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Hall effect of La,;s(Ca,Pb)5MNn0O 5 single crystals near the critical temperature
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The Hall resistivityp,, of a Lay3(Ca,Pb),sMnO; 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. Atgg Ks
positive and linear in field, indicating that the anomalous contribugiis negligible. However, the effective
carrier density in a free electron modelig= 2.4 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 g, appears, that we ascribe Ry. Using detailed magnetization data, we
separate the ordinaryx@) and anomalous{M) contributions. BelowT ., |Rg > p,y, indicating that mag-
netic skew scattering is the dominant mechanism in the metallic ferromagnetic regime. At and above the
resistivity-peak temperature, we find that,/p,M 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 presen{&0163-182809)06517-0

The paramagnetic insulator to ferromagnetic metal transiverse resistivity is found in the magnetoresistive regime near
tion of the manganite system La A,MnO; (whereAis Ca, T.. In this temperature range, the tangent of the Hall angle,
Sr, or Ph has long been thought to be roughly described byp,,/p.y is found be remarkably linear in the measured mag-
the double-exchange interactibrfter the recent rediscov- netization, despite 300% changes in the longitudinal resistiv-
ery of colossal magnetoresistance in this systemenewed jty. As it seems unlikely that the skew-scattering mechanism
effort was made to understand the physical propéttils  continues to operate in the hopping regime, we consider an-
now appears that double exchange alone cannot explain thgher approach in which the observed conductivity is as-
large change in conductivity, and that Jahn-Teller effectsymed to be a field- and temperature-dependent admixture of
should be included.This view is supported by the evidence pandiike and polaronic charge carriers, conducting in
of strong coupling between lattice effects, magnetic Orderparallel.lo This approach also provides a very good represen-

and transport behavidr. _tation of the data, but the polaronic Hall constant that
A consequence of the Jahn-Teller/double-exchange pic

ture is that the charge-carrier characteristics change from emerges increases more rapidly as the temperature ap-
fully spin polarized(half-metallig band at low temperatures, B‘roachesTc than is expected from conventional polaron

, . : ' theory.
through a regime of partially polarized bands, before finally . L
becoming localized as polarons well abolg. It is impor- High-quality single crystals of Lg(Ca,Pb}sMnO; were

tant, therefore, to explore the band properties of the thre8MOWN from 50/50 PbF/PbO flux. The actual composition
regimes by means of the Hall effect. The situation is comWas determined to be bad Py 3903MNO; from
plicated by the presence of the extraordinary Hall coefficienfhemical analysis of crystals from the same batch. Speci-
in the ferromagnetic phase. We report here the first completB'ens were cut along crystalline axes from larger preoriented
measurement of both the ordinary and extraordinary Halfrystals. Contact pads for Hall resistivity measurements were
coefficients on single-crystal samples spanning the full temmade by Au evaporation and standard photolithographic pat-
perature range, from metallic ferromagnet to polaronic conterning, followed by ion milling. Au wires and silver paint
ductor. As in previous measurements on thin films and lowwere used for electrical connections. The contact resistances
temperature measurements on single crystals, we find thafter annealing were less thar(}l at room temperature. We
ordinary Hall coefficient to be unexpectedly small at low adopted a low-frequency ac method for the measurements.
temperature, corresponding to a hole concentration of 2.First, the transverse voltage signal was nulled at zero field by
holes/Mn atom in a simple one-carrier free-electron modela potentiometer at each temperature. The change in the trans-
Other researchers have reported values between 0.85 and ¥&se resistance as a function of field was amplified by
holes/Mn®~°We show that this result can be reconciled with SR552 low noise preamplifier, and recorded by a phase-
the actual doping level when details of the Fermi surface arsensitive detector. Magnetization was measurgdab7 T
taken into account. superconducting quantum interference device magnetometer.
In order to extract the extraordinary Hall coefficient, and The crystal has a fairly small residual resistivity;S(
to treat the data in the presence of “colossal” magnetoresis~51,() cm) and large magnetoresistan@26% at 293 K
tance neafl ., we have combined detailgg, measurements under 7 7. The metal-insulator transition temperature, deter-
with magnetization(M) and longitudinal resistivity gy,) mined by the maximum change in resistiviy,,/d T under
measurements on the samei@Ca,Pb),sMnO; single crys-  zero magnetic field, is 287.5 K. Figure 1 shows the field
tal. While it is possible to separate ordinary and extraordi-dependence op,, at several temperatures. The overall be-
nary effects at low temperature, only an electronlike transhavior is the same as that of thin-film samplésrar below
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FIG. 1. Hall resistivity p,, of a Lay(Ca,Pb)MnO; single

. . _— FIG. 2. Effective number of holes/Mn as a function of tempera-
crystal as a function of field at indicated temperatures.

ture. The lower inset shows the decompositiorpgfinto ordinary

i . . and anomalous Hall effects beloW. . The upper inset shows the
Tc, pxy decreases at first and then increases, showing a holgear relation between the anomalous Hall coefficiBgtand the
like high-field Hall coefficient. The initial drop becomes |gngitudinal resistivityp,, .

larger asT approachesT.. Around T¢, pyy, iS strongly
curved making a simple interpretation impossible. Far above

T.. pyy Shows a negative Hall coefficient, characteristic of¢ Nonspherical Fermi surface is given not by the high-field
electroynlike charge carriers. limit R.,=1/ne, but rather byRy=r/ne, wherer is a dimen-

In ferromagnetic metals, the embedded magnetic mosionless factor depending on the details of the Fermi surface.
ments cause asymmetric scattering of current-carrying eled=C" e);filgnple,r is known to equal 1/2 for a cubic Fermi
trons, which in turn produce an additional transverse voltageSurtace-” In a two-band model, the Hall czoeff|0|ent IS given
called anomalougor extraordinaryHall effects. The anoma- PY Ru=(TnMhuh—TeNeste)/€(Mhunt Newe) . If we assume
lous Hall field is proportional to the current density and theequal mobilities for holes and electrons, we obtaiV,

sample magnetization, gg,, is generally written & =Vc/eRy=1.6 holes/Mn, where/ is the volume per for-
mula unit. This explains why the observeg]; is much
Pry(B, T)=Ru(T)B+ uoRs(T)M(B,T), (1)  smaller than expected from the doping level. Jaebil.

assumedu./un,=2.1 to have a quantitative agreement to
where Rg(T) is the temperature-dependent anomalous Haltheir results without considering the shape-dependent factor
coefficient. From separate magnetization measurements car® They justified their assumption based on the density of
rected for demagnetizing fields, we could extrBRgtandRg  states at the Fermi level. Using the electron and hole densi-
from p,, for temperatures beloW,, as shown in the lower ties from Pickett and Singh, we can reproduce the low-
inset of Fig. 2. If we assume the free-electron model for theemperature value oRy by assuming a mobility ratio
Hall coefficient, the effective charge-carrier density,s  we/un=1.5.
=1/eR,, turns out to be 4.X10°> cm 3 or 2.4 holes/Mn The high-field slope op,, changes with temperature, be-
below 100 K, a value much larger than the nominal dopingcoming steeper a$ approached . from below, and chang-
level (0.33 holes/Mi, so the naive interpretation is not valid ing sign aboveT. to show an electronlike Hall coefficient.
here. Others report similar results and some authors inteBecause the anomalous Hall effect, which tends to saturate at
preted this as an effect of charge carrier compensafiale  high fields, cannot explain this slope change, we have to
will do the same, as follows. Pickett and Singh calculated thessume a temperature dependegt The main panel of Fig.
T=0 band structure of 1/3-doped manganites, and conclude® shows the temperature dependencengf in the free-
that the alloy is nearly half-metallic, and that the majority- electron approximation witmh=1. As T increasesn.; de-
spin band consists of a spherical Fermi surface containingreases slowly until 250 K and then drops rapidly. At and
0.05 electrons and a nearly cubic Fermi surface containingboveT,, Eq. (1) cannot decomposg,,(B) because of the
0.55 holes, larger than the nominal doping level of 033. polaronic contribution and large magnetoresistance which
Since our Hall experiment as well as others is in the weakwill be discussed later. A qualitatively similar change was
field limit even at the lowest temperature and at the highesteported by Jacobt al® Although the physical origin is not
field (w.7~0.01<1, wherew, is the cyclotron frequency certain, the participation of the minority-spin band in the
and 7 the Drude relaxation timethe Hall coefficientRy of  charge transport, which is evidenced by decreasing polariza-



PRB 59 BRIEF REPORTS 11157

0.0

5
5 145
13 -
2 ©
14 3
4 11 2 .
0

- 250 300 350

> —_—
>
A - §
2 =
(=% \;
© &
2 350 K
340 K
330 K
1 320 K . E
310K
0 : : L 1 . . . . . . . .
0.0 0.1 0.2 0.3 0.4 0 1 2 3 4 5 6 7
roM (T) B (T)
FIG. 3. Scaling behavior of the Hall angle, tag= p,,/pyx and FIG. 4. Hall resistivity data as a function of field at selected

the sample magnetizatiod at temperatures from 310 to 350 K. temperatures abovE,. Thin solid lines come from the assumption
The inset shows the colossal magnetoresistance of this materiaif field and temperature dependé&y. Thick dashed lines are from
Solid circles indicate the region of scaling. the two-fluid model. See text for details.

tion asT increases, could be one of the reasons. We Comtlon of the sample magnetization, all the data above 310 K

! . : fall on a single line crossing zero as shown in Fig. 3. This
paredne(T) with pX.X(T) or M(T), bL.Jt no simple relation means that we can describe the Hall resistivity in this tem-
was found. In particular, no logarithmic dependence o

M(T) was seerté "herature regime simply as

The decomposition shown in the lower inset of Fig. 2 _ _ ,
enables us to extract the temperature dependence of anomg-xy(B'T) o' oM(B.T)p(B.T)=1oRs(B. TIM(B,T),
lous Hall coefficientRg also. It is customary in ferromag- 2
netic metals to compar@g with p,, to determine the origin where the field- and temperature-dependent anomalous Hall
of the anomalous Hall effects. From 10 to 270 K, whBge  coefficient Rg(B,T)=a’py(B,T) and a'=-14
is well defined, we findRg is proportional top,, (Fig. 2, the X103 T~ . The high-temperature coefficient is a little
upper inset The coefficienta is —1.7x10 3T~ ! and the  smaller than the low-temperature oae The linear relation-
absolute magnitude d?g is comparable to that of Ca-doped ship between the Hall angle and the magnetization was al-
thin-film samples’:® This linear relation is in agreement with ready noted by Matét al, but only in the low-field regimé.
the classical skew scattering theory, where moving charg®ur results show that the Hall angle scales with the magne-
carriers experience a force due to the magnetic field protization over the entire field investigated for temperatures at
duced by a localized magnetic moment and are scattereghd above the resistivity peak temperature. In Fig. 4, we
asymmetrically*> However, the sign difference relative to comparep,, data with the calculation from E¢2) as a func-
the ordinary Hall coefficient and the absence ofRappeak  tion of field (thin solid lineg. The agreement is quite good
below T, disagree with the predictions. We note here thatexcept for some high-field data at 320 K. The origirRifis
Kim et al. presented an interesting explanation for the opponot certain at this time. The skew scattering theory, which
site sign betweemRy, and Rs from the appearance of topo- was applied to low-temperature data, assumes an interaction
logical flux1® The presence oRg and its proportionality to  between band electrons and localized magnetic moments.
Pxx SUpports our earlier argument that the metallic resistivityThe current understanding is, however, that the charge carri-
is dominated by spin-dependent scatterihg. ers are dominantly small polarons and the conduction is by

Around and abovd ¢ ,p,y(B) is not easy to interpret be- means of hopping processes at temperatures wheré¢2Eq.
cause of the large magnetoresistance in this region and thelds. Furthermore, the universal relation between the Hall
electronlike polaronic contribution as verified by Jaimeangle and magnetization despite more than 300% change in
et all® A strong curvature inxy(B) was observed at tem- magnetoresistance requires a more general theory that does
peratures where the zero fiejg, shows a peak and the not depend on the scattering length of charge carriers.
magnetoresistance is the largése inset of Fig. 8 Consid- For high enough temperature, the adiabatic small-polaron
ering the large changes in bogh, andp,, as a function of hopping theory predicts the Hall mobility,;= tan6y, /B, is
field, it is instructive to consider the Hall angle, defined byan increasing function of temperatufewhile the present
tanfy = pyy/pxx- Interestingly, if we plot tay, as a func-  result is the opposite singe,><M/B= x. In manganite sys-
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tem, the high-temperature Hall effect results are in according. As we can see in Fig. 4, the agreement with the data is
with the small-polaron theor}? So Eq.(2) might be valid for  excellent(thick dashed lines The normal Hall coefficient of
the limited temperature regime and should change to the agnetallic phaseR; corresponds to about 1 holes/Mn and
tivated form as temperature increases. In order to have aglightly temperature dependent. The resulting valueRof
explanation with wider application range, we have tried anthe polaron Hall coefficient, are a rapidly decreasing function
other method motivated by the two fluid model, recently pro-of temperature, which is more or less proportional to the
posed by Jaimeetal.™ In the context of the effective- magnetic susceptibility. When Emin and Holstein’s theory
medium approximation, they analyze the resistivity of,5)iq for polarons in a nonmagnetic material is applied to the
manganite films and find that strongly elongated conductlnqen,lperature dependence R§,° we obtainA =4500 meV,

regior_ls are requir_e_d to fit the resistivity data. In this limit, thel‘ive times larger than that determined by the conductivity
effective conductivity is close to that for parallel channels. ; . - )

) : ‘curve. Since Emin and Holstein’s theory was derived for
Therefore, we assume that charge carriers in manganit s h-temperature limits. it mav not aoply close to the metal-
move through two parallel channels: one has metallic con: 9 P ’ y pply

ductivity o, (T), and the other has hopping conductivity msu!a.\tor transition: It is quite likely that these polarons have
on(T). The key element of this model is the introduction of 5|gn|f|capt magnetic character and that the clioublete.zxchange
the mixing factor B, T), which is the portion of the total mechanism continues to strongly affect their mobility near
carriers that are band electrons and which absorbs the fielbic-

dependence of the conductivity. Then, the total conductivity [N conclusion, we measuredy,, py, and M of a
reads as Lays(Ca,Pb),sMnO; single crystal and observed a change

from holelikeRy below T to electronlikeRy, far aboveT,..

OB, T)=Con(T)+(1—c)op(T), (3  We obtained 2.4 holes/Mrt & K and interpreted as a result
of carrier compensation. We also found a linear relation be-
tween the negative anomalous Hall coefficient and zero field
pxx below T in accord with the magnetic skew scattering
theory. At and above the resistivity peak temperature, we
found thatp,,/p,M is a constant, independent of tempera-
ture and field. This implies that the anomalous Hall coeffi-
cient is proportional to the magnetoresistance. Another inter-

2 2 2 2 retation based on the recently proposed two-fluid model
Pxy _ RmC" ot Ry(1~0) Uh' (4) glso produces a good agreeme?w/t I?NitrﬁJ the data, but the tem-
B [comt (1—C)op]? perature dependence of polaronic contribution to the Hall

where Rm=(R1+a,uocrr;lM/B)/c andR,=R,/(1—c) are effect is different from the high-temperature-limit prediction.

effective Hall coefficients due to band electrons and po- This work was supported in part by DOE DEFG-
larons, respectivelyR; and R, are free parameters for fit- 91ER45439.

and o (T) andoy(T) are assumed to be field independent,
and are extracted by fitting the conductivity data far from
T.. The mixing factor is calculated from E@3) by assum-

ing thato,(T) ando,(T) can be extrapolated to the region
nearerT.. This two-fluid model can be applied to the Hall
effect in a similar way as in multiband model as following:
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