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Hall effect of the colossal magnetoresistance manganite La12xCaxMnO3
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The Hall resistivityrH and magnetoresistance of La12xCaxMnO3 (Tc5265 K! have been measured at
temperatures to 360 K in fieldsH to 14 T. By comparingrH with the magnetizationM , we have extracted the
anomalous coefficientRs . We uncover an interesting relationship:Rs is proportional to the zero-field resistiv-
ity from 200 to 360 K. AboveTc , the Hall angle tanuH;M . Further, the effective Hall mobility isH
independent over a wide range ofH. We contrast these scaling relations with the Hall effect in typical
ferromagnets.@S0163-1829~98!01618-X#
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The double exchange manganite La12xCaxMnO3 under-
goes a magnetic transition from a high-temperature, insu
ing state to a metallic, ferromagnetic state at a critical te
peratureTc that depends on the dopant concentrationx (Tc
;260 K atx51/3). Strong interest in the transport and ma
netic properties has been stimulated by the observatio
‘‘colossal’’ magnetoresistance~MR! in the vicinity of Tc .1–5

A transition from a high-temperature phase that is poo
conducting to a metallic state at low temperatures is unus
Many aspects of the transition are successfully accounted
by the double exchange model6 augmented by Jahn-Telle
effects.7 Nonetheless, strong interest remains on the natur
charge transport. Hall measurements on the manganites
especially interesting in this regard. A number of such st
ies have appeared recently.8–10

We report a detailed Hall investigation that reveals
strikingly simple relation with the magnetization in a bro
temperature interval aroundTc . The measurements wer
performed on epitaxial films of La12xCaxMnO3 (x51/3)
grown on LaAlO3 substrates using metallo-organic chemic
vapor deposition~MOCVD!. X-ray diffraction showed that
the films are expitaxial and single phased.11 Two samples~1
and 2! of thickness 250 and 150 nm, respectively, were m
sured as grown~without annealing!, with the applied fieldH
normal to the substrate.

The field and temperature dependences of the resist
r(H,T) @Fig. 1~a!# are similar to those observed in bulk,1,4,5

and thin films.12,8 As in earlier reports, the zero-field resi
tivity r(0,T) attains its maximum value~here 16.1 mV cm)
near 290 K, and decreases rapidly belowTc (5265 K!. The
colossal MR shown in Fig. 1~a! is also very similar to pub-
lished results.

Figure 1~b! displays the Hall resistivityrH versus field at
selected temperatures. At temperatures above 250 K,
large values attained byrH in weak fields, and its pro-
nounced variation with field, are quite unusual for a mate
exhibiting such a high resistivity. At eachT aboveTc , urHu
shows a rapid initial increase, followed by a broad peak a
a slower decrease in high fields. The field profile is clos
correlated with the steep field dependence ofr. The broad
maximum in urHu occurs close to the inflection point ofr
570163-1829/98/57~17!/10248~4!/$15.00
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~where its magnitude is only half the zero-field value!. The
correlation suggests that, in the colossal MR regime, the H
resistivity should be analyzed together with the lar
changes occuring inr. Our Hall traces are broadly similar t
those of Wagneret al.10

Below 200 K, the field dependence ofr is weak~at 200 K

FIG. 1. ~Upper panel! The resistivityr of La12xCaxMnO3 (Tc

5265 K! versus fieldH at indicated temperatures~sample 1, film
thickness 250 nm!. The lower panel shows the Hall resistivityrH

versusH in sample 1 at temperatures 100 to 360 K. AboveTc , rH

is strongly affected by the colossal MR inr and by the susceptibil-
ity x. r andrH are averaged over four scans from214 to 14 T and
back to214 T.
10 248 © 1998 The American Physical Society
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the net decrease is,10% at 14 T!. Unlike the high tempera-
ture results,rH deep in the ferromagnetic state~at 100 and
200 K! resembles more the results in magnetic conduc
such as Ni, Fe, CoS2, Dy, and Tb.13,15–17The Hall results on
sample 2~mostly below 250 K! are similar to those in Fig
1~b!.

In ferromagnets,rH is the sum of the conventional term
R0B and an anomalous term proportional to the obser
magnetization, viz.,13,14

rH5R0B1m0RsM . ~1!

Here R0 is the ordinary Hall coefficient,Rs the anomalous
Hall coefficient, m0 the vacuum permeability, andB
5m0@H1(12N)M # is the induction within the sample~as
the demagnetization factorN;1 in our geometry, we setB
5m0H from here on!.

In terms of Eq.~1!, the Hall results belowTc may be
decomposed into a positive term (R0m0H) and a negative
anomalous term that is stronglyT dependent. Below 100 K
~where the latter is insignificant!, the value of R0 (2.5
310210 m3/C) corresponds to an effective ‘‘Hall density
nH([1/eR0) of 2.531022 cm23 ~in sample 2, nH52.0
31022 cm23). These numbers correspond to 1.5 holes
Mn site. We note, however, thatnH may be considerably
larger than the actual carrier concentrationn if both hole and
electron pockets are present.

As T increases above 100 K, the anomalous Hall te
rH8 [m0RsM becomes dominant. To extractRs accurately,
we have measuredM on thesamesample~sample 1!, using
a Quantum Design magnetometer. The uncertainty in
measured moment is estimated to be6331026 emu. To
subtract the large diamagnetic contribution of the subst
material (LaAlO3), we also measured a blank substrate
closely similar size at each value ofT andH. ~In contrast to
the present work, Snyderet al.8 and Jaimeet al.9 did not
attempt to extractRs . Wagneret al.10 only calculated the
weak fieldM from the susceptibilityx. Our analysis below
differs from these earlier studies in several important
pects.!

The magnetization versusH in the ferromagnetic and
paramagnetic states are plotted as discrete symbols in
2~a! and 2~b!, respectively. In the ferromagnetic state,M
initially increases linearly withH with a finite slope that isT
independent~in contrast with the abrupt jump observed2,4 in
bulk crystals!. The difference reflects the stronger pinning
films, which prevents the spontaneous alignment of in
vidual magnetic domains. In agreement with Eq.~1! the field
profiles ofM at 100 and 200 K are well matched by that
the anomalous part of the Hall resistivityrH8 . Hence, by
matching the vertical scales, we may determineRs .

In the paramagnetic state~and at 250 K as well!, the field
profiles ofM andrH may be scaled into each other at we
fields, but not at higher fields~the solid line is therH at 280
K!. The disagreement at high fields in fact reflects the co
sal MR, which induces very large changes inr. We should
not expect Eq.~1! to apply in such a situation. However, i
the limit H→0, Eq. ~1! remains valid, withM now the in-
duced magnetization. In the paramagnetic state, we may
fine operationally the anomalous Hall coefficient as
ratio of initial slopes, viz.,Rs5(drH /dH)/(m0dM/dH)
rs
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(H→0). We have neglected correcting forR0 aboveTc as it
is quite small compared withRs . The weak-field values of
the susceptibilityx are shown in Fig. 3~a! as open symbols

When we plot theT dependence ofRs determined by
these procedures@solid symbols in Fig. 3~a!#, an unexpected
correlation with the zero-field resistivityr(0,T) emerges.
Above 200 K, the anomalous Hall coefficientRs displays aT
dependence closely similar to that of the resistivity, match
equally well its steep increase near 260 K, as well as
slow decrease above 290 K.@Below 200 K, the portion of
r(0,T) caused by scattering from impurities and defects
substantial. The value ofRs at 100 K falls significantly lower
thanr.# This remarkably simple relationship may be writte
as

Rs~T!5ar~0,T! ~T>200 K!, ~2!

wherea53.331024 m2/V s is a T-independent paramete
with dimensions of mobility.

The relation betweenRs and r(0,T) may also be ex-
pressed in terms of the Hall angleuH . From the relation
rH5r tan uH , we find the equation

tan uH5m0axH ~H→0!, ~3!

FIG. 2. ~Upper panel! The field dependence of the magnetiz
tion M in sample 1 at 100 K~solid squares!, 200 K ~open squares!,
and 250 K~solid circles!. The diamagnetism of the substrate h
been subtracted. The anomalous Hall coefficientRs is the scale
factor needed to bring the anomalous Hall resistivityrH8 [rH

2R0B ~solid lines! into agreement withM . At 250 K, the agree-
ment is restricted to below 1 T~1 emu/mole528.2 per volume in SI
units!. The lower panel showsM5xH in sample 1 versusH in the
paramagnetic state. The solid line isrH at 280 K scaled to agree
with M below 1 T.
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which states that the weak-field value ofuH depends only on
the susceptibility. Figure 3~b! displays plots of tanuH
againstxH for T aboveTc ~curves have been staggered f
clarity!. In the weak-field limit, tanuH is proportional toxH
with a T independent slope, in agreement with Eq.~3!. Close
to Tc , however, it is difficult to establish this behavior b
cause our resolution is insufficient to define theH-linear re-
gion in bothrH andM @asH→0, the magnetization data a
270 K in Fig. 2~b! retains significant curvature#.

In strong fields, the relations in Eqs.~2! and~3! no longer
hold. However, even at moderately high fields wherer is
changing rapidly, there exists a simple pattern involvinguH .
In Fig. 4 we plot against the field the reciprocal of the qua
tity tan uH /B5rH /rB[mH , with mH the Hall mobility.
~We emphasize that the the Hall mobility should be carefu
distinguished from the drift mobilitymD5R0 /r. When
uRsu@uR0u it is difficult to determinemD .) At eachT, the
data fall into two distinct regimes separated by a charac
istic field Hp . BelowHp , the curve is nominally flat, imply-
ing that mH is almost field independent. This is especia
striking because the resistivity decreases steeply at these
values. For example,Hp is about 8 T at 290 K. TheHall
mobility remains within 10% of its zero-field value belo
Hp ~Fig. 4 main panel!, but r has decreased by a factor of
at 8 T @Fig. 1~a!#.

FIG. 3. ~Upper panel! The temperature dependence ofRs ~solid
circles! compared with the zero-field resistivityr(0,T) ~solid line!
in sample 1.Rs at 270 K could not be determined reliably~see text!.
The inverse susceptibility versusT is shown by the open square
The lower panel shows tanuH ~Hall angle! versusM aboveTc

~curves displaced vertically for clarity!. The slope asH→0 is T
independent, consistent with Eq.~3! ~the solid lines are drawn with
equal slopes!.
-
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In the weak-field limit,mH→ax @as Eq. ~3! requires#.
Hence, the decrease of the flat region in Fig. 4 with decre
ing T just reflects the decrease in 1/x. The behavior ofmH in
sample 2 is closely similar~inset!.

To place our results in perspective, we briefly discuss
anomalous Hall effect in conventional magnetic systems
ferromagnets, the relationRs;(rm)n, with n52 is well
known13 (rm is the part of the resistivity caused by magne
scattering!. However, the comparisons are confined to lo
temperatures where the isolation ofrm ~always uncertain!
seems less ambiguous. Closer to, or aboveTc , the profiles of
Rs in Ni,15 Tb, Dy,16 and CoS2 ~Ref. 17! bear no resem-
blance to their resistivity. Typically~though not always!, Rs
exhibits a broad peak at 0.7–0.8Tc , and then decreases to
T independentvalue in the paramagnetic state. To o
knowledge, there are no previous reports of anRs that scales
asr over the wide range shown in Fig. 3~a!, at temperatures
close toTc and above.

We discuss the physical picture suggested by these
sults. From the transport viewpoint, a key feature that dis
guishes La12xCaxMnO3 is its large resistivity aboveTc . In
the paramagnetic state, conduction proceeds by hopp
with a hopping amplitudeJ that depends on the angleQ
between adjacent core spins.6 The sensitivity of bothTc and
Q to the external field underlies7 the colossal MR observed
nearTc .

As shown here, La12xCaxMnO3 provides a rare example
of a large, anomalous Hall effect in thehoppingregime. As

FIG. 4. ~Main panel! The field dependence ofB cotuH

5m0Hr/rH in sample 1 at temperatures mostly aboveTc ~265 K!.
AboveTc , the plotted quantity (51/mH) is nearly field independen
below a characteristic fieldHp . Above Hp , 1/mH starts to rise
steeply. The inset shows similar plots for sample 2.
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such, it stands apart from well-studied ferromagnetic me
where the anomalous Hall effect causes scattering betw
itinerant Bloch states. To discuss this situation, we first
nore the magnetization. Generally, the hopping-regime H
effect involves hopping among at least three sites. The m
netic fluxF in the area enclosed by the three sites introdu
an Aharonov-Bohm phasew52pF/F0 that generates a Ha
current18 sH;J3sinw. Imry19 has estimated that, in th
strong localization regime, the Hall hopping conductivity
close to the ‘‘Drude’’ value or, equivalently,rH;B/ne.

In the present system, the spin of the hopping electro
constrained to align with the core spin at each site it vis
Our results show that, asM increases withH, an enhanced
Hall current is produced. Moreover, tanuH remains linear in
H up to high fields, even asr decreases by a factor of 3 or
~Fig. 4!. The linearity suggests that the anomalous Hall c
rent is associated entirely with a phasew(M ) that is sensitive
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to the core spin configuration. As the electron hops arou
the loop, it accumulates an overall phase that reflects
induced alignment of the core spins. The specific scal
relationships in Eqs.~2! and~3!, as well as the constancy o
mH in Fig. 4 suggest that there may be rather simple pr
ciples governing both the longitudinal and Hall currents
magnetic systems in this regime. Finally, we remark t
Hall measurements should not be used to infer the beha
of mD or n in the manganites above 100 K, until the anom
lous part Rs has been experimentally isolated and und
stood.
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