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A comparative study of the Hall effect and the longitudinal resistivity of L&aMnO; (x=0.30 andx
=0.67) thin films has been performed. The underdoped sampe.0) show a semiconductor-to-
quasimetal transition, and a colossal magnetoresistg@EER) effect aroundT-=280 K. The samples with
x=0.67 stay semiconducting at low temperatures, and show a CMR effect up to 99% in magnetic fields of 50
T. In both compounds an extraordinary Hall contribution was found, with opposite sign to the regular Hall
effect. Forx=0.30 the charge carriers are hole-type, whereaxf00.67 we observe electron-type carriers.
The extraordinary Hall coefficierR, can be linked to the longitudinal resistivify,, via Ry py, with «
=1.38 forx=0.30, anda=0.60 forx=0.67.

I. INTRODUCTION samples are insulating at all temperatures, and charge and
orbital ordering appear. The ground state is either a canted
Since the discovery of colossal magnetoresistddé¢R) ferromagnet or antiferromagnet. When 06<0.50 the
in La,_,CaMnO; (LCMO) and related rare-earth manga- Samples show a transition from a paramagn@id) - semi-
nese perovskitesconsiderable effort has been devoted to theconducting to a ferromagnet{&M) - quasimetallic state. In
research of these compounds. The partial substitution dfis doping regime the CMR effect is most pronounced
La®* by C&" introduces a mixture of Mt and Mrf* ions. around t.he Curie temperatuiig-, with a maximum forx
Both Mn ions have three electrons in thg state forming a ~1/3. Finally, when the samples are overdopee-0.50),
localized S=3/2 spin, and MA™ has one extra electron in the ground state bgcpmes an insulating anUferromagnet. In
the e, state, which can hop between nearest-neighbor mANese compounds it is suggested that charge-ordering sup-

: : : . .._presses ferromagnetism, allowing the system to enter an an-
ions. The magnetic and electronic properti f manganit . '
ons. The magnetic and electronic properties of manga Stiferromagneticd AFM) state'

arise from the strong coupling between these correlated, itin- ; . .

. ) The relation between these nominal doping levels and the
erante, eIectroqs and the Iocal|zed+ SpIns. Ttlg double ex'resulting properties of charge carriers, like type, concentra-
c_ha_nge mechanistiDE) between M i and Mrf IS €SSeN-ion, and mobility, is still not entirely resolved. Hall experi-
tial in order to understand the electric gondugﬁoﬁln t.hIS ments on thin films of the intermediate doping level
model thee, electron can hop to a neighboring Mnion  _0 50 point out that the carriers are holes with a concentra-
with an effective hopping integral of the formt  {ion corresponding to the chemical substitutidd? In the
=1o cos(f/2), wheret, is the transfer integral when all spins ynderdoped regimex 0.50), Hall measurements have been
are aligned, depending on the spatial wave functions,@&nd performed on both thin filmi$~° and single crystal&®?!
is the angle between the spins of the Mn ions. Recently irhey all suggest hole-type carriers as well, but with indica-
was shown that DE alone is not enough to explain all magtions for compensation effects since the apparent hole densi-
netotransport properties, and that spin correlations and thiges are by far larger than expected from the doping concen-
coupling of carriers to the lattice and its distortions must betration. Finally the smaller bandfiling of overdoped
taken into accourt® A CMR description is also possible in manganites X>0.50) has an influence on the electronic
the framework of the spin dependent hopping mddehe  properties. In these samples electronlike carriers are ex-
hopping barrier of they, electrons is controlled by the rela- pected, but no thorough investigation has been done up to
tive spin misorientation at the hopping sites, and is considnow. Besides the normal Hall effect, the Hall signal in man-
erably reduced due to the spin alignment induced by internajanese perovskites contains generally an additional extraor-
or external fields. A general overview of the literature ondinary contribution. This extraordinarpr anomalous Hall
doped manganese oxides can be found in Refs. 8 and 9. effect is well known from observation in magnetic mefAls,

By changing the doping levet in the Lg _,CaMnO;  where it is caused by asymmetric skew and side jump
series, a rich phase diagram is obtaifdFor x<0.15 the  scattering?® Frequently these mechanisms are also invoked
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to explain the extraordinary Hall effect in the CMR
manganite$! %!

In this article we compare the Hall effect and the negative
magnetoresistivity of manganites with “opposite” chemical
substitution. The underdoped {.aCa, 3g0MNO; has a major-
ity of Mn®* compared to Mfi" and will in the following be
denoted as N-LCMO” to indicate the hole-type character of
the resulting charge carriers. The  overdoped
Lag 3:Ca sMNO; contains a majority of Mfi* and will be
abbreviated as &-LCMO” to account for the assumed
electron-type character of the charge carriers. From the struc
tural point of view these two materials have a comparable
bond angle between adjacent Mn sités~ 160°). Therefore
the difference in transport properties can be directly linked to
the different bandfilling.

Il. EXPERIMENTAL

Epitaxial thin films of Lg_,CaMnO; with x=0.30 and
x=0.67 were deposited onto LaA{@001) and
SrTiO; (001) substrates by pulsed laser deposition from sto-
ichiometric ceramic targets. The {ala 3 MnO; films
were grown at 700 °C and postannealedZd at 950 °C, as
described in more detail in Ref. 24. The l\g8C& ¢MnO; S S d
samples were deposited at temperatures around 850° C ar s
post-annealed for 30 min at 830°C. Epitaxial growth and
correct lattice constants were verified for both compounds by
x-ray diffraction. All films were single phased, and showed &5
rocking curves with a full width at half maximum below
0.35°. The average lattice constants were (3.892) A
for h-LCMO, and (3.770.02) A for eLCMO, in agree-
ment with literature value®. The Rutherford backscattering
(RBS composition analysis showed that all films had the
correct nominal stoichiometry with an error less than 5%. g
The thickness of the films was between 1500 A and 2400 A, g8
which was determined by RBS and atomic force microscopy.g

Since the lattice mismatch between film and substrate is
apparently large foe-LCMO we also performed transmis-
sion electron microscopyTEM) to check whether there are
abundant defect structures, which might mask the intrinsic
transport properties. The TEM samples in cross-section ge
ometry were cut parallel to théd01) direction of SrTiQ.
Electron diffraction patterns, see Fig.(al, and high-
resolution images like Fig.(ﬂ)). were obtained ysing a ‘]EO,L FIG. 1. (a) Electron diffraction pattern o&-LCMO along the
4000 EX microscope operating at 400 kV W_'th a resc_)lutlon[lol]o direction, i.e., the axis perpendicular on the film surface.
of 1.7 A. Alldiffraction patterns could be indexed in an pigher order spots are slightly split due to the small difference in
orthorhombic,Pnmatype unit cell with the lattice param- the attice parameters @LCMO and SrTiQ. (b) High-resolution
eters a,~b,~5.4 A (=2X a,) and b,~7.6 A (=2  TEMimage of a misfit-induced dislocation at the interface between
X a,). The indiceso andp refer to the orthorhombic and to the film and the substrate. The dislocation is oriented along the
the pseudocubic cell representation. The diffraction pattermhite arrow.
along[101], (i.e., the film's normal axisin Fig. 1(a) is a
superposition of the film and the substrate.

The higher order reflections show a doublet splittingdistance of 200—300 A. An individial dislocation is magni-
along b§ meaning that the film is relaxed in the direction fied in Fig. 1b): the strain field of the dislocation extends
perpendicular on the substrate, with the substrate’s latticento the film on a scale of 100-150 A and relaxes above this
parameter being 2.2% larger than that of the film. High-length scale. The very particular strain field and the bending
resolution TEM images show that twinning and grain bound-of the lattice planes is most probably due to the adsorbtion of
aries, typical features dPnmatype crystals, are both absent foreign atoms around the dislocation core. Keeping in mind
in these samples. Nevertheless, there are pseudoperioditat the samples used for Hall measurements are typically
growth defects at the film-substrate interface, which could b€000 A thick, we conclude that the transport properties will
identified as epitaxial misfit dislocations with a mutual not be seriously affected by these defect structures.
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(b) 3 FIG. 2. Temperature depen-
dence of the longitudinal resistiv-
ity p for (@ h-LCMO and (b)
e-LCMO. In (a) the measurements
are performed in persistent mag-
netic fields up to 12 T, while in
(b) pulsed fields up to 50 T were
used. All magnetic fields were ap-

La,,,Ca, , MnO, plied perpendicular to the film
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To perform transport measurements, the films were pathy Mott's variable-range  hopping  formula p,,
terned by standard methods into a four-point geometry withxexp(T,/T)¥4, with Ty=5.6x 10f K. Other models like an
evaporated and annealed gold contacts. The longitudinal resrrhenius law  or  nearest-neighbor hopping of small
sistance and the Hall resistance were measured in a He-flogblarons* are less adequate in describing the resistivity.
cryostat at constant temperatures and in fields up to (& In contrast toh-LCMO, the e-LCMO films show almost
Ref. 12. The Hall signal was calculated from the half dif- no magnetoresistance in fields below 8 T. At higher mag-
ference of the transverse resistances, measured with the fieigtic fields =15 T) however, a considerable negative
oriented parallel and antiparallel to the films normal axis. Foimagnetoresistivity is found. At temperatures below 200 K
the transport studies at higher magnetic fields, the pulsednd in fields of 45 T the samples become almost magneti-
field setup described in Ref. 26 was employed. This a”OWGq:aiiy saturated, and a decrease in resistivitﬁ@ﬂpoz(po
to measure the resistivity in fields up to 50 T at a time scale- ,.)/p,>99% is observed. But even at these high fields
of 10-20 ms. All measurements were performed with thehe samples still show a insulating behavior, and no trace of

magnetic field perpendicular to the film surface. a transition to a quasimetallic state like RLCMO is seen.
This is an indication that the total hopping barrier consists of
. COLOSSAL MAGNETORESISTANCE different contributions: the magnetic part vanishes under

o _ . . magnetic saturation, while the nonmagnetic contributions

The temperature dependence of the longitudinal resistivitgtay finite. For all investigated temperatures the decrease of
Pxx In various magnetic fields is shown forLCMO in Fig. [, “as a function of field scales with the square of the
2(a) and fore-LCMO in Fig. 2(b). The underdoped samples magnetization-related Brillouin functiofi2, which explains
show a semiconductor to quasi-metal transition around 27§,¢ apparent absence of CMR in small fields.

K, which is slightly below the Curie temperaturéc
=280 K, as determined by SQUID measurement. By apply-
ing a magnetic field the resistivity is lowered for tempera-
tures in the vincinity Oﬂ—c, and the transition temperature is The Hall resistivity in magnetic materials contains two
raised. Both effects contribute to the colossal negative magcontributions: the normal and the extraordinary Hall effect
netoresistancéCMR). At lower temperatures T(<150 K)

the CMR effect vanishes almost completely, which is a sign Pxy(B, T)=Ro(T)-B+Ra(T) o M(B,T), (1)

of good ferromagnetic ordering of the films.

Figure Zb) shows the temperature dependent resistivitywith Ry the ordinary Hall coefficient, the vacuum perme-
for eLCMO in zero field and in pulsed magnetic fields. Al- ability, M the magnetization, anR, the extraordinary Hall
though at room temperatuesLCMO has the same longitu- coefficient depending on temperature and not on the external
dinal resistivity ash-LCMO (p,,~8 m() cm), it stays insu- magnetic field. In manganites this description is widely
lating at lower temperatures, and does not show anwsed!!~2
electronic transition down to 100 K. Below 100 K, be- Figure 3a) showsp,, vs B for Lag ;{Ca 3gMInO;, mea-
came too high to measure. The zero-field data could be fittedured at temperatures between 10 K and 240 K. The total

IV. HALL EFFECT
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transverse signal had a contribution of the longitudinal resisshows short range ferromagnetic ordéuperparamag-
tance due to imperfect alignment of the Hall contacts. Espenetisim) already in the PM phaseFitting the Hall data of
cially for temperatures arounti-=270 K, where the CMR  Fig. 3(b) with Eg. (2) results for the lower and the upper
effect is large, this caused an enhanced noise level, whiclimit of Jin a negativeR, and a positiveR, . The solid lines
made Hall measurements in the paramagnetic state impos: Fig. 3(b) represent these fits far=1.67, but fits withJ
sible. At temperatures above 100 K the Hall signal is domi-=10 work equally well. This confirms that in the overdoped
nated at low fields by a steep electronlike decrease, attributeshmples electronlike carriers are responsible for the charge
to the extraordinary Hall effect. At higher fielgs, satu-  transport. The same behavior—electron-type carriers and a
rates, followed by a linear increase corresponding to the orpositive extraordinary Hall effect—was also observed in the
dinary Hall effect. This behavior can be understood by apdouble-perovskite $FeMoQ;, and in iron and its alloy&>*°
plying Eqg. (1): In the ferromagnetic state the magnetization
M rises quickly and becomes saturated at sufficiently large A. Normal Hall contribution
fields of the order of several T. At low fields,, is therefore
dominated by the extraordinary Hall effect, whereas the nor- From theR, values for bothh-LCMO ande-LCMO the
mal Hall effect dominates at higher fields. The solid lines inc&rrier densityn can be calculated in a one-band model via
Fig. 3@ are linear fits of the high-field data, which allow us Ro=1/n€e. The results are shown in Figgay(h-LCMO),
to determine the hole-type carrier concentration from the re@nd 4b) (e-LCMO). The number of hole-type charge carri-
spective slopes. FaF<100 K the extraordinary Hall contri- ©rS per chemical unit cefiy, for Lag 7dC& 3gMnO; decreases
bution to the Hall curves is negligible, indicating theg ~ from 1.55 below 100 K to 0.90, close ¥ . Similar drops in
—0 at low temperature¥:15.18-20 carrier Qen5|ty nearTc were already obserl/éaéjl in
Figure 3b) shows the field dependence of the Hall signalintermediate- and underdoped manganites befofe®!it
for LagCay sMNO; at temperatures between 230 K and could be t_he result Qf a change in condy_ctlon mechanism
290 K. Also in these samples a longitudinal contribution tofom hopping of localized polarorigow mobility) aboveTc
pxy Was encountered, and because of the insulating behavi&? metalllglbehav!or via 't'nefantze'e?t“_"ﬁblgh mobility)
[see Fig. 2b)], quantitative data below 230 K could not be PelowTc . As pointed out earliet? n, is field independent,
obtained. For all investigated temperatures the Hall curvednd the CMR is caused by an increase in the carrier mobility
have a positive slope over the available field range, but arén- Around Tc un goes from 7 m/vs at 0 T to
neither linear, nor proportional to the magnetization. There21 mrrf/Vs at 8 T. The obtained values for, are surpris-
fore we assume that like ih-LCMO, the Hall signal of ingly high since from chemical doping a nominal value of
eLCMO consists of two different contributiongsee Eq. 0.30 holes per Mn site is expected. Similar high values (1
(1)]. Since the samples are paramagnetic or superparamag-"h<3) _are reported for  other  underdoped

.. . . . H 1,14,15,18-20
netic in the investigated temperature ranyehe magnetiza- mangan|t3e§, 15qnd even values up to 7 are
tion M scales with the Brillouin functioss(J,B,T),2"28 and reported:® Jakobet al® interpreted these high carrier den-

Eq. (1) can be rewritten as sities within a two-band model. This interpretation is based
on band structure calculations in {gCa, 39MinO3 by Pick-
ett et al® Their virtual-crystal approximation yields a
' ) I'-centered spherical Fermi surface with=0.05 electrons
per unit cell, and @&-centered cubic Fermi surface contain-
with C=g- g- ug-I/Vee. The proportionality constan€  ing n,=0.55 holes per unit cell. These calculations were
contains the gyromagnetic ratip=2, the vacuum perme- recently verified experimentally by Fermi surface measure-
ability uq, the Bohr magnetorug, the unit cell volume Mments on Lg;dCa 3MnOs, using the two-dimensional an-

; lar correlation of electron-positron annihilation radiation
Ve, and the average spin per Mn site 1.67. The J factor 94 _ .
incet”he argument of the Brillouin function is not knowan (2D-ACAR) technique” The relation between the Hall co-

priori, but we can estimate values for a lower and an uppeFffl'g'emRO and the number of carriers in a two-band system

bound. The lower limit is naturally=J, the upper limit is

estimated ag=10. This moment corresponds to spin clus- 2 2 .
ters consisting of roughly 6 Mn sites as determined for the Ro= Mnth ~ Nete _ MhTNept _
medium-doped compound WSy sMnO; (NSMO), which e(Npup+Nete)?  €(Np+neu*)?

g-pg-J-B
kgT

pxy=R0~B+RA~C-B(

2

()
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FIG. 5. (a) Temperature dependence of the extraordinary Hall coeffigrfor h-LCMO. The solid line is a fit according to the theory
of Ye et al®* R, is linked to the longitudinal resistivity,, (@t 0 T and 8 T via Ra% (pyy— po)® With ar=1.38(see inseat (b) Temperature
dependence oR, for e.LCMO, calculated from Eq(2) with different J values(dashed lines are guides to the gyR, scales with the
zero-field resistivity viaRpx pg, with a=(0.60+0.05) (see inset

From Eq.(3) the mobility ratio between holes and electrons datal?4158-2%rthermoreR, is found to scale with the
u* = el py can be estimated. Below 100 K this giveS  longitudinal resistivityp,, via Ry p$, . This power law nor-
=23, and this decreases with increasing temperature tmally yields « values between Iskew-scatteringand 2

,LL* =1.58 at 260 K. From the denSity of states at the Fermkside_jump$12v15118|t is the result of magnetic Scattering pro-
level, given in Ref. 32, an effective mass ratio for holes andcesses which are responsible for both longitudinal resistivity,
electrons ofnj;/m} ~2.0 can be calculated.If equal mean-  and extraordinary Hall effect through asymmetric spin-orbit
free pathsl,=l, are assumed, this ratio together with the coupling. According to Ref. 12 the scattering events without
slightly different Fermi velocities at the 2 Fermi surfaces|eft_right asymmetry (lattice distortions, domain walls
[z.),:(e)=7.1><']._05 m/sec and vg(h)=7.6x 10° misec®],  gnould be discarded when checking the power law depen-
gives a mobility ratiox=2.15, corresponding very well ©0 gence This is done by substracting the field-independent

the experimental low-temperature value. i . . C g
o . _ resistivity value in the limitT— 0, from the total resistivity
From fitting the Hall data o&-LCMO [see Fig. 80)] with puy. The inset of Fig. &) showsR, for h-LCMO in com-

Eq. (2), we getR, for J between the lowerd=1.67) and parison to the correcteg,, values 40 T and 8 T. In both

upper g=10) limits. Regardless of the choice dfwe al- ) R .
ways obtain the same features: electron-type charge carrier%fflses the power law IS Va_“d witha = 1'3.8 + in between the
values for skew- and side jump scattering.

and a decreasing carrier densitywith decreasing tempera- .
ture. This behavior is expected for a semiconductor in which The extraordinary Hall constarit, of eLCMO can be
not only the carrier mobility but also the carrier density is c@lculated by fitting the Hall data with ER). Although the
thermally activated. At room temperature, is between absolute value oR, depends od, the physical behavior i3
0.009 J=1.67) and 0.250 J=10) electrons per chemical independent, an®R, increases with decreasing temperature
unit cell. At 230 K this decreases to,~0.003 for J  [see Fig. ®)]. At room temperatureR, ranges fromR,
—1.67, anch,~0.092 forJ=10. From chemical doping we =14.4<10"° m*/C (J=10) to R4=1.30x10"°> m*C (J
would expectn,=0.33, assuming that all carriers are acti- =1.67). These values are unexpectedly high compared to
vated into the conduction band. At 260 K, where the longi--LCMO [Fig. 5@)]. The inset showR, as a function of the
tudinal resistivity of eLCMO is comparable to that of zero-field resistivityp,y for both J values, and the scaling
h-LCMO, the zero-field mobility of the electrons ig,  law Raxpy; is valid with a=(0.60+ 0.05). This exponent is
=379 mnt/Vs for J=1.67, and u,=13 mn?/Vs for J  much smaller than that di-LCMO, and clearly below the
=10. In both cases this is larger than the mobility of thevalue for skew scatteringa(=1). These deviationgexpo-
holes inh-LCMO (un,=7 mnt/Vs). nent and absolut®, value could be expected since skew
scattering isa priori not applicable to hopping-type charge
transport. A similarly low exponenta(=0.75) was also ob-
tained for semiconducting samples of the double-perovskite
For both compound&, can be extracted from the Hall g,FemoQ, (SFMO).?°
data, allowing us to study the extraordinary Hall effect, A theory which might be suitable to explain the extraor-
which gives additional information about the transport Prop-dinary Hall effect in CMR manganites has been developed
erties. Forh-LCMO R4 can be calculated from the sponta- recently®* It is based on the so-called Berry phase, which
neous Hall effecpy,= uo-Ms- Ry if the saturated magneti- electrons acquire when moving from site to site in a topo-
zationMg is known:? p} is obtained from the intersection logically nontrivial background of localized spin moments
of the linear extrapolation ob,,(B) at high fields with the  (skyrmions. Under the influence of the spin-orbit interaction
pxy @Xis. Mg is calculated by assuming that in the saturatedthis phase leads to an extraordinary Hall contribution with
state all Mn spins are aligned parallel. This gives a value obpposite sign betweeRR, and R,, which cannot be ex-
Mg~6.0x 10° A/m. The temperature dependenceRf is  plained in a straightforward way by skew- and side jump
shown in Fig. %a). Below T R, decreases rapidly and van- scattering. Furthermore, the model makes specific predic-
ishes at the lowest temperatures, in agreement with literaturgons for the temperature dependenc&gf At temperatures

B. Extraordinary Hall contribution
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below T an activated behavior, resulting from the exponen-electrons per unit cell o&-LCMO to be between 0.009 and
tial suppressing of the skyrmion density at Idwis expected 0.25. The extraordinary Hall effect has for both compounds
according to R~e Ec’ksT. Applying this formula to the the opposite sign of the normal Hall contribution. Further-
h-LCMO data gives a convincing fit withg=78 meV[see = more, the anomalous Hall coefficient scales with the longi-
Fig. 5@]. In the paramagnetic phase strong thermal spirtudinal resistivity according tdRaxpg, with «=1.38 for
fluctuations disrupt local correlations and according to then-LCMO anda=0.60 fore-LCMO. The exponent of 1.38 in
model,R, should decrease with the power l&®y~1/T3. A case ofh-LCMO points to the presence of asymmetric scat-
decrease is clearly visible in theLCMO data[see Fig. tering mechanisms — but the dd&speciallyR(T)] can be
5(b)], but convincing agreement with tfie 3 law could not  explained equally well within Ye's Berry-phase model.
be found. Therefore, we cannot draw a conclusive decision about the
validity of both explanations at the moment. The anomalous
V. CONCLUSIONS AND SUMMARY Hall effect in electron-dope@-LCMO can in principle not
emerge from skew scattering and the temperature depen-

We investigated magnetoresistance and Hall effect inyence ofR, is in qualitative agreement with the predictions
La; ,CaMnO; for x=0.30 andx=0.67. A colossal nega- ¢ ve and co-workers.

tive magnetoresistance effect was found in both compounds,
but on different field scales. TheLCMO samples stayed
semiconducting even in fields up to 50 T, and no transition to
a quasimetallic state was observed. Th&CMO films This work was supported by the Flemish Concerted Ac-
yielded hole-type charges with a carrier density=1.55 at  tion (GOA), the Fund for Scientific Research—Flanders
low temperatures. This indicates a compensation effeotFWO), and the Belgian Interuniversity Attraction Poles pro-
which was quantitatively explained in a two-band model. Asgrams(IUAP). A. D. acknowledges financial support by the
expected from bandfilling, theeLCMO samples showed an Research Council of the Katholieke Universiteit Leuven. The
electronlike normal Hall effect. We estimated the number ofauthors thank K. Ruan, A. Vantomme, and F.G. Aliev.

ACKNOWLEDGMENTS

IR.M. Kusters, J. Singleton, D.A. Keen, R. McGreevy, and W. A.G.M. Jansen, and P. Wyder, Phys. Rev5B 10 256(1998.
Hayes, Physica B55 362(1989; R. von Helmolt, J. Wecker, *’C. Mitze, C. Osthuer, F. Voges, U. Hasenkox, R. Waser, and

B. Holtzapfel, L. Schultz, and K. Samwer, Phys. Rev. L&tt, R.R. Arons, Solid State Commum09, 189 (1999.

2331(1993. 18M. Ziese and C. Srinitiwarawong, Europhys. Let, 256 (1999.
2c. Zener, Phys. Re\82, 403 (1951). O, Westerburg, F. Martin, P.J.M. van Bentum, J.A.A.J. Peren-
3P.W. Anderson and H. Hasegawa, Phys. R0, 545 (1955. boom, and G. Jakob, Eur. Phys. J18 509(2000.
4p _G. de Gennes, Phys. R&8 141 (1960). 20A, Asamitsu and Y. Tokura, Phys. Rev.38, 47 (1998.

2
5A.J. Millis, B.l. Shraiman, and R. Mueller, Phys. Rev. L&t S.H. Chun, M.B. Salomon, and P.D. Han, Phys. Rev>®

175 (1996; A.J. Millis, R. Mueller, and B.l. Shraiman, Phys. 22R11K§2I(ulsgggd M. Luttinger, Phys. Re85, 1154 (1954
Rev. B54, 5405(1996. ’ o ! X ' '

5 V- (1996 . 23, Berger, Phys. Rev. B, 4559(1970.

H. Roder, J. Zang, and AR Bishop, Phys. Rev. L6, 1356 %M. Ziese and C. Srinitiwarawong, Phys. Rev. 38, 11519
(1996; J. Zang, A.R. Bishop, and H. Rer, Phys. Rev. B3, (1999 ' '
R8840(1996. '

7 . 253 F. Lawler, J.M.D. Coey, J.G. Lunney, and V. Skumryev, J.
P. Wagner, |. Gordon, L. Trappeniers, J. Vanacken, F. Herlach, Phys.: Condens. Matte, 10 737(1996

V.V. Moshchalkov, and Y. Bruynseraede, Phys. Rev. L&lt.  26¢ jajach C.C. Agosta, R. Bogaerts, W. Boon, |. Deckers, A. De

8 3980(199& Keyzer, N. Harrison, A. Lagutin, L. Li, L. Trappeniers, J.
A.P. Ramirez, J. Phys.: Condens. Mat#28171(1997. Vanacken, L. Van Bockstal, and A. Van Esch, Physic21,

°J.M.D. Coey, M. Viret, and S. von Molnar, Adv. Phy48, 167 161 (1996.

(1999. 2TN. W. Ashcroft and N. D. MerminSolid State Physic&Saunders
19p_ Schiffer, A.P. Ramirez, W. Bao, and S.-W. Cheong, Phys. Rev. College, Philadelphia, 1976

Lett. 75, 3336(1995. 28p. Wagner, I. Gordon, S. Mangin, V.V. Moshchalkov, Y.
1p, Wagner, D. Mazilu, L. Trappeniers, V.V. Moshchalkov, and Y. Bruynseraede, L. Pinsard, and A. Revcolevschi, Phys. Rev. B

Bruynseraede, Phys. Rev. 35, R14 721(1997. 61, 529 (2000.

12p_ Wagner, I. Gordon, A. Vantomme, D. Dierickx, M.J. Van 2°W. Westerburg, F. Martin, and G. Jakob, J. Appl. PI8/&.5040
Bael, V.V. Moshchalkov, and Y. Bruynseraede, Europhys. Lett.  (2000; W. Westerburg, D. Reisinger, and G. Jakob, Phys. Rev.
41, 49 (1998. B 62, R767(2000.
13R. von Helmolt, in Magnetowiderstandseffekte in heterogenen®°G. Bergmann, Phys. Toda82 (8), 25 (1979.
Legierungen und magnetischen OxidéviDI-Verlag GmbH, 3IM. Jaime, P. Lin, S.H. Chun, M.B. Salamon, P. Dorsey, and M.
Dusseldorf, 1995 Rubinstein, Phys. Rev. B0, 1028(1999.
14p_ Matl, N.P. Ong, Y.F. Yan, Y.Q. Li, D. Studebaker, T. Baum, 32\. E Pickett and D.J. Singh, Phys. Rev.5B, R8642(1997.
and G. Doubinina, Phys. Rev. 57, 10 248(1998. 33E_ A. Livesay, R.N. West, S.B. Dugdale, G. Santi, and T. Jarlborg,
15G. Jakob, F. Martin, W. Westerburg, and H. Adrian, Phys. Rev. B J. Phys.: Condens. Mattéd, L279 (1999.
57, 10 252(1998. 34J. Ye, Y.B. Kim, A.J. Millis, B.I. Shraiman, P. Majumdar, and Z.
16p Mandal, K. Baner, L. Haupt, A. Poddar, R. von Helmolt, Tesanovig Phys. Rev. B33, 3737(1999.



