
3080

PHYSICAL REVIEW B 1 MAY 1999-IVOLUME 59, NUMBER 17
Hall effect of La2/3„Ca,Pb…1/3MnO3 single crystals near the critical temperature
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The Hall resistivityrxy of a La2/3(Ca,Pb)1/3MnO3 single crystal has been measured as a function of tem-
perature and field. The overall behavior is similar to that observed previously in thin films. At 5 K,rxy is
positive and linear in field, indicating that the anomalous contributionRS is negligible. However, the effective
carrier density in a free electron model isneff52.4 holes/Mn, even larger than the 0.85–1.9 holes/Mn reported
for thin films and far larger than the 0.33 holes/Mn expected from the doping level. As temperature increases,
a strong, negative contribution torxy appears, that we ascribe toRS . Using detailed magnetization data, we
separate the ordinary (}B) and anomalous (}M ) contributions. BelowTc , uRSu}rxx , indicating that mag-
netic skew scattering is the dominant mechanism in the metallic ferromagnetic regime. At and above the
resistivity-peak temperature, we find thatrxy /rxxM is a constant, independent of temperature and field. This
implies that the anomalous Hall coefficient is proportional to the magnetoresistance. A different explanation
based on the two-fluid model is also presented.@S0163-1829~99!06517-0#
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The paramagnetic insulator to ferromagnetic metal tra
tion of the manganite system La12xAxMnO3 ~whereA is Ca,
Sr, or Pb! has long been thought to be roughly described
the double-exchange interaction.1 After the recent rediscov
ery of colossal magnetoresistance in this system,2 a renewed
effort was made to understand the physical properties3. It
now appears that double exchange alone cannot explain
large change in conductivity, and that Jahn-Teller effe
should be included.4 This view is supported by the evidenc
of strong coupling between lattice effects, magnetic ord
and transport behavior.5

A consequence of the Jahn-Teller/double-exchange
ture is that the charge-carrier characteristics change fro
fully spin polarized~half-metallic! band at low temperatures
through a regime of partially polarized bands, before fina
becoming localized as polarons well aboveTc . It is impor-
tant, therefore, to explore the band properties of the th
regimes by means of the Hall effect. The situation is co
plicated by the presence of the extraordinary Hall coeffici
in the ferromagnetic phase. We report here the first comp
measurement of both the ordinary and extraordinary H
coefficients on single-crystal samples spanning the full te
perature range, from metallic ferromagnet to polaronic c
ductor. As in previous measurements on thin films and lo
temperature measurements on single crystals, we find
ordinary Hall coefficient to be unexpectedly small at lo
temperature, corresponding to a hole concentration of
holes/Mn atom in a simple one-carrier free-electron mod
Other researchers have reported values between 0.85 an
holes/Mn.6–9 We show that this result can be reconciled w
the actual doping level when details of the Fermi surface
taken into account.

In order to extract the extraordinary Hall coefficient, a
to treat the data in the presence of ‘‘colossal’’ magnetore
tance nearTc , we have combined detailedrxy measurements
with magnetization~M! and longitudinal resistivity (rxx)
measurements on the same La2/3(Ca,Pb)1/3MnO3 single crys-
tal. While it is possible to separate ordinary and extraor
nary effects at low temperature, only an electronlike tra
PRB 590163-1829/99/59~17!/11155~4!/$15.00
i-

y

he
s

r,

c-
a

y

e
-
t
te
ll
-
-
-
he

.4
l.
1.9

re

s-

i-
-

verse resistivity is found in the magnetoresistive regime n
Tc . In this temperature range, the tangent of the Hall ang
rxy /rxx is found be remarkably linear in the measured ma
netization, despite 300% changes in the longitudinal resis
ity. As it seems unlikely that the skew-scattering mechani
continues to operate in the hopping regime, we consider
other approach in which the observed conductivity is
sumed to be a field- and temperature-dependent admixtu
bandlike and polaronic charge carriers, conducting
parallel.10 This approach also provides a very good repres
tation of the data, but the polaronic Hall constant th
emerges increases more rapidly as the temperature
proachesTc than is expected from conventional polaro
theory.

High-quality single crystals of La2/3(Ca,Pb)1/3MnO3 were
grown from 50/50 PbF2 /PbO flux. The actual composition
was determined to be La0.66(Pb0.67Ca0.33)0.34MnO3 from
chemical analysis of crystals from the same batch. Sp
mens were cut along crystalline axes from larger preorien
crystals. Contact pads for Hall resistivity measurements w
made by Au evaporation and standard photolithographic
terning, followed by ion milling. Au wires and silver pain
were used for electrical connections. The contact resistan
after annealing were less than 1V at room temperature. We
adopted a low-frequency ac method for the measureme
First, the transverse voltage signal was nulled at zero field
a potentiometer at each temperature. The change in the tr
verse resistance as a function of field was amplified
SR552 low noise preamplifier, and recorded by a pha
sensitive detector. Magnetization was measured by a 7 T
superconducting quantum interference device magnetom

The crystal has a fairly small residual resistivity (rxx
0

'51mV cm) and large magnetoresistance~326% at 293 K
under 7 T!. The metal-insulator transition temperature, det
mined by the maximum change in resistivitydrxx /dT under
zero magnetic field, is 287.5 K. Figure 1 shows the fie
dependence ofrxy at several temperatures. The overall b
havior is the same as that of thin-film samples.7,8 Far below
11 155 ©1999 The American Physical Society
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Tc , rxy decreases at first and then increases, showing a h
like high-field Hall coefficient. The initial drop become
larger asT approachesTc . Around Tc , rxy is strongly
curved making a simple interpretation impossible. Far ab
Tc , rxy shows a negative Hall coefficient, characteristic
electronlike charge carriers.

In ferromagnetic metals, the embedded magnetic m
ments cause asymmetric scattering of current-carrying e
trons, which in turn produce an additional transverse volta
called anomalous~or extraordinary! Hall effects. The anoma
lous Hall field is proportional to the current density and t
sample magnetization, sorxy is generally written as11

rxy~B,T!5RH~T!B1m0RS~T!M ~B,T!, ~1!

whereRS(T) is the temperature-dependent anomalous H
coefficient. From separate magnetization measurements
rected for demagnetizing fields, we could extractRH andRS
from rxy for temperatures belowTc , as shown in the lower
inset of Fig. 2. If we assume the free-electron model for
Hall coefficient, the effective charge-carrier density,neff
51/eRH , turns out to be 4.131022 cm23 or 2.4 holes/Mn
below 100 K, a value much larger than the nominal dop
level ~0.33 holes/Mn!, so the naive interpretation is not vali
here. Others report similar results and some authors in
preted this as an effect of charge carrier compensation.7,8 We
will do the same, as follows. Pickett and Singh calculated
T50 band structure of 1/3-doped manganites, and conclu
that the alloy is nearly half-metallic, and that the majorit
spin band consists of a spherical Fermi surface contain
0.05 electrons and a nearly cubic Fermi surface contain
0.55 holes, larger than the nominal doping level of 0.3312

Since our Hall experiment as well as others is in the we
field limit even at the lowest temperature and at the high
field (vct;0.01!1, wherevc is the cyclotron frequency
andt the Drude relaxation time!, the Hall coefficientRH of

FIG. 1. Hall resistivity rxy of a La2/3(Ca,Pb)1/3MnO3 single
crystal as a function of field at indicated temperatures.
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a nonspherical Fermi surface is given not by the high-fi
limit R`51/ne, but rather byRH5r /ne, wherer is a dimen-
sionless factor depending on the details of the Fermi surfa
For example,r is known to equal 1/2 for a cubic Ferm
surface.13 In a two-band model, the Hall coefficient is give
by RH5(r hnhmh

22r eneme
2)/e(nhmh1neme)

2. If we assume
equal mobilities for holes and electrons, we obtainneffVc
5Vc /eRH51.6 holes/Mn, whereVc is the volume per for-
mula unit. This explains why the observedRH is much
smaller than expected from the doping level. Jacobet al.
assumedme /mh52.1 to have a quantitative agreement
their results without considering the shape-dependent fa
r.8 They justified their assumption based on the density
states at the Fermi level. Using the electron and hole de
ties from Pickett and Singh, we can reproduce the lo
temperature value ofRH by assuming a mobility ratio
me /mh51.5.

The high-field slope ofrxy changes with temperature, be
coming steeper asT approachesTc from below, and chang-
ing sign aboveTc to show an electronlike Hall coefficient
Because the anomalous Hall effect, which tends to satura
high fields, cannot explain this slope change, we have
assume a temperature dependentneff . The main panel of Fig.
2 shows the temperature dependence ofneff in the free-
electron approximation withr 51. As T increases,neff de-
creases slowly until 250 K and then drops rapidly. At a
aboveTc , Eq. ~1! cannot decomposerxy(B) because of the
polaronic contribution and large magnetoresistance wh
will be discussed later. A qualitatively similar change w
reported by Jacobet al.8 Although the physical origin is no
certain, the participation of the minority-spin band in th
charge transport, which is evidenced by decreasing polar

FIG. 2. Effective number of holes/Mn as a function of tempe
ture. The lower inset shows the decomposition ofrxy into ordinary
and anomalous Hall effects belowTc . The upper inset shows th
linear relation between the anomalous Hall coefficientRS and the
longitudinal resistivityrxx .
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tion asT increases, could be one of the reasons. We c
paredneff(T) with rxx(T) or M (T), but no simple relation
was found. In particular, no logarithmic dependence
M (T) was seen.14

The decomposition shown in the lower inset of Fig.
enables us to extract the temperature dependence of an
lous Hall coefficientRS also. It is customary in ferromag
netic metals to compareRS with rxx to determine the origin
of the anomalous Hall effects. From 10 to 270 K, whereRS
is well defined, we findRS is proportional torxx ~Fig. 2, the
upper inset!. The coefficienta is 21.731023T21 and the
absolute magnitude ofRS is comparable to that of Ca-dope
thin-film samples.7,8 This linear relation is in agreement wit
the classical skew scattering theory, where moving cha
carriers experience a force due to the magnetic field p
duced by a localized magnetic moment and are scatt
asymmetrically.15 However, the sign difference relative t
the ordinary Hall coefficient and the absence of anRS peak
below Tc disagree with the predictions. We note here th
Kim et al. presented an interesting explanation for the op
site sign betweenRH and RS from the appearance of topo
logical flux.16 The presence ofRS and its proportionality to
rxx supports our earlier argument that the metallic resistiv
is dominated by spin-dependent scattering.17

Around and aboveTc ,rxy(B) is not easy to interpret be
cause of the large magnetoresistance in this region and
electronlike polaronic contribution as verified by Jaim
et al.18 A strong curvature inrxy(B) was observed at tem
peratures where the zero fieldrxx shows a peak and th
magnetoresistance is the largest~the inset of Fig. 3!. Consid-
ering the large changes in bothrxy andrxx as a function of
field, it is instructive to consider the Hall angle, defined
tanuH5rxy /rxx . Interestingly, if we plot tanuH as a func-

FIG. 3. Scaling behavior of the Hall angle, tanuH5rxy /rxx and
the sample magnetizationM at temperatures from 310 to 350 K
The inset shows the colossal magnetoresistance of this mat
Solid circles indicate the region of scaling.
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tion of the sample magnetization, all the data above 310
fall on a single line crossing zero as shown in Fig. 3. T
means that we can describe the Hall resistivity in this te
perature regime simply as

rxy~B,T!5a8m0M ~B,T!rxx~B,T!5m0RS8~B,T!M ~B,T!,

~2!

where the field- and temperature-dependent anomalous
coefficient RS8(B,T)5a8rxx(B,T) and a8521.4
31023 T21. The high-temperature coefficienta8 is a little
smaller than the low-temperature onea. The linear relation-
ship between the Hall angle and the magnetization was
ready noted by Matlet al., but only in the low-field regime.7

Our results show that the Hall angle scales with the mag
tization over the entire field investigated for temperatures
and above the resistivity peak temperature. In Fig. 4,
comparerxy data with the calculation from Eq.~2! as a func-
tion of field ~thin solid lines!. The agreement is quite goo
except for some high-field data at 320 K. The origin ofRS8 is
not certain at this time. The skew scattering theory, wh
was applied to low-temperature data, assumes an interac
between band electrons and localized magnetic mome
The current understanding is, however, that the charge c
ers are dominantly small polarons and the conduction is
means of hopping processes at temperatures where Eq~2!
holds. Furthermore, the universal relation between the H
angle and magnetization despite more than 300% chang
magnetoresistance requires a more general theory that
not depend on the scattering length of charge carriers.

For high enough temperature, the adiabatic small-pola
hopping theory predicts the Hall mobility,mH[ tanuH /B, is
an increasing function of temperature,19 while the present
result is the opposite sincemH}M /B5x. In manganite sys-

ial.

FIG. 4. Hall resistivity data as a function of field at select
temperatures aboveTc . Thin solid lines come from the assumptio
of field and temperature dependentRS . Thick dashed lines are from
the two-fluid model. See text for details.
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11 158 PRB 59BRIEF REPORTS
tem, the high-temperature Hall effect results are in acc
with the small-polaron theory.18 So Eq.~2! might be valid for
the limited temperature regime and should change to the
tivated form as temperature increases. In order to have
explanation with wider application range, we have tried a
other method motivated by the two fluid model, recently p
posed by Jaimeet al.10 In the context of the effective
medium approximation, they analyze the resistivity
manganite films and find that strongly elongated conduc
regions are required to fit the resistivity data. In this limit, t
effective conductivity is close to that for parallel channe
Therefore, we assume that charge carriers in mangan
move through two parallel channels: one has metallic c
ductivity sm(T), and the other has hopping conductivi
sh(T). The key element of this model is the introduction
the mixing factor c(B,T), which is the portion of the tota
carriers that are band electrons and which absorbs the
dependence of the conductivity. Then, the total conductiv
reads as

s tot~B,T!5csm~T!1~12c!sh~T!, ~3!

andsm(T) andsh(T) are assumed to be field independe
and are extracted by fitting the conductivity data far fro
Tc . The mixing factor is calculated from Eq.~3! by assum-
ing thatsm(T) andsh(T) can be extrapolated to the regio
nearerTc . This two-fluid model can be applied to the Ha
effect in a similar way as in multiband model as following

rxy

B
5

Rmc2sm
2 1Rh~12c!2sh

2

@csm1~12c!sh#2
, ~4!

whereRm5(R11am0sm
21M /B)/c and Rh5R2 /(12c) are

effective Hall coefficients due to band electrons and
larons, respectively.R1 and R2 are free parameters for fit
sh
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ting. As we can see in Fig. 4, the agreement with the dat
excellent~thick dashed lines!. The normal Hall coefficient of
metallic phaseR1 corresponds to about 1 holes/Mn an
slightly temperature dependent. The resulting values ofR2,
the polaron Hall coefficient, are a rapidly decreasing funct
of temperature, which is more or less proportional to t
magnetic susceptibilityx. When Emin and Holstein’s theory
valid for polarons in a nonmagnetic material is applied to
temperature dependence ofR2,19 we obtainD54500 meV,
five times larger than that determined by the conductiv
curve. Since Emin and Holstein’s theory was derived
high-temperature limits, it may not apply close to the met
insulator transition. It is quite likely that these polarons ha
significant magnetic character and that the double-excha
mechanism continues to strongly affect their mobility ne
Tc .

In conclusion, we measuredrxy , rxx , and M of a
La2/3(Ca,Pb)1/3MnO3 single crystal and observed a chan
from holelikeRH belowTC to electronlikeRH far aboveTc .
We obtained 2.4 holes/Mn at 5 K and interpreted as a resu
of carrier compensation. We also found a linear relation
tween the negative anomalous Hall coefficient and zero fi
rxx below TC in accord with the magnetic skew scatterin
theory. At and above the resistivity peak temperature,
found thatrxy /rxxM is a constant, independent of temper
ture and field. This implies that the anomalous Hall coe
cient is proportional to the magnetoresistance. Another in
pretation based on the recently proposed two-fluid mo
also produces a good agreement with the data, but the
perature dependence of polaronic contribution to the H
effect is different from the high-temperature-limit predictio

This work was supported in part by DOE DEFG
91ER45439.
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