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Hall effect of the colossal magnetoresistance manganite La,Ca,MnO,
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The Hall resistivity p; and magnetoresistance of L§CaMnO; (T.=265 K) have been measured at
temperatures to 360 K in fields to 14 T. By comparing with the magnetizatioM, we have extracted the
anomalous coefficierRg. We uncover an interesting relationshipy is proportional to the zero-field resistiv-
ity from 200 to 360 K. AboveT., the Hall angle targy~M. Further, the effective Hall mobility i
independent over a wide range bf. We contrast these scaling relations with the Hall effect in typical
ferromagnets[S0163-18208)01618-X]

The double exchange manganite; LaCaMnO; under-  (where its magnitude is only half the zero-field valuéhe
goes a magnetic transition from a high-temperature, insulatorrelation suggests that, in the colossal MR regime, the Hall
ing state to a metallic, ferromagnetic state at a critical temvesistivity should be analyzed together with the large
peratureT, that depends on the dopant concentratiofT,  changes occuring ip. Our Hall traces are broadly similar to
~260 K atx=1/3). Strong interest in the transport and mag-those of Wagneet al
netic properties has been stimulated by the observation of Below 200 K, the field dependence @is weak(at 200 K
“colossal” magnetoresistand@R) in the vicinity of T,.1™°
A transition from a high-temperature phase that is poorly
conducting to a metallic state at low temperatures is unusual.
Many aspects of the transition are successfully accounted for
by the double exchange mofBl@ugmented by Jahn-Teller
effects’ Nonetheless, strong interest remains on the nature of
charge transport. Hall measurements on the manganites are
especially interesting in this regard. A number of such stud- !
ies have appeared recentiy?° 4

We report a detailed Hall investigation that reveals a
strikingly simple relation with the magnetization in a broad
temperature interval aroundl,. The measurements were
performed on epitaxial films of La,CaMnO; (x=1/3)
grown on LaAlG; substrates using metallo-organic chemical
vapor depositiofMOCVD). X-ray diffraction showed that
the films are expitaxial and single phased:wo sampleg1
and 2 of thickness 250 and 150 nm, respectively, were mea-
sured as growifwithout annealing with the applied fieldH
normal to the substrate.

The field and temperature dependences of the resistivity
p(H,T) [Fig. 1(a)] are similar to those observed in bitk?
and thin films'?® As in earlier reports, the zero-field resis-
tivity p(0,T) attains its maximum valuéhere 16.1 2 cm)
near 290 K, and decreases rapidly beldw(=265 K). The
colossal MR shown in Fig. () is also very similar to pub-
lished results.

Figure 1b) displays the Hall resistivity versus field at
selected temperatures. At temperatures above 250 K, the
large values' qttamgd WH in Wegk fields, and its pro-- FIG. 1. (Upper pandl The resistivityp of La, ,CaMnOs (T,
nounced variation with field, are quite unusual for a material_ 565 k) versus fieldH at indicated temperaturdsample 1, film
exhibiting such a high resistivity. At eachaboveTc, |pn|  thickness 250 nin The lower panel shows the Hall resistivity,
shows a rapid initial increase, followed by a broad peak angersusH in sample 1 at temperatures 100 to 360 K. Abdye py
a slower decrease in high fields. The field profile is closelyis strongly affected by the colossal MR jnand by the susceptibil-
correlated with the steep field dependencepofThe broad ity . p andpy are averaged over four scans frem4 to 14 T and
maximum in|py| occurs close to the inflection point of  back to—14 T.
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the net decrease is 10% at 14 7. Unlike the high tempera- -0.04 1
ture resultspy deep in the ferromagnetic statet 100 and [ (a) ]
200 K) resembles more the results in magnetic conductors L J20
such as Ni, Fe, CoSDy, and Th*>**~17The Hall results on -0.03 - ] §
sample 2(mostly below 250 K are similar to those in Fig. = i J15 &
1(b). & -002f 200K, p,, x 0.13 g
In ferromagnetspy is the sum of the conventional term = - . . N ™ 110 3
Ry,B and an anomalous term proportional to the observed ‘& L 250K, py x 0031 ™ g
magnetization, viz-> 001[ 1os =
PH=RoB+ oRM. (1) - ]
0.00 - 0.0

Here Ry is the ordinary Hall coefficientR, the anomalous
Hall coefficient, uy the vacuum permeability, and
=uolH+(1—N)M] is the induction within the sample@s
the demagnetization factdt~1 in our geometry, we séd
= uoH from here on.

In terms of Eq.(1), the Hall results belowl', may be
decomposed into a positive ternfR{uoH) and a negative
anomalous term that is strongly dependent. Below 100 K
(where the latter is insignificant the value ofRRy (2.5
%101 m®/C) corresponds to an effective “Hall density” L
ny(=1/eR,) of 2.5x10°2 cm 2 (in sample 2,ny=2.0 O] il T ST PN B
X 1072 cm™3). These numbers correspond to 1.5 holes per 0 1 2 s 4 5 6
Mn site. We note, however, that, may be considerably pH (T)
larger than the actual carrier concentratioii both hole and
electron pockets are present. FIG. 2. (Upper panel The field dependence of the magnetiza-

As T increases above 100 K, the anomalous Hall ternfion M in sample 1 at 100 Ksolid squares 200 K (open squargs
pL=1oRM becomes dominant. To extraB, accurately, and 250 K(solid circles. The diamagnetism of the substrate has

we have measured on thesamesample(sample 1, using been subtracted. The anomalous Hall coefficiBgtis the scale

. . - factor needed to bring the anomalous Hall resistivity=py
a Quantum Design magnetometer. The uncertainty in OUEROB (solid lineg into agreement wititM. At 250 K, the agree-

measured moment 1S estlma_ted to 1?8*10 ® emu. To ment is restricted to below 1 L emu/mole=28.2 per volume in Sl
subtrgct the large diamagnetic contribution of the substratgnits)_ The lower panel showsl = yH in sample 1 versusl in the
material _(L_""AIO?‘)’ we also measured a blank substrate Ofparamagne’[ic state. The solid linedg at 280 K scaled to agree
closely similar size at each value dfandH. (In contrast to  \yith M below 1 T.
the present work, Snydest al® and Jaimeet al® did not
attempt to extracRs. Wagneret al° only calculated the
weak fieldM from the susceptibilityy. Our analysis below
differs from these earlier studies in several important as
pects)

The magnetization versull in the ferromagnetic and
paramagnetic states are plotted as discrete symbols in Fi
2(a) and 2b), respectively. In the ferromagnetic statd,

:Rgfllg;ggﬁ?:isorl:tr;gztrlzvmt?;ewggrj f'tn.'LtJ?nsmgssglr%téfi dependence closely similar to that of the resistivity, matching
P ptjump equally well its steep increase near 260 K, as well as the

e o s haaoocs St o i W decrease above 290 fBelow 200 K, the porton o
vidual magnetic domains. In agreement with EQ.the field p(0.T) caused by scattering from impurities and defects is

) substantial. The value &g at 100 K falls significantly lower

Fr]rgfllaer]so(;:;/lloﬁts l;?;rtagg tzh?ao Ifair?evgiesltli\;?;/mhligni?hs; of thanp.] This remarkably simple relationship may be written
H- '
matching the vertical scales, we may determiye as
In the paramagnetic statand at 250 K as wéll the field

profiles ofM andpy may be scaled into each other at weak Ry(T)=ap(0.T) (T=200 K), @
fields, but not at higher fieldghe solid line is thepy at 280 4o . )
K). The disagreement at high fields in fact reflects the colosWhere @=3.3x10"" m*/V's is a T-independent parameter
sal MR, which induces very large changespinWe should ~ With dimensions of mobility.
not expect Eq(1) to apply in such a situation. However, in ~ 1he relation betweerRs and p(0,T) may also be ex-
the limit H—0, Eq. (1) remains valid, withM now the in- Pressed in terms of the Hall angtg,. From the relation
duced magnetization. In the paramagnetic state, we may dé+=p tan 6y, we find the equation
fine operationally the anomalous Hall coefficient as the
ratio of initial slopes, viz.,Rs=(dpy/dH)/(xodM/dH) tan 6= poaxH (H—0), 3

Py (1Ccm)
(slow/nws 01} W

(H—0). We have neglected correcting fleg aboveT, as it
is quite small compared witR;. The weak-field values of
the susceptibilityy are shown in Fig. @) as open symbols.
When we plot theT dependence oRg determined by
these procedurdsolid symbols in Fig. @&)], an unexpected
Yorrelation with the zero-field resistivity(0,T) emerges.
Above 200 K, the anomalous Hall coefficigR{ displays ar
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FIG. 4. (Main pane] The field dependence oB cotédy
=uoHplpy in sample 1 at temperatures mostly abdve(265 K).
AboveT,, the plotted quantity= 1/uy) is nearly field independent
below a characteristic fieltH,. Above H,, 1/uy starts to rise
steeply. The inset shows similar plots for sample 2.

FIG. 3. (Upper panel The temperature dependenceRaf(solid
circles compared with the zero-field resistivip(0,T) (solid line)
in sample 1R at 270 K could not be determined relialibee text
The inverse susceptibility versusis shown by the open squares.
The lower panel shows tafy;, (Hall angle versusM above T,
(curves displaced vertically for clarityThe slope adHH—0 is T
independent, consistent with E@) (the solid lines are drawn with
equal slopes

In the weak-field limit, uy— ay [as Eq.(3) requireg.
Hence, the decrease of the flat region in Fig. 4 with decreas-
ing T just reflects the decrease inyl/The behavior ofxy in
which states that the weak-field value&f depends only on sample 2 is closely similafinsey.
the susceptibility. Figure (8) displays plots of tarf To place our results in perspective, we briefly discuss the
againstyH for T aboveT, (curves have been staggered for anomalous Hall effect in conventional magnetic systems. In
clarity). In the weak-field limit, tardy, is proportional toyH ferromagnets, the relatioRs~(p,,)", with n=2 is well
with a T independent slope, in agreement with ). Close  known'3 (p,, is the part of the resistivity caused by magnetic
to T., however, it is difficult to establish this behavior be- scattering. However, the comparisons are confined to low
cause our resolution is insufficient to define thdinear re-  temperatures where the isolation pf, (always uncertain
gion in bothpy andM [asH—0, the magnetization data at seems less ambiguous. Closer to, or abbyethe profiles of
270 K in Fig. 2b) retains significant curvatute Rs in Ni,® Tb, Dy® and Co$ (Ref. 17 bear no resem-

In strong fields, the relations in Eq®) and(3) no longer  blance to their resistivity. Typicallythough not always Rq
hold. However, even at moderately high fields wherés  exhibits a broad peak at 0.7-08 and then decreases to a
changing rapidly, there exists a simple pattern involvithg T independentvalue in the paramagnetic state. To our
In Fig. 4 we plot against the field the reciprocal of the quan-knowledge, there are no previous reports oRgrihat scales
tity tan 64/B=py/pB=uy, with uy the Hall mobility.  asp over the wide range shown in Fig(eB, at temperatures
(We emphasize that the the Hall mobility should be carefullyclose toT. and above.
distinguished from the drift mobilityup=Ry/p. When We discuss the physical picture suggested by these re-
|Rg|>|Rg| it is difficult to determineup.) At eachT, the  sults. From the transport viewpoint, a key feature that distin-
data fall into two distinct regimes separated by a characterguishes La_,CaMnO; is its large resistivity abové .. In
istic fieldH,. BelowH, the curve is nominally flat, imply- the paramagnetic state, conduction proceeds by hopping,
ing that uy is almost field independent. This is especially with a hopping amplitudel that depends on the angl@
striking because the resistivity decreases steeply at these fighgttween adjacent core spihdhe sensitivity of botHr, and
values. For examplei, is abod 8 T at 290 K. TheHall O to the external field underliéshe colossal MR observed
mobility remains within 10% of its zero-field value below nearT..

Hp (Fig. 4 main pane| butp has decreased by a factor of 4 As shown here, La ,CaMnO; provides a rare example
at 8 T[Fig. 1(@]. of a large, anomalous Hall effect in th@ppingregime. As
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such, it stands apart from well-studied ferromagnetic metal$o the core spin configuration. As the electron hops around
where the anomalous Hall effect causes scattering betwedhe loop, it accumulates an overall phase that reflects the
itinerant Bloch states. To discuss this situation, we first iginduced alignment of the core spins. The specific scaling
nore the magnetization. Generally, the hopping-regime Halfelationships in Eqsi2) and(3), as well as the constancy of
effect involves hopping among at least three sites. The magew in Fig. 4 suggest that there may be rather simple prin-
netic fluxd in the area enclosed by the three sites introduce§iPles governing both the longitudinal and Hall currents in
an Aharonov-Bohm phase=27®/®, that generates a Hall magnetic systems in this regime. Fmally,_we remark thz_it
current® oy~J3sine. Imry'® has estimated that, in the Hall measurements shou]d not be used to mfey the behavior
strong localization regime, the Hall hopping conductivity is ©f #p O N in the manganites above 100 K, until the anoma-
close to the “Drude” value or, equivalently,,~B/ne. lous partRs has been experimentally isolated and under-
In the present system, the spin of the hopping electron i§t°°d'

constrained to align with the core spin at each site it visits. We have benefited greatly from discussions with Harold
Our results show that, &4 increases wittH, an enhanced Hwang, Andy Millis, and T. V. Ramakrishnan. Research at
Hall current is produced. Moreover, tdlh, remains linear in  Princeton University was supported by funds from a MRSEC
H up to high fields, even gs decreases by a factor of 3 or 4 grant from the National Science Foundati@rant No. 94-
(Fig. 4). The linearity suggests that the anomalous Hall cur-00362. Research at ATM is supported by an SBIR grant
rent is associated entirely with a phasgM) that is sensitive  from BMDO (Contract No. NAS3-27809
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