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Hall effect in La12xSrxMnO3
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The Hall effect and its systematic variation with doping level (x) and temperature have been investigated for
crystals of La12xSrxMnO3 (0.18<x<0.50) with perovskite structure. The ordinary Hall coefficient (RH) at 4.2
K indicates that the carrier is a hole, and that its density (n) is nearlyx independent (RH'0.4 cm3/C or n
'1 hole/Mn site! even near the compositional insulator-metal phase boundary. The anomalous part of the Hall
effect, which originates from the asymmetric scattering of charge carriers by local spin moments, is negative
and stronglyx and T dependent. The anomalous Hall coefficient was found to scale with 3/2 power of the
change of magnetization irrespective ofx. @S0163-1829~98!03326-8#
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The carrier-doped perovskite manganese ox
La12xSrxMnO3 shows a ferromagnetic metallic~FM! state
below a Curie temperatureTC above the critical composition
of xc'0.17.1,2 The substitution of La31 by Sr21 ions pro-
duces holes in theeg orbitals which are strongly hybridize
with oxygen 2p states. In the FM state, the ferromagne
interaction between localizedt2g spins~spin quantum num-
ber S53/2) is mediated by itineranteg electrons~double-
exchange interaction!.3–7 The intra-atomic exchange intera
tion ~i.e., Hund’s couplingJH) is much larger than theeg

electron transfer integral (t i j ) and hence theeg conduction
band completely splits into, say, an empty upper and a
tially filled lower band by an order ofJH even aboveTC .8

Below TC , the population of up-spin electrons in the low
band grows corresponding to the evolution of the magn
zation while that of down-spin electrons decreases. AT
50 K, therefore, theeg carriers are expected to be 100
spin polarized and thus La12xSrxMnO3 is a half-metallic fer-
romagnet. In the FM state, no static Jahn-Teller distortion
MnO6 octahedron has been observed9 and hence there re
mains the orbital degree of freedom, namely, the double
generacy ofeg orbitals (d3z22r 2 and dx22y2, or their linear
combinations!.

In this paper we report on the Hall effect in crystals
La12xSrxMnO3 and its systematic variation with dopin
level (0.18<x<0.50) and temperature, which tell us n
only the character of doped charge carriers but also the
ture of the magnetic scattering in the FM state. In particu
x-dependent variation of the ordinary Hall coefficient wou
be of considerable interest in light of the doping-induc
insulator-metal transition in the correlated electron syste
Furthermore, the half-metallic nature of La12xSrxMnO3, as a
prototypical double-exchange system, may provide u
unique opportunity of quantifying anomalous Hall effect
the ferromagnetic state whose microscopic origin is well
derstood.

Crystals of La12xSrxMnO3 were prepared by the floating
zone method. The details of growth conditions as well
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structural and chemical characterizations of the crystals h
been published in previous papers.2 Measurements of x-ray
powder diffraction patterns and electron-probe microanaly
have confirmed that all the crystals are homogeneous
single phase. The crystals were cut into thin rectangu
shapes with a typical dimension of 7 mm in length, 2 mm
width, and 0.3 mm in thickness. Electrodes for electric
measurements were made with silver paint, and copper le
are indium-soldered on them. Two Hall voltages were m
sured either by rotating the crystal by 180° in a fixed field
by reversing the field direction at a fixed temperature to
move the offset voltage due to the asymmetric Hall term
nals.

Figure 1 shows the ordinary Hall coefficientRH , which is
defined as a proportional constant of Hall resistivity (rxy)

FIG. 1. Ordinary Hall coefficientRH of La12xSrxMnO3 crystals
with x50.1820.50 at 4.2 K. The nominal carrier number (n) cal-
culated fromRH using RH51/en is about 1.5–2.031022 cm23 or
'1 hole/Mn site. The Hall resistivityrxy at 4.2 K as a function of
applied field is shown in the inset. I and FM denote insulating a
ferromagnetic metallic states, respectively.
47 © 1998 The American Physical Society
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FIG. 2. The Hall resistivityrxy as a function of applied field at various temperatures forx50.18 ~left panel!, 0.30 ~middle panel!, and
0.40 ~right panel!.
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with an external field, for the metallic crystals ofx50.18
20.50 at the lowest temperature~4.2 K! of the present study
At this temperature, no anomalous part inrxy is observed as
shown in the inset of Fig. 1. In insulating crystals withx
<0.17, it was difficult to estimateRH because of the large
offset of the Hall voltages and subsisting large magnetore
tance even at low temperatures. For the FM crystals, one
see thatRH is positive and nearly constant irrespective ofx,
or rather tends to decrease slightly towards the compositi
insulator-metal~IM ! phase boundary (xc'0.17, a hatched
bar in the figure!. It should be noted thatRH does not follow
the relationRH51/x which is intuitively expected from the
nominal hole concentrationd5x. This simple relation is also
expected to hold approximately when theeg conduction band
is fully spin polarized~as it is! and completely splits due, fo
example, to the collective Jahn-Teller distortion of MnO6
octahedra. The experimentally observed value ofRH is sug-
gestive of orbital pseudo-degeneracy in the conduction ba
Assuming the relation thatRH51/en, we would obtain the
carrier numbern51.522.031022 cm23 or, equivalently,n
'1 hole/Mn site. No conspicuous critical behavior inRH has
been observed near the IM phase boundary. Such a s
Hall coefficient as observed indicates that a large Fermi
face being typical of a metal is maintained down tox
50.18, namely, close to the MI phase boundary.

We now focus on the anomalous Hall effect in the ma
ganites. In Fig. 2 is shown the field dependence ofrxy for
x50.18 ~left panel!, 0.30 ~middle panel!, and 0.40~right
panel! at various temperatures belowTC . Corresponding to
the growth of the magnetization with field due to the dom
rotation effect,rxy decreases sharply towards the negat
side at first and then increases with nearly constant pos
slope due to the ordinary Hall effect. Note that theM -H
curve of La12xSrxMnO3 crystal is nonremanent without hys
teresis and the saturation field is about 0.5 T, consistent
the saturation field of the anomalous part ofrxy .

In ferromagnets,rxy is expressed in terms of an extern
field H as follows:10

rxy5RHH1R1M , ~1!

whereR15(12N)RH1Rs , N being a demagnetizing facto
determined from the sample shape (N'0.9 in this study! and
Rs an anomalous Hall coefficient. We can estimateRs at
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each temperature from the intercept ofrxy curve to zero field
by assumingRH to be nearlyT independent.

Figure 3 showsRs below TC for x50.18, 0.30, and 0.40
as a function of reduced temperaturet5T/TC . Over the
whole temperature range,Rs is negative and its absolut
value monotonically increases with temperature. Th
curves forx50.18, 0.30, and 0.40 nearly scale witht, sug-
gesting that the origin of anomalous Hall effect is essentia
the same for these crystals. It should be pointed out, h
ever, that the temperature dependence ofRs is not simply
described with a power law oft. If we analyze the data in
terms of the relation thatRs}tj, j changes from;2 for
T/TC,0.5 to;5 nearTC . In the inset is shown the relatio
betweenRs and longitudinal resistivityrxx . One can see tha
Rs as a function ofrxx is better scaled in terms of the relatio
Rs}rxx

a : a'2 for rxx,131023 V cm anda'1.2 for rxx

.131023 V cm for x50.18, while forx50.30 and 0.40,
a51.221.6. The relation witha52 may simply come from
the definition ofrxy ('sxy /sxx

2 ) when the scattering pro
cess responsible for the anomalous part is not relevant to
for the longitudinal resistivity. In this context, the low

FIG. 3. Temperature dependence of the anomalous Hall co
cient Rs for x50.18, 0.30, and 0.40. The inset shows2Rs as a
function of longitudinal resistivityrxx .



r

en

uc

ll
nd

s

it
th
t

pe

th
s

tu
,
h

o-
nt

-
-

op-
nge

e
be-

p-
the

of

-
h
-

el,

e
-

the

-

in
-
is a

tal

all
ar-
tive
a-
re-
al

ns.
rch
up-
c
ul-

e

PRB 58 49BRIEF REPORTS
temperature resistivity~i.e., rxx,131023 V cm) for
x50.18, that obeys theT2 law,2 may be dominated by othe
mechanisms~e.g., electron-electron scattering! than thermal
spin fluctuations. Incidentally, the magnitude ofRs in
La12xSrxMnO3 at the identical value ofrxx ~e.g., 100
mV cm) is an order of magnitude smaller than in a conv
tional itinerant ferromagnet Ni.11 This is due partly to the

quenching of orbital moment (LW 50) in the 3d eg state in the
manganite, where the small spin-orbit interaction of cond
tion carriers arises from the hybridized O 2p component.

Karplus and Luttinger12 first treated the anomalous Ha
effect in itinerant ferromagnets from the viewpoint of ba
theory taking into account spin-orbit interaction ofd elec-
trons. They showed thatRs5Arxx

2 in electrically isotropic
system. The contribution from phonon scattering also give
similar relation as shown by Irkhin and Shavrov.13 In the
La12xSrxMnO3 system, however, the behavior ofRs}rxx

a

with 1.2–1.3 seems to be dominant, andrxx
2 behavior is only

observed at low temperatures forx50.18. Since phonon
scattering should be pronounced at high temperatures,
not likely the main scattering process. As expected from
magnetoresistance behavior, the magnetic scattering or
spin-disorder scattering should govern the transport pro
ties belowTC in this compound.

In Fig. 4 we showRs as a function of magnetizationM
which was measured under field of 0.5 T. One can see
the change ofRs for all the crystals is well described in term
of the relation thatRs}@M (0)2M (T)#h, where M (0)
stands for the saturated magnetization at zero tempera
~3.80, 3.48, and 3.38mB /Mn ion for x50.18, 0.30, and 0.40
respectively!. We have found an empirical relation wit
h53/2 ~a solid line in Fig. 4!, Rs521.331029@M (0)
2M (T)#3/2, Rs andM being in units ofV cm/G andmB /Mn
site, respectively. Below2Rs,5310210 V cm/G, devia-
tion of the data from the above relation is slightly pr
nounced, although this may be due partly to the experime
error in the estimation of a smallRs value.

In La12xSrxMnO3 with the maximal conduction band
width, the assumption that conductioneg electrons are mag
netically scattered only by localt2g(S53/2) spin moments

FIG. 4. 2Rs is plotted for x50.18, 0.30, and 0.40 with the
change of magnetization@M (0)2M (T)#, whereM (0) denotes the
saturated magnetization at zero temperature. A solid line repres
the empirical relationRs521.331029@M (0)2M (T)#3/2, Rs and
M being in units ofV cm/G andmB /Mn site, respectively.
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holds. Thus a variety of transport as well as magnetic pr
erties are well described by the so-called double-excha
model,2,7

H52t (
^ i , j &,s

~cis
† cj s1H.c.!2JH(

i
sW i•SW i , ~2!

where the first term represents the hopping process of theg
carriers and the second term the Hund’s-rule coupling
tween the spin of theeg carrier (sW i) and the localizedt2g

spin (SW i) on the same Mn site. It is therefore natural to su
pose that the anomalous Hall effect also originates from
interaction between these.

According to Kondo’s theory ofs-d interaction,14 the
anomalous Hall effect arising from the spin-orbit coupling
a locald electron is governed by the process that as electron
is scattered from its momentum statekW to kW8 while the local
d electron changes its orbital state frommW to mW 8. He showed
thatRs is proportional tô @Mn2^M &#3&5^dM3& whereMn
denotes the magnetization ofnth atom. The temperature de
pendence ofRs in conventional itinerant ferromagnets suc
as Fe and Ni~Ref. 11! is in good agreement with the theo
retical curve, especially nearTC whereRs has a maximum
aroundT50.9TC . Although some analogy such ass↔eg
andd↔t2g may hold between Ni~Fe! and La12xSrxMnO3,
we have observed no such peak nearTC . With such an anal-
ogy between thes-d model and the double-exchange mod
the above Kondo’s relation may read asRs}@M (0)
2M (T)#3 (h53) for the manganites, which differs from th
observationh53/2. Maranzana15 treated the mixed spin
orbit interaction between the local spin momentSW and the
angular orbital momentLW of conduction electrons. Also in
this case the theory gives the relationRs}^dM3&, and the
sign ofRs is the same as that ofRH . Thus, no existing theory
can, to the best of our knowledge, quantitatively explain
presently observed scaling relation as well as the sign ofRs .
The scaling behavior withh53/2 observed for the mangan
ites is thus left to be theoretically elucidated.

In summary we have studied the Hall effect
La12xSrxMnO3. The ordinary Hall coefficient in the ferro
magnetic metallic ground state indicates that the carrier
hole, and that its density is nearlyx and T independent,
signaling that a large Fermi surface being typical of a me
subsists close to the compositional boundary (xc'0.17) for
the insulator-metal transition. The anomalous part of the H
effect arising from the asymmetric scattering of charge c
riers by local spin moments is, on the other hand, nega
and stronglyx andT dependent. The change of the anom
lous part is attributed to the change of magnetization ir
spective ofx, which is described in terms of an empiric
relation thatRs5const@M (0)2M (T)#h with h'3/2 (const
521.3310

9
for Rs and M is in units of V cm/G and

mB /Mn site, respectively!.
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