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A comparative study of the Hall effect and the longitudinal resistivity of La12xCaxMnO3 (x50.30 andx
50.67) thin films has been performed. The underdoped samples (x50.30) show a semiconductor-to-
quasimetal transition, and a colossal magnetoresistance~CMR! effect aroundTC5280 K. The samples with
x50.67 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. Forx50.30 the charge carriers are hole-type, whereas forx50.67 we observe electron-type carriers.
The extraordinary Hall coefficientRA can be linked to the longitudinal resistivityrxx via RA}rxx

a with a
51.38 forx50.30, anda50.60 forx50.67.
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I. INTRODUCTION

Since the discovery of colossal magnetoresistance~CMR!
in La12xCaxMnO3 ~LCMO! and related rare-earth mang
nese perovskites,1 considerable effort has been devoted to
research of these compounds. The partial substitution
La31 by Ca21 introduces a mixture of Mn31 and Mn41 ions.
Both Mn ions have three electrons in thet2g state forming a
localizedS53/2 spin, and Mn31 has one extra electron i
the eg state, which can hop between nearest-neighbor
ions. The magnetic and electronic properties of mangan
arise from the strong coupling between these correlated,
erant eg electrons and the localized spins. The double
change mechanism~DE! between Mn31 and Mn41 is essen-
tial in order to understand the electric conduction.2–4 In this
model theeg electron can hop to a neighboring Mn41 ion
with an effective hopping integral of the formt
5t0 cos(u/2), wheret0 is the transfer integral when all spin
are aligned, depending on the spatial wave functions, anu
is the angle between the spins of the Mn ions. Recentl
was shown that DE alone is not enough to explain all m
netotransport properties, and that spin correlations and
coupling of carriers to the lattice and its distortions must
taken into account.5,6 A CMR description is also possible i
the framework of the spin dependent hopping model.7 The
hopping barrier of theeg electrons is controlled by the rela
tive spin misorientation at the hopping sites, and is cons
erably reduced due to the spin alignment induced by inte
or external fields. A general overview of the literature
doped manganese oxides can be found in Refs. 8 and 9

By changing the doping levelx in the La12xCaxMnO3
series, a rich phase diagram is obtained:10 For x&0.15 the
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samples are insulating at all temperatures, and charge
orbital ordering appear. The ground state is either a can
ferromagnet or antiferromagnet. When 0.15&x&0.50 the
samples show a transition from a paramagnetic~PM! - semi-
conducting to a ferromagnetic~FM! - quasimetallic state. In
this doping regime the CMR effect is most pronounc
around the Curie temperatureTC , with a maximum forx
'1/3. Finally, when the samples are overdoped (x>0.50),
the ground state becomes an insulating antiferromagne
these compounds it is suggested that charge-ordering
presses ferromagnetism, allowing the system to enter an
tiferromagnetic~AFM! state.10

The relation between these nominal doping levels and
resulting properties of charge carriers, like type, concen
tion, and mobility, is still not entirely resolved. Hall exper
ments on thin films of the intermediate doping levelx
'0.50 point out that the carriers are holes with a concen
tion corresponding to the chemical substitution.11,12 In the
underdoped regime (x,0.50), Hall measurements have be
performed on both thin films13–19 and single crystals.20,21

They all suggest hole-type carriers as well, but with indic
tions for compensation effects since the apparent hole de
ties are by far larger than expected from the doping conc
tration. Finally the smaller bandfilling of overdope
manganites (x.0.50) has an influence on the electron
properties. In these samples electronlike carriers are
pected, but no thorough investigation has been done u
now. Besides the normal Hall effect, the Hall signal in ma
ganese perovskites contains generally an additional extr
dinary contribution. This extraordinary~or anomalous! Hall
effect is well known from observation in magnetic metals22

where it is caused by asymmetric skew and side ju
scattering.23 Frequently these mechanisms are also invok
11 633 ©2000 The American Physical Society
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11 634 PRB 62I. GORDONet al.
to explain the extraordinary Hall effect in the CM
manganites.11–21

In this article we compare the Hall effect and the negat
magnetoresistivity of manganites with ‘‘opposite’’ chemic
substitution. The underdoped La0.70Ca0.30MnO3 has a major-
ity of Mn31 compared to Mn41 and will in the following be
denoted as ‘‘h-LCMO’’ to indicate the hole-type character o
the resulting charge carriers. The overdop
La0.33Ca0.67MnO3 contains a majority of Mn41 and will be
abbreviated as ‘‘e-LCMO’’ to account for the assumed
electron-type character of the charge carriers. From the st
tural point of view these two materials have a compara
bond angle between adjacent Mn sites (Q'160°). Therefore
the difference in transport properties can be directly linked
the different bandfilling.

II. EXPERIMENTAL

Epitaxial thin films of La12xCaxMnO3 with x50.30 and
x50.67 were deposited onto LaAlO3 (001) and
SrTiO3 (001) substrates by pulsed laser deposition from s
ichiometric ceramic targets. The La0.70Ca0.30MnO3 films
were grown at 700 °C and postannealed for 2 h at 950 °C, as
described in more detail in Ref. 24. The La0.33Ca0.67MnO3
samples were deposited at temperatures around 850° C
post-annealed for 30 min at 830 °C. Epitaxial growth a
correct lattice constants were verified for both compounds
x-ray diffraction. All films were single phased, and show
rocking curves with a full width at half maximum below
0.35°. The average lattice constants were (3.8560.02) Å
for h-LCMO, and (3.7760.02) Å for e-LCMO, in agree-
ment with literature values.25 The Rutherford backscatterin
~RBS! composition analysis showed that all films had t
correct nominal stoichiometry with an error less than 5
The thickness of the films was between 1500 Å and 2400
which was determined by RBS and atomic force microsco

Since the lattice mismatch between film and substrat
apparently large fore-LCMO we also performed transmis
sion electron microscopy~TEM! to check whether there ar
abundant defect structures, which might mask the intrin
transport properties. The TEM samples in cross-section
ometry were cut parallel to thê001& direction of SrTiO3.
Electron diffraction patterns, see Fig. 1~a!, and high-
resolution images like Fig. 1~b! were obtained using a JEO
4000 EX microscope operating at 400 kV with a resoluti
of 1.7 Å. All diffraction patterns could be indexed in a
orthorhombic,Pnma-type unit cell with the lattice param
eters ao'bo'5.4 Å ('A23ap) and bo'7.6 Å ('2
3ap). The indiceso andp refer to the orthorhombic and t
the pseudocubic cell representation. The diffraction patt
along @101#o ~i.e., the film’s normal axis! in Fig. 1~a! is a
superposition of the film and the substrate.

The higher order reflections show a doublet splitti
along b0* meaning that the film is relaxed in the directio
perpendicular on the substrate, with the substrate’s lat
parameter being 2.2% larger than that of the film. Hig
resolution TEM images show that twinning and grain boun
aries, typical features ofPnma-type crystals, are both abse
in these samples. Nevertheless, there are pseudoper
growth defects at the film-substrate interface, which could
identified as epitaxial misfit dislocations with a mutu
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distance of 200–300 Å. An individial dislocation is magn
fied in Fig. 1~b!: the strain field of the dislocation extend
into the film on a scale of 100–150 Å and relaxes above
length scale. The very particular strain field and the bend
of the lattice planes is most probably due to the adsorbtion
foreign atoms around the dislocation core. Keeping in m
that the samples used for Hall measurements are typic
2000 Å thick, we conclude that the transport properties w
not be seriously affected by these defect structures.

FIG. 1. ~a! Electron diffraction pattern ofe-LCMO along the
@101#o direction, i.e., the axis perpendicular on the film surfac
Higher order spots are slightly split due to the small difference
the lattice parameters ofe-LCMO and SrTiO3. ~b! High-resolution
TEM image of a misfit-induced dislocation at the interface betwe
the film and the substrate. The dislocation is oriented along
white arrow.



-
-

-

-

PRB 62 11 635COMPARATIVE HALL STUDIES IN THE ELECTRON- . . .
FIG. 2. Temperature depen
dence of the longitudinal resistiv
ity r for ~a! 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
plied perpendicular to the film
surface. The solid lines in~b! are a
guide to the eye.
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To perform transport measurements, the films were p
terned by standard methods into a four-point geometry w
evaporated and annealed gold contacts. The longitudina
sistance and the Hall resistance were measured in a He-
cryostat at constant temperatures and in fields up to 12 T~see
Ref. 12!. The Hall signal was calculated from the half di
ference of the transverse resistances, measured with the
oriented parallel and antiparallel to the films normal axis. F
the transport studies at higher magnetic fields, the pu
field setup described in Ref. 26 was employed. This allow
to measure the resistivity in fields up to 50 T at a time sc
of 10–20 ms. All measurements were performed with
magnetic field perpendicular to the film surface.

III. COLOSSAL MAGNETORESISTANCE

The temperature dependence of the longitudinal resisti
rxx in various magnetic fields is shown forh-LCMO in Fig.
2~a! and fore-LCMO in Fig. 2~b!. The underdoped sample
show a semiconductor to quasi-metal transition around
K, which is slightly below the Curie temperatureTC
5280 K, as determined by SQUID measurement. By app
ing a magnetic field the resistivity is lowered for tempe
tures in the vincinity ofTC , and the transition temperature
raised. Both effects contribute to the colossal negative m
netoresistance~CMR!. At lower temperatures (T,150 K)
the CMR effect vanishes almost completely, which is a s
of good ferromagnetic ordering of the films.

Figure 2~b! shows the temperature dependent resistiv
for e-LCMO in zero field and in pulsed magnetic fields. A
though at room temperaturee-LCMO has the same longitu
dinal resistivity ash-LCMO (rxx'8 mV cm), it stays insu-
lating at lower temperatures, and does not show
electronic transition down to 100 K. Below 100 K,rxx be-
came too high to measure. The zero-field data could be fi
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by Mott’s variable-range hopping formula rxx
}exp(T0 /T)1/4, with T055.63106 K. Other models like an
Arrhenius law or nearest-neighbor hopping of sm
polarons,24 are less adequate in describing the resistivity.

In contrast toh-LCMO, the e-LCMO films show almost
no magnetoresistance in fields below 8 T. At higher ma
netic fields (B*15 T) however, a considerable negativ
magnetoresistivity is found. At temperatures below 200
and in fields of 45 T the samples become almost magn
cally saturated, and a decrease in resistivity ofDr/r05(r0
2rB)/r0.99% is observed. But even at these high fie
the samples still show a insulating behavior, and no trace
a transition to a quasimetallic state like inh-LCMO is seen.
This is an indication that the total hopping barrier consists
different contributions:7 the magnetic part vanishes und
magnetic saturation, while the nonmagnetic contributio
stay finite. For all investigated temperatures the decreas
rxx as a function of field scales with the square of t
magnetization-related Brillouin functionB 2, which explains
the apparent absence of CMR in small fields.

IV. HALL EFFECT

The Hall resistivity in magnetic materials contains tw
contributions: the normal and the extraordinary Hall effec22

rxy~B,T!5R0~T!•B1RA~T!•m0•M ~B,T!, ~1!

with R0 the ordinary Hall coefficient,m0 the vacuum perme-
ability, M the magnetization, andRA the extraordinary Hall
coefficient depending on temperature and not on the exte
magnetic field. In manganites this description is wide
used.11–21

Figure 3~a! showsrxy vs B for La0.70Ca0.30MnO3, mea-
sured at temperatures between 10 K and 240 K. The t
f

l

FIG. 3. Field dependence o
the Hall resistivityrxy at different
temperatures for~a! h-LCMO and
~b! e-LCMO. In both cases norma
and extraordinary Hall contribu-
tions have opposite sign. In
h-LCMO the normal Hall constant
R0 is positive~holes!, whereas in
e-LCMO R0 is negative ~elec-
trons!. The curves at 10 K and 50
K in ~a! are shifted for clarity. The
solid lines in~a! and~b! are fits to
determine the carrier densities.
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FIG. 4. Temperature depen
dence of the number of charg
carriers for ~a! h-LCMO and ~b!
e-LCMO. The solid lines are a
guide to the eye. Fore-LCMO the
curves are obtained by using Eq
~2! for the fixed valuesJ51.67
andJ510.
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transverse signal had a contribution of the longitudinal re
tance due to imperfect alignment of the Hall contacts. Es
cially for temperatures aroundTC5270 K, where the CMR
effect is large, this caused an enhanced noise level, w
made Hall measurements in the paramagnetic state im
sible. At temperatures above 100 K the Hall signal is dom
nated at low fields by a steep electronlike decrease, attrib
to the extraordinary Hall effect. At higher fieldsrxy satu-
rates, followed by a linear increase corresponding to the
dinary Hall effect. This behavior can be understood by
plying Eq. ~1!: In the ferromagnetic state the magnetizati
M rises quickly and becomes saturated at sufficiently la
fields of the order of several T. At low fieldsrxy is therefore
dominated by the extraordinary Hall effect, whereas the n
mal Hall effect dominates at higher fields. The solid lines
Fig. 3~a! are linear fits of the high-field data, which allow u
to determine the hole-type carrier concentration from the
spective slopes. ForT,100 K the extraordinary Hall contri
bution to the Hall curves is negligible, indicating thatRA
→0 at low temperatures.11–15,18–20

Figure 3~b! shows the field dependence of the Hall sign
for La0.33Ca0.67MnO3 at temperatures between 230 K a
290 K. Also in these samples a longitudinal contribution
rxy was encountered, and because of the insulating beha
@see Fig. 2~b!#, quantitative data below 230 K could not b
obtained. For all investigated temperatures the Hall cur
have a positive slope over the available field range, but
neither linear, nor proportional to the magnetization. The
fore we assume that like inh-LCMO, the Hall signal of
e-LCMO consists of two different contributions@see Eq.
~1!#. Since the samples are paramagnetic or superparam
netic in the investigated temperature range,10 the magnetiza-
tion M scales with the Brillouin functionB(J,B,T),27,28 and
Eq. ~1! can be rewritten as

rxy5R0•B1RA•C•BS g•mB•J•B

kBT D , ~2!

with C5g•m0•mB• J̄/Vcell . The proportionality constantC
contains the gyromagnetic ratiog52, the vacuum perme
ability m0, the Bohr magnetonmB , the unit cell volume
Vcell , and the average spin per Mn siteJ̄51.67. The J factor
in the argument of the Brillouin function is not knowna
priori , but we can estimate values for a lower and an up
bound. The lower limit is naturallyJ5 J̄, the upper limit is
estimated asJ510. This moment corresponds to spin clu
ters consisting of roughly 6 Mn sites as determined for
medium-doped compound Nd0.5Sr0.5MnO3 ~NSMO!, which
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shows short range ferromagnetic order~superparamag-
netism! already in the PM phase.7 Fitting the Hall data of
Fig. 3~b! with Eq. ~2! results for the lower and the uppe
limit of J in a negativeR0 and a positiveRA . The solid lines
in Fig. 3~b! represent these fits forJ51.67, but fits withJ
510 work equally well. This confirms that in the overdope
samples electronlike carriers are responsible for the cha
transport. The same behavior—electron-type carriers an
positive extraordinary Hall effect—was also observed in
double-perovskite Sr2FeMoO6, and in iron and its alloys.29,30

A. Normal Hall contribution

From theR0 values for bothh-LCMO and e-LCMO the
carrier densityn can be calculated in a one-band model v
R051/ne. The results are shown in Figs. 4~a! (h-LCMO!,
and 4~b! (e-LCMO!. The number of hole-type charge carr
ers per chemical unit cellnh for La0.70Ca0.30MnO3 decreases
from 1.55 below 100 K to 0.90, close toTC . Similar drops in
carrier density near TC were already observed in
intermediate- and underdoped manganites before.12,15,19,21It
could be the result of a change in conduction mechan
from hopping of localized polarons~low mobility! aboveTC
to metallic behavior via itinerant electrons~high mobility!
belowTC .31 As pointed out earlier,12 nh is field independent,
and the CMR is caused by an increase in the carrier mob
mh . Around TC mh goes from 7 mm2/Vs at 0 T to
21 mm2/Vs at 8 T. The obtained values fornh are surpris-
ingly high since from chemical doping a nominal value
0.30 holes per Mn site is expected. Similar high values
,nh,3) are reported for other underdope
manganites,11,14,15,18–20 and even values up to 7 ar
reported.13 Jakobet al.15 interpreted these high carrier den
sities within a two-band model. This interpretation is bas
on band structure calculations in La0.67Ca0.33MnO3 by Pick-
ett et al.32 Their virtual-crystal approximation yields
G-centered spherical Fermi surface withne50.05 electrons
per unit cell, and aR-centered cubic Fermi surface contai
ing nh50.55 holes per unit cell. These calculations we
recently verified experimentally by Fermi surface measu
ments on La0.70Ca0.30MnO3, using the two-dimensional an
gular correlation of electron-positron annihilation radiati
~2D-ACAR! technique.33 The relation between the Hall co
efficientR0 and the number of carriers in a two-band syste
is:15

R05
nhmh

22neme
2

e~nhmh1neme!
2

5
nh2nem* 2

e~nh1nem* !2
. ~3!
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FIG. 5. ~a! Temperature dependence of the extraordinary Hall coefficientRA for h-LCMO. The solid line is a fit according to the theor
of Ye et al.34 RA is linked to the longitudinal resistivityrxx ~at 0 T and 8 T! via RA}(rxx2r0)a with a51.38 ~see inset!. ~b! Temperature
dependence ofRA for e-LCMO, calculated from Eq.~2! with different J values~dashed lines are guides to the eye!. RA scales with the
zero-field resistivity viaRA}rxx

a with a5(0.6060.05) ~see inset!.
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From Eq.~3! the mobility ratio between holes and electro
m* 5me /mh can be estimated. Below 100 K this givesm*
52.3, and this decreases with increasing temperature
m* 51.58 at 260 K. From the density of states at the Fe
level, given in Ref. 32, an effective mass ratio for holes a
electrons ofmh* /me* '2.0 can be calculated.15 If equal mean-
free pathsl h5 l e are assumed, this ratio together with t
slightly different Fermi velocities at the 2 Fermi surfac
@vF(e)57.13105 m/sec and vF(h)57.63105 m/sec32#,
gives a mobility ratiox52.15, corresponding very well to
the experimental low-temperature value.

From fitting the Hall data ofe-LCMO @see Fig. 3~b!# with
Eq. ~2!, we getR0 for J between the lower (J51.67) and
upper (J510) limits. Regardless of the choice ofJ we al-
ways obtain the same features: electron-type charge carr
and a decreasing carrier densityne with decreasing tempera
ture. This behavior is expected for a semiconductor in wh
not only the carrier mobility but also the carrier density
thermally activated. At room temperaturene is between
0.009 (J51.67) and 0.250 (J510) electrons per chemica
unit cell. At 230 K this decreases tone'0.003 for J
51.67, andne'0.092 forJ510. From chemical doping we
would expectne50.33, assuming that all carriers are ac
vated into the conduction band. At 260 K, where the lon
tudinal resistivity of e-LCMO is comparable to that o
h-LCMO, the zero-field mobility of the electrons isme
5379 mm2/Vs for J51.67, and me513 mm2/Vs for J
510. In both cases this is larger than the mobility of t
holes inh-LCMO (mh57 mm2/Vs).

B. Extraordinary Hall contribution

For both compoundsRA can be extracted from the Ha
data, allowing us to study the extraordinary Hall effe
which gives additional information about the transport pro
erties. Forh-LCMO RA can be calculated from the spont
neous Hall effectrxy* 5m0•MS•RA if the saturated magneti
zation MS is known.12 rxy* is obtained from the intersectio
of the linear extrapolation ofrxy(B) at high fields with the
rxy axis. MS is calculated by assuming that in the satura
state all Mn spins are aligned parallel. This gives a value
MS'6.03105 A/m. The temperature dependence ofRA is
shown in Fig. 5~a!. Below TC RA decreases rapidly and van
ishes at the lowest temperatures, in agreement with litera
to
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data.12,14,15,18–20FurthermoreRA is found to scale with the
longitudinal resistivityrxx via RA}rxx

a . This power law nor-
mally yields a values between 1~skew-scattering! and 2
~side-jumps!.12,15,18It is the result of magnetic scattering pro
cesses which are responsible for both longitudinal resistiv
and extraordinary Hall effect through asymmetric spin-or
coupling. According to Ref. 12 the scattering events witho
left-right asymmetry ~lattice distortions, domain walls!
should be discarded when checking the power law dep
dence. This is done by substractingr0, the field-independen
resistivity value in the limitT→0, from the total resistivity
rxx . The inset of Fig. 5~a! showsRA for h-LCMO in com-
parison to the correctedrxx values at 0 T and 8 T. In both
cases the power law is valid witha51.38, in between the
values for skew- and side jump scattering.

The extraordinary Hall constantRA of e-LCMO can be
calculated by fitting the Hall data with Eq.~2!. Although the
absolute value ofRA depends onJ, the physical behavior isJ
independent, andRA increases with decreasing temperatu
@see Fig. 5~b!#. At room temperatureRA ranges fromRA
514.431028 m3/C (J510) to RA51.3031025 m3/C (J
51.67). These values are unexpectedly high compare
h-LCMO @Fig. 5~a!#. The inset showsRA as a function of the
zero-field resistivityrxx for both J values, and the scaling
law RA}rxx

a is valid with a5(0.6060.05). This exponent is
much smaller than that ofh-LCMO, and clearly below the
value for skew scattering (a51). These deviations~expo-
nent and absoluteRA value! could be expected since ske
scattering isa priori not applicable to hopping-type charg
transport. A similarly low exponent (a50.75) was also ob-
tained for semiconducting samples of the double-perovs
Sr2FeMoO6 ~SFMO!.29

A theory which might be suitable to explain the extrao
dinary Hall effect in CMR manganites has been develop
recently.34 It is based on the so-called Berry phase, whi
electrons acquire when moving from site to site in a top
logically nontrivial background of localized spin momen
~skyrmions!. Under the influence of the spin-orbit interactio
this phase leads to an extraordinary Hall contribution w
opposite sign betweenRA and R0, which cannot be ex-
plained in a straightforward way by skew- and side jum
scattering. Furthermore, the model makes specific pre
tions for the temperature dependence ofRA . At temperatures
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belowTC an activated behavior, resulting from the expone
tial suppressing of the skyrmion density at lowT, is expected
according to RA;e2EC /kBT. Applying this formula to the
h-LCMO data gives a convincing fit with EC578 meV @see
Fig. 5~a!#. In the paramagnetic phase strong thermal s
fluctuations disrupt local correlations and according to
model,RA should decrease with the power lawRA;1/T3. A
decrease is clearly visible in thee-LCMO data @see Fig.
5~b!#, but convincing agreement with theT23 law could not
be found.

V. CONCLUSIONS AND SUMMARY

We investigated magnetoresistance and Hall effect
La12xCaxMnO3 for x50.30 andx50.67. A colossal nega
tive magnetoresistance effect was found in both compou
but on different field scales. Thee-LCMO samples stayed
semiconducting even in fields up to 50 T, and no transition
a quasimetallic state was observed. Theh-LCMO films
yielded hole-type charges with a carrier densitynh'1.55 at
low temperatures. This indicates a compensation ef
which was quantitatively explained in a two-band model.
expected from bandfilling, thee-LCMO samples showed a
electronlike normal Hall effect. We estimated the number
W
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electrons per unit cell ofe-LCMO to be between 0.009 an
0.25. The extraordinary Hall effect has for both compoun
the opposite sign of the normal Hall contribution. Furthe
more, the anomalous Hall coefficient scales with the lon
tudinal resistivity according toRA}rxx

a with a51.38 for
h-LCMO anda50.60 fore-LCMO. The exponent of 1.38 in
case ofh-LCMO points to the presence of asymmetric sc
tering mechanisms — but the data@especiallyRA(T)] can be
explained equally well within Ye’s Berry-phase mode
Therefore, we cannot draw a conclusive decision about
validity of both explanations at the moment. The anomalo
Hall effect in electron-dopede-LCMO can in principle not
emerge from skew scattering and the temperature de
dence ofRA is in qualitative agreement with the prediction
of Ye and co-workers.
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