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Hall effect in La;_,Sr,MnO3
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The Hall effect and its systematic variation with doping level &nd temperature have been investigated for
crystals of La_,Sr,MnO3 (0.18<x=<0.50) with perovskite structure. The ordinary Hall coefficieRg,{ at 4.2
K indicates that the carrier is a hole, and that its density ié nearlyx independent R,~0.4 cn?/C or n
~1 hole/Mn sit¢ 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 irrespectivexof{ S0163-182¢08)03326-9

The carrier-doped perovskite ~manganese oxidestructural and chemical characterizations of the crystals have
La;_,Sr,MnO; shows a ferromagnetic metalli&M) state  been published in previous papérbleasurements of x-ray
below a Curie temperatufB. above the critical composition powder diffraction patterns and electron-probe microanalysis
of x,~0.1712 The substitution of LA" by SP" ions pro- have confirmed that all the crystals are homogeneous and
duces holes in the, orbitals which are strongly hybridized Single phase. The crystals were cut into thin rectangular
with oxygen 2 states. In the FM state, the ferromagnetic Shapes with a typical dimension of 7 mm in length, 2 mm in
interaction between localizei, spins(spin quantum num- width, and 0.3 mm in thlckr)ess'. EIectr_odes for electrical
ber S=3/2) is mediated by itinerane, electrons(double- measurements were made with silver paint, and copper leads
exchange interactiori-’ The intra-atomic exchange interac- are |nd|gm-soldered_on them. Two Hall vglftages_ were mea-
tion (i.e., Hund’s couplingdy) is much larger than the sured either by rotating the crystal by 180° in a fixed field or

.C., H g

. ) reversing the field direction fix mperatur re-
electron transfer integralt{) and hence the, conduction by reversing the field direction at a fixed temperature to re

2 move the offset voltage due to the asymmetric Hall termi-
band completely splits into, say, an empty upper and a Palsals
tially filled lower band by an order od,; even aboveTc.? Figure 1 shows the ordinary Hall coefficieRy;, , which is

Below Tc, the population of up-spin electrons in the lower gefined as a proportional constant of Hall resistivipy,l
band grows corresponding to the evolution of the magneti-

zation while that of down-spin electrons decreases.TAt 15
=0 K, therefore, thee, carriers are expected to be 100%
spin polarized and thus La,Sr,MnO; is a half-metallic fer-
romagnet. In the FM state, no static Jahn-Teller distortion of
MnQOg octahedron has been observemhd hence there re-
mains the orbital degree of freedom, namely, the double de-
generacy ofey orbitals (ds,2_,2 andd,2_2, or their linear
combinations

In this paper we report on the Hall effect in crystals of
La;_,SrMnO; and its systematic variation with doping 05
level (0.18=x=<0.50) and temperature, which tell us not
only the character of doped charge carriers but also the na-
ture of the magnetic scattering in the FM state. In particular,
x-dependent variation of the ordinary Hall coefficient would
be of considerable interest in light of the doping-induced
insulator-metal transition in the correlated electron system.
Furthermore, the half-metallic nature of LgSr,MnQO;, as a
prototypical double-exchange system, may provide us a pig, 1. Ordinary Hall coefficienRy; of La,_,S5MnO; crystals
unique opportunity of quantifying anomalous Hall effect in \ith x=0.18-0.50 at 4.2 K. The nominal carrier numban)(cal-
the ferromagnetic state whose microscopic origin is well unyjated fromR,, usingRy = 1/en is about 1.5—2.8 10?2 cm™3 or
derstood. ~1 hole/Mn site. The Hall resistivitp,, at 4.2 K as a function of

Crystals of La_,Sr,MnO; were prepared by the floating- applied field is shown in the inset. | and FM denote insulating and
zone method. The details of growth conditions as well agerromagnetic metallic states, respectively.
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FIG. 2. The Hall resistivityp,, as a function of applied field at various temperaturesxfel0.18 (left pane), 0.30(middle pane), and
0.40(right panel.

with an external field, for the metallic crystals ®#=0.18  each temperature from the interceptpqj curve to zero field
—0.50 at the lowest temperatui# 2 K) of the present study. by assumindR, to be nearlyT independent.
At this temperature, no anomalous paripiy, is observed as Figure 3 showsR, below T for x=0.18, 0.30, and 0.40
shown in the inset of Fig. 1. In insulating crystals with as a function of reduced temperatureT/T.. Over the
=<0.17, it was difficult to estimat®, because of the large whole temperature rangdis is negative and its absolute
offset of the Hall voltages and subsisting large magnetoresisfalue monotonically increases with temperature. Three
tance even at low temperatures. For the FM crystals, one cazurves forx=0.18, 0.30, and 0.40 nearly scale withsug-
see thaRy is positive and nearly constant irrespectivexpf — gesting that the origin of anomalous Hall effect is essentially
or rather tends to decrease slightly towards the compositionghe same for these crystals. It should be pointed out, how-
insulator-metal(IM) phase boundaryx¢~0.17, a hatched ever, that the temperature dependenceRgfis not simply
bar in the figurg It should be noted thak, does not follow described with a power law of. If we analyze the data in
the relationR, = 1/x which is intuitively expected from the terms of the relation thaR¢x 7¢, ¢ changes from~2 for
nominal hole concentratiofi=x. This simple relation is also T/T:<0.5to~5 nearT¢. In the inset is shown the relation
expected to hold approximately when taeconduction band — betweerRg and longitudinal resistivity,, . One can see that
is fully spin polarized@as it i9 and completely splits due, for Rg as a function op,, is better scaled in terms of the relation
example, to the collective Jahn-Teller distortion of MNO Ryxp%,: a=~2 for p,,<1x10 3 Q cm anda~1.2 for p,,
octahedra. The experimentally observed valu®gfis sug- >1x10"23 Q cm for x=0.18, while forx=0.30 and 0.40,
gestive of orbital pseudo-degeneracy in the conduction bangdy=1.2—1.6. The relation withx=2 may simply come from
Assuming the relation tha®,=1/en, we would obtain the the definition of ey (mgxy/gix) when the scattering pro-
carrier numbemn=1.5-2.0x10* cm™ 2 or, equivalently,n  cess responsible for the anomalous part is not relevant to that
~1 hole/Mn site. No conspicuous critical behaviolRpg has  for the longitudinal resistivity. In this context, the low-
been observed near the IM phase boundary. Such a small
Hall coefficient as observed indicates that a large Fermi sur- 0 ma
face being typical of a metal is maintained down o
=0.18, namely, close to the MI phase boundary.
We now focus on the anomalous Hall effect in the man-
ganites. In Fig. 2 is shown the field dependencepgf for -1
x=0.18 (left pane), 0.30 (middle panel, and 0.40(right
pane) at various temperatures beldli . Corresponding to
the growth of the magnetization with field due to the domain
rotation effect,p,, decreases sharply towards the negative
side at first and then increases with nearly constant positive
slope due to the ordinary Hall effect. Note that thkeH
curve of Lg _,Sr,MnO; crystal is nonremanent without hys- B
teresis and the saturation field is about 0.5 T, consistent with 107 J E
the saturation field of the anomalous partpqy . -3 - : . x%
°
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In ferromagnetsp,, is expressed in terms of an external p,, (10300m)

field H as follows!® ; I .
0 0.5 1

pxy=RuH +R1M, (1) T/TC

WhereRl= (1-N)Ry+Rs, N being a demagr)etizing factor FIG. 3. Temperature dependence of the anomalous Hall coeffi-
determined from the sample shapé~0.9 in this studyand  cient R, for x=0.18, 0.30, and 0.40. The inset showd®; as a
R an anomalous Hall coefficient. We can estim&gat  function of longitudinal resistivityp, .
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108 ————r — holds. Thus a variety of transport as well as magnetic prop-
b erties are well described by the so-called double-exchange
model?’

o MO 2 2l
o] moMm= - g S

H= (¢l cigtHC)—I oS, 2
(Do i

-Rs (Qcm/G)
<)
T

where the first term represents the hopping process ofthe
carriers and the second term the Hund’'s-rule coupling be-

tween the spin of the, carrier ((;i) and the localized,
10710

o1 ' spin (S) on the same Mn site. It is therefore natural to sup-
M(0)-M(T) ( p/Mn) pose that the anomalous Hall effect also originates from the
interaction between these.

FIG. 4. —R, is plotted forx=0.18, 0.30, and 0.40 with the  According to Kondo’s theory ofs-d interaction:* the
change of magnetizatidiv (0)— M (T)], whereM (0) denotes the ~anomalous Hall effect arising from the spin-orbit coupling of
saturated magnetization at zero temperature. A solid line represengslocald electron is governed by the process thatedectron
the empirical relatiorR,=—1.3x10"%[M(0)—M(T)]1*) Ry and s scattered from its momentum st&i¢o k’ while the local

M being in units of} cm/G andug/Mn site, respectively. d electron changes its orbital state fremto m’. He showed
thatR; is proportional to{[M,,—(M)]3)=(sM?3) whereM,,
temperature resistivity(i.e., p,<1x103 Q cm) for denotes the magnetization oth atom. The temperature de-
x=0.18, that obeys th&2 law,2 may be dominated by other Pendence oRs in conventional itinerant ferromagnets such
mechanismde.g., electron-electron scatterintpan thermal @S Fe and NiRef. 1] is in good agreement with the theo-
spin fluctuations. Incidentally, the magnitude &, in  etical curve, especially nedic whereRs has a maximum
La,_,SrL,MnO; at the identical value ofp,, (e.g., 100 ar%u;d'£=0.9TCh ";‘(;t%c’l:\?vh som?: anak()jgﬁ/ SUCSh I\‘*ZS"Oeg
) cm) is an order of magnitude smaller than in a conven 2Nt d«tzg may hoid between iFe) and La _xSrMnOs,

! s PR we have observed no such peak n€ar With such an anal-
tional |t_|nerant fgrromagnet I\Jﬂl' Th_|3 is due partly _to the ogy between thae-d model and the double-exchange model,
quenching of orbital moment(=0) inthe 3 g, state inthe  1e apove Kondo’s relation may read #.x[M(0)

manganite, where the small spin-orbit interaction of conduc-_ (T)13 (5= 3) for the manganites, which differs from the
tion carriers arises from the hybridized ( Zomponent. observation=3/2. Maranzang treated the mixed spin-
Karplus and Luttingef first treated the anomalous Hall ¢t interaction between the local spin moméhand the
effect in itinerant ferromagnets from the viewpoint of band . > . .
angular orbital moment of conduction electrons. Also in

theory taking into account_sp|r12—orb|t mter.actlon. «bfeleg- this case the theory gives the relatifigr(5M3), and the

trons. They showed thaR;=Ap;, in electrically isotropic . R is th hat & h isting th

system. The contribution from phonon scattering also gives $19n OfRs Is the same as that &, . Thus, no gmstmgt eory

similar .relation as shown by Irkhin and Shavrtvin the %an, to the best of our knowledge, quantitatively explain the
y presently observed scaling relation as well as the sigRof

Lal‘xsern% system, howev.er, the behawor. a?mpxx The scaling behavior witly=3/2 observed for the mangan-
with 1.2-1.3 seems to be dominant, gfg behavioris only  jtes is thus left to be theoretically elucidated.
observed at low temperatures far=0.18. Since phonon In summary we have studied the Hall effect in

scattering should be pronounced at high temperatures, it iEal,XSrXMnOQ,. The ordinary Hall coefficient in the ferro-

not likely the main scattering process. As expected from thenagnetic metallic ground state indicates that the carrier is a
magnetoresistance behavior, the magnetic scattering or theye and that its density is nearly and T independent
spin-disorder scattering should govern the transport propeignajing that a large Fermi surface being typical of a metal
ties belowTc in this compound. o subsists close to the compositional boundaty~(0.17) for

In Fig. 4 we showR; as a function of magnetizatioMl o jnsulator-metal transition. The anomalous part of the Hall
which was measured under field of 0.5 T. One can see thaltect arising from the asymmetric scattering of charge car-
the change o_RS for all the crystals is well described in terms (g by local spin moments is, on the other hand, negative
of the relation thatRsx[M(0)—M(T)]”, where M(0)  ang stronglyx and T dependent. The change of the anoma-

stands for the saturated magnetization at zero temperatufg,s part is attributed to the change of magnetization irre-
(3.80, 3.48, and 3.38;/Mn ion for x=0.18, 0.30, and 0.40, ' gpective ofx, which is described in terms of an empirical

resgc/azctively l\,/(\j/el,havfa f%‘”d a”R empi{i%al 1§J2ti&” OWith relation thatRs=consfM (0)—M(T)]” with ~3/2 (const
= = — 9 . . .
ZM(T)Sg’Z,SFCQJSIancIirll/? blgingl?ﬁ uqrrw,its (S)fQ cn.”nlé and;EBlf\/Ir: =-1.3x10 for R _and M is in units of Q cm/G and
site, respectively. Below-R<5x10"1° O cm/G, devia- us/Mn site, respectively
tion of the data from the above relation is slightly pro- The authors thank N. P. Ong for enlightening discussions.
nounced, although this may be due partly to the experimentarhis work was performed at JRCAT under the joint research
error in the estimation of a smalg value. agreement between the NAIR and the ATP, and was sup-
In La; ,Sr,MnO3; with the maximal conduction band- ported by the NEDO and by a Grant-In-Aid for Scientific
width, the assumption that conductiep electrons are mag- Research from the Ministry of Education, Science, and Cul-
netically scattered only by locdby(S=3/2) spin moments ture, Japan.
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