_heets n l,t’he case Of. a Lnultlbband ;]netal. Thlskso-(ﬁglle ound experimentally. Another possibility is that this large
Isotropic-I" approximation has been shown to Work WellIn ¢ yic | MR s in fact intrinsic, as suggested by direetxis

Srzl?fqu421ttL0\1vT1\/vlr<1ere me;asurdertnegts of th_etln-{ola_r;ﬁ mallresistivity measurements on long single-crystal bars of
coeificient belw Were tound 1o be consistent wi e La,_,Sr,Cu0,* and linked to the effect of the magnetic

value estimated from the known FS parameté®uantum I
oscillation experiments have revealed that the FS gR&D, field on a warped cylindrical FS.
is composed of three cylindrical sheets with weak dispersion
along thec axis? Within the isotropict approximation, Eq.

(1) is still valid for a multiband metal, since the fractional  Figure 3 shows the transver@eft pane) and longitudinal
change in conductivity is the same for each band and théright panel c-axis MR field sweeps at various temperatures
effects of the Hall conductivity can be ignored. In the samebetween 20 and 80 K. AB is raised, the positive MR in each
approximation, the in-plane resistivity in zero field is given case falls rapidlfmuch faster than?, wherer ! is propor-

can assume that the in-plane mean-free pathw, 7 is lim-

B. c-axis magnetoresistancetemperature dependence

by tional to p,u(T)] and both become negative arourid

=75 K. Representative MR field sweeps above 80 K, where

_hd thec-axis MR is now negative, are shown in Fig. 4. The MR
pab_eZIHEik'F’ (2) for both field orientations decreases gradually with increas-

_ ing temperature.

wherek;. are the Fermi wave vectors for each FS sh«ES, The T dependence of thB? parts in the transverse and
0.62, and0.75 A~1.° Using Eq.(1) and the experimental longitudinal c-axis MR between 65 and 350 K are summa-
value of Ap@/p©® for the c-axis MR at 3.6 K, we find, rized in Fig. 5[Ap®/p(® data at lower temperatures are not

~1600A. Then Eq. (2) gives a value for p,, included in this plot to allow the high-temperature behavior
=0.6 Q) cm, in good agreement with the measured valueo be shown in greater detdilThe TMR Ap®/p(® data,
for our crystal at 3.6 K. This result illustrates further not only indicated by closed squares, go through a minimum around
the applicability of the isotropit-approximation, even in a 120 K, then gradually becomes less negative with increasing
multiband material, but also how an out-of-plane MR mea-T. Above 200 K, the TMR and the LMRshown by open
surement on a quasi-two-dimensional metal can be used tquares become essentially equivalent, implying that the
obtain a reliable estimate foy. MR is “isotropic,” i.e., independent of the field direction.
With the field applied parallel to the currenBl(c), we Below 200 K, the TMR becomes more positive than the
also observe a large positive MR at low temperatures thatMR, presumably due to the extra positive orbital contribu-
tends to saturate at high fields, as shown in Fig. 2. The postion to the TMR whenBL . We will return to this point
tive longitudinal MR is surprising since the Lorentz force is later.
absent in this orientation. A large positive MR has also been A negative isotropic MR has also been observed in some
observed in TBa,CuQ; (Ref. 14 and Lg_,Sr,Cu0, (Ref.  underdoped cupraté3and has been associatedith the ef-
4), though its origin is not understood. It is possible that suctfect of a magnetic field on the normal-state gap that is
a positive longitudinal MR may be spurious and due to somé¢hought to exist in these materials. It has been suggested by
current redistribution in the crysté.g., due to poor crystal- several authofS~*8that the normal-state gap acts as a barrier
linity) that causes some of the carriers to trace orbits parallgb interlayer charge transport in underdoped cuprates and
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FIG. 5. Temperature dependence of Bfeterm inc-axis MR of B2 (T2)
Sr,RuQ, with Bllab (closed squargsandBlic (open squargsabove
50 5 nge inset shows the-axis LMR data for SiRuG, plotted as FIG. 6. In-plane MR field sweeps for &uQ, at various tem-
Ap@/p® vs 1000T together with similar data for YBEWOs7  peratures below 100 K withBlc. The inset is a plot of
taken from Ref. 5. 1/y(Ap@/p@) vs T2 for the in-plane transverse MR dathelow
85 K).

plays a significant role in the behavior of(T) and the
out-of-plane ac conductivityr.(w). Within this picture, a port scattering rate. As can be seen from the inset in Fig. 6,

magnetic field will suppress the gap and hence promotd//(Ap®)/p(®) can be well approximated by the expression
c-axis conduction. Even the existing data for the cupratesA+BT?. A similar T dependence has also been observed for
however, are not universally consistent with this simple in-the in-plane orbital MR of YBgCu;0; (Ref. 19 and for both
terpretation. The expected activated form fop./p. is ob-  the in- and out-of-plane MR of overdoped,Ba,CuQ;. ;.3 It
served in BjSr,CaCuyQg,® but in underdoped La ,Sr,CuO,  was noted that in both these cases, the square of the Hall
(Ref. 4 and oxygen deficient YB&u,Og 7,° the temperature  angle tar®y, has the sam& dependence asp®)/p(®, since
dependence ahp./p. is different. As shown in the inset to cot®,~A+BT2. Unfortunately this correspondence cannot
Fig. 5, our data for SRuQ, are similar in both magnitude be checked for SRuQ,, since the Hall effect of SRuQ,
and temperature dependence to those of XBgOs; and  shows a very complex behavidt! due to the competing
clearly do not follow the activated form that was observed inHall contributions from the different FS sheets. Furthermore,
Bi,Sr,CaCyOg. Since there is no evidence of a normal-statethe multiband nature of FRuQ, prevents us from analyzing
gap in SgRuQ,, our data serve to emphasize that the obserthe T dependence of the orbital MR in too much detail.
vation of a negative isotropic-axis MR in the cuprates The longitudinal in-plane MR was found to be positive
should not necessarily be taken as evidence in favor of and very smalle.g.,Ap®/p(®~4x10"*at60 K and 12 T
normal-state gap affecting treeaxis conductivity. with a very similarT dependence to the in-plane TMR. We
believe that this small positive contribution is a fraction of

_ the transverse component of the magnetoresistance due to a
C. ab-plane magnetoresistance small misalignment of the crystal in the magnetic field. Sig-

Figure 6 shows a series of in-plane TMR field sweepdhificantly, there is no evidence for a negative MR term when
from 10 to 85 K.(Above 85 K, the TMR became too small to !llab. This is an important point that we will return to in our
be measured with sufficient accuracit low T, the MR is  discussion of the-axis MR data.
again large and positive, though considerably smaller than
the corresponding-axis TMR. Below 50 K,Ap,,/p,p, Var-
ies quadratically at low fields then shows a tendency to satu- IV. DISCUSSION
rate at higher fields as expected for contributions from closed The data in Fig. 5 are consistent with a picture in which
orbits within the plandthis is seen most clearly with MR the c-axis TMR of SpRuQ, is composed of two separate
data taken below 1 KRef. 8]. As T is raised, the field contributions that individually extend over a wide tempera-
sweeps follow a2 dependence more closely and above 50ture range. Specifically, the LMR is negative above 75 K in
K, Apap(B) is quadratic over the entire field regime studied. a region where(T) is still metalliclike and the difference

The inset to Fig. 6 shows tiedependence of thB? term  petween the TMR and the LMR, which is a measure of the
of the in-plane TMR, plotted as (A p®/p(®) vs T2, Since  orbital MR, remains appreciable up to 200 K, well above the
Ap®@1p©® is proportional toQ 7%, the T dependence of p, maximum. This latter observation is particularly intrigu-
1/y(Ap@1p®) should give thelT dependence of the trans- ing, since above 30 K. is known to be less thad for all
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FIG. 7. The temperature dependence ofBReerm in thec-axis
TMR of SLRuQ, between 60 and 300 Klosed squareglotted as FIG. 8. Zero-fieldp(T) of SLbRuUQ, (solid line) together with a
Ap@1(p®)2. The solid line is a fit tad p@/(p()2 with the ex-  fit to the expression pL(T)=1/Yp.p(T)+ 1/(A/T) (dashed ling
pression (valid for Ao<o) Ap@/(p®)2=Apgl/p3+Aps/p2, ~ For this fit, Y=1400,A=5.15Q cm. The two components of the
where Applpe(T)=XApap/pan(T), pe(T)=Ypa(T), resistivity fit are shown by dot-dash lines. The inset shows the same
Aprlpr(T)=Z(HIT)? and p+(T)=1[(1/p) — (1lpg)]. For this data on a different scale to highlight the behavior of the two terms
fit, X=2, Y=1400, andZ=0.39. The inset is the same plot for over a wider temperature range.
Ap®@/(p©@)2 below 100 K.

or alternatively,
three FS sheetsimplying diffusive rather than band propa-
gation in thec direction at highT. It has been suggestéd* Apc) 1 [Apg| 1 N
that when thee-axis hopping integral; becomes very small pe | pe \ pg
in anisotropic conductors, a large number of in-plane scatter- . i ]
ing events can take place before an electron hops or tunnefzefore attempting to fit the TMR data to this two-component
to an adjacent plane. In this incoherent cdsds renormal- ~model we must first make some assumptions about the be-
ized tot?7,, /%<t (Refs. 20 and 2land thec-axis MR and havior of the individual terms in Eq4). Firstly, we assume
the out-of-plane conductivity are both dominated by the in-that the band ternpg(T) has the sam& dependence as
plane scattering rate 7,,;. Indeed, in overdoped pap(T) scaled only by the lowT anisotropy ratio(i.e.,
TI,Ba,CuQ;. , (Ref. 3 where no negative-axis MR contri- pc!pap~1400. Similarly, the orb|ta_l MR cpntr|but|0n
bution is observedA p, /p. is found to follow theT depen-  2P8/Ps(T)=XApap/pan(T) where X is a scaling factor.
dence of the in-plane TMR\p,,/p.; Up to 300 K even This seems reasonable since in overdopegB_agt:uOﬁM
though above 30 Ki.<d. This behavior is somewhat puz- (Ref- 3 and La_,SKCUO, (Ref. 4, Apc/pc(T) IS propor-
zling but does suggest that theaxis MR may be dominated 10N&! ©0Apap/pap(T) up to 300 K. We can fiX (=2.0) by
at highT by scattering processesithin the plane. However, COMPaNNGApc/pc(T) and Apap/pap(T) at low tempera-
for SLRUQ,, p.(T) and p,,(T) show completely different tures(below 30 K) where this relationship is found to hold

behavior and hence some other mechanism must start f'd thec-axis TMR is dominated by the orbital MR term.
dominate thec-axis conductivity at higheT . The tunneling resistivityp(T) is given simply by 14(T)

With this in mind, we have attempted here to fit the — /<(T)—1/ps(T). Finally, since the negative MR contri-
dependence op(T) and Ap./p.(T) of SLRUO, using a bu_tlon is isotropic(at Ieast_a_bove ZOOKwe assume that it _
two-component model consisting of two parallel conduction2'S€S from a Zeemz_an splitting of the eigenstates mvolved In
channelgone metallic and one nonmetallialong thec axis. th? mpoherent hopplng process. A negative Isotropic MR can
In this case, the total-axis resistivity is given by the expres- arse in nonmetallic systems when the hopping or tunneling
sion 1pg(T) = Lpg(T) + Lpr(T) where pg(T) is the band- rate is increased due to the occupation of the higher energy

like term, which is known to be coherent at Iolvand that up-spin states by Zeeman Sp“tt'ﬁ%ﬁ In a simple model

still represents some form of coherent or incoherent direc\f\’here the carviers tunnel through an insulating barrier be-

hopping at elevated, and p;(T) is the nonmetallic term Ween the planesipr/p+(T) |52§xpected to be equal to
e , - 7(BIT)? whereZ=3/7%(ug/Kg)
that originates from some completely incoherent tunnelmgZ Fi 7 sh th B It'B : fit of the TMR data to E
process. FoA o< o, the total transverse-axis MR is then |g|1ured onw/s 2 ebresu ng M 3 h € haa cr)] fq'
given by the weighted sum of these two contributions,?: Plotted asip¢/p; a ove 20 K and the inset shows the it
namely, down to 15 K whereAp./pg(T) is very large. Although we
have made several assumptions in fitting the TMR data, as
A A A listed above, there is only one parameter that has been al-
Pe_T8 2P TT2PT (3 lowed to vary, namelyZ, yet the fit is a reasonable one for
Pc  O¢c P Oc¢ PT all temperatures. A similar two-component fit g(T) in

PB

A 1
ﬂ) S @
Pt/ PT
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zero field is shown in Fig. 8 in which(T) is approximated origin of this contrasting behavior, we must consider which
by a 1T law.>* Of course, it is quite likely that a full descrip- properties of SIRuO, and the cuprates are significantly dif-
tion of the T dependence op.(T) and Ap/p.(T) will in- ferent, e.g., the different band structures of the two systems,
clude other contributionée.g., aT-dependent anisotropy ra- the multiband nature of §RuQ, or the effect of electron
tio Y(T) or thermal expansion effects on the incoherentcorrelations. We already know that teeaxis dispersion of
hopping tern, but we believe that Figs. 7 and 8 serve asthe small hole pocket in §RuQ, (labeleda) is considerably
illustrations thatp,(T) and thec-axis TMR in SRuQ, can ~ Smaller than that of the two larger electron pockgsindy)
be considered as arising from two separate conduction cha@d_Significantly less than the band-structure prediction.
nels that coexist over the entire temperature range<3K Simple bar)d trans_port analysis from the individual FS pa-
<300 K. rameters gives estimates Ifoor the a, B, gndy pockets of
We have argued earlier that the isotropic negativexis 3 A, 36 A, and<30 A, respectively, implying thdt.<d for

. . the « pocket even at zero temperature and therefore the
MR observed in SRuG, and in the underdoped cuprate_s are . axis transport for ther pocket may be nonmetallic at all

. i ?emperatures. However, it seems very unlikely that this small
nonmeta]hc pe(T). However, in the underdoped cuprates pocket could be solely responsible for the nonmetallic chan-
[and optimally doped BBr,CuG; (Ref. 2], the out-of-plane  g| and dominate over the two large electron pockets above
transport cannot be cons@e_red as a simple two-componegie maximum inp.(T).
process sincec(T) has aminimumrather than a maximum.  Ejectron correlations are thought to be significantly stron-
Instead,p(T) probably contains multiplicative factors, e.g., ger in the cuprates and may have some role to play in the
pc(T) starts to rise at low due, for example, to a reduction different behavior fop.(T) that is observed. We note, how-
in the density of states caused by the opening of the normakver, that both a nonmetallje,(T) and a negative isotropic
state gap’ or p.(T) increases withl at higherT because of c-axis MR are also observed in underdoped cuprates where
thermal expansion along theaxis?® correlation effects are expected to be even stronger. Finally,

Several models describingo(T) in the highT, it has been suggested that the unusual behavipg(d®) [and
cuprate$?®~28interpret the crossover from metalliclike to o.(w)] in the cuprates are signatures of charge confinement
nonmetallic behavior as a transition from coherent to incowithin the planes due to their non-Fermi-liquid ground
herent hopping with changing temperature rather than due tstate>> Many of the low-temperature properties of,Bu0,
the coexistence of two competing conduction channels. Rojare consistent with a model of a highly anisotropic Fermi
and Levin proposed a two channel mofein which the liquid,” and therefore it might be argued that these differ-
layered perovskites are considered as weakly coupled twances between SRuQ, and the overdoped cuprates, for ex-
dimensional Fermi liquids. In this modglg(T) again results ample, are consistent with them having different metallic
from band motion characterized y and proportional to  ground states. However, essentially all the features.(T)
Tan, While the second term+(T) arises from impurity, pho- and thec-axis MR described here for §uQ, are observed
non or spin-fluctuation assistedaxis hopping. The combi- in either the underdoped or the overdoped cuprétes not
nation of these two independent transport processes leaits both) and so it becomes very difficult to say which prop-
naturally to a maximum ip(T) and a similaiT dependence erties are signatures of the particular ground state of each
to that observed in RUQ,. Recent measurements of the system.
spin  susceptibility, specific hedt and electron
spectroscopl on single crystals of SRuQ, suggest that
there are strong on-site electron-electron correlations in
SrL,RuQ, that could give rise to an appreciable spin- In conclusion, we have made a detailed study of the in-
fluctuation spectrum in this system. However, assisted hopand out-of-plane MR of SRuGQ, single crystals between 3
ping via spin fluctuations might be expected to give rise to aand 350 K. Our results show evidence for the existence of
positiverather than a negative contribution to the magnetoretwo contributions to the-axis MR over a wide temperature
sistance. A more probable explanation is that the interlayerange that can be thought to arise from two separate conduc-
hopping term is due to phonon-assisted hopping, but for thision channels. At low temperaturedp./p. is large and
to be the case, the-axis phonon spectrum of §®uQ, (Ref.  positive due to the orbital magnetoconductance of the carri-
31) must be significantly different from that of overdoped ers and appears to follow a similar temperature dependence
La,_,Sr,CuQ, and the other overdoped cuprates, where theo the in-plane orbital MRAp,,/p., Up to 200 K even
incoherent hopping term appears to be completely absenthough above 130 Kl|.<d and p.(T) shows nonmetallic
This possibility needs to be investigated further. behavior. At high temperatured,p./p. is dominated by a

In the overdoped cuprates, whoseaxis TMR shows a negative isotropic MR term. Since there is no negative MR
similar behavior to the bandlike terthpg/pg in SKLRUQ,, contribution forAp,,/pap andlllab, we conclude that this
there is no evidence of a negative MR nor of a crossover tmegative isotropic MR is associated with the nonmetallic
a nonmetallico.(T) at higher temperatures. This is probably p.(T). Furthermore, th& dependence of the-axis TMR in
the most striking difference between thexis resistivity of ~ SL,RuQ, mirrors theT dependence ob.(T) very well, im-
the cuprates and gTuQ,, since in both cases(T) is of  plying that there is a close link between the two effects.
the same order anld<<d above around 30 K. In SRUG,, These observations suggest a consistent explanation of the
we have argued that there are two parallel conduction chare-axis transport of SRuQ, as follows: Below 30 K, the
nels along thec axis, yet in the overdoped cuprates, thec-axis conductivity is dominated by the two large electron
nonmetallic channel is clearly absent. In order to discuss thpockets and shows many features consistent with three-
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dimensional band formation. Above 30 K, even tholiglof
all three pockets become smaller ttdynan orbital MR con-

tribution and metalliclike conduction are still observed. As

NORMAL-STATE MAGNETORESISTANCE OF SRuQ,
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