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Electronic transport in ferromagnetic La 1ÀxSrxMnO3 single-crystal manganites
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We report results of integrated study of resistivity, magnetoresistance, Hall effect, thermopower, and mag-
netothermopower in La12xSrxMnO3 single crystals withx50.15,0.20,0.25. The focus is on the vicinity of the
Curie temperature. It is shown that nearTC where the colossal magnetoresistance is observed the crystals are
in insulator state. It is established that the conductivity in the manganites with different level of doping differs
in nature. NearTC , temperature and magnetic-field dependences of resistivity arise due to change of activation
energy, which is linear in squared magnetization. The metal-insulator transition in thex50.20 and 0.25
manganites occurs not at a certain temperature but in a temperature interval about 80 K wide.
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I. INTRODUCTION

Rare-earth manganites Ln12xDxMnO3, where Ln stands
for a rare earth andD for a divalent element, attract muc
attention due to many interesting effects observed in th
see recent reviews.1–6 The colossal magnetoresistan
~CMR!, the discovery of which in thin films of the mangan
ites gave a stimulus to resume the study of these com
oxides, remains one of their most intriguing properties.
great number of experiments were carried out in order
explore the CMR dependence on composition, tempera
T, and magnetic fieldH. The information on La12xSrxMnO3

is of particular interest because high quality single crystals
this family are available. Urushibaraet al.7 carefully studied
resistivity r and magnetoresistanceDr/r5@r(H)
2r(0)#/r(0). It was shown that the compositional meta
insulator~MI ! transition occurs atxc;0.17, the resistivity of
the x50.17 sample being a little lower than 1 mV cm at
liquid helium temperature.8 Below '200 K, the temperature
dependence of resistivity of thex50.2–0.4 samples is de
scribed asr(T)5r(0)1AT2 with A depending on doping
Resistivity of the samples withx,0.25 exhibits a maximum
just above the Curie temperatureTC ; application of a mag-
netic field suppresses the maximum giving rise to the CM
In the lowm region,m2<0.1, wherem5M /Ms , M is mag-
netization, andMs stands for its saturation value, the ma
netoresistance in the paramagnetic state is well expresse
the function:Dr/r52Cm2.

The Hall-effect data for the La12xSrxMnO3 single crystals
was reported in Refs. 9, 10 for 0.18<x<0.50. The focus was
on the anomalous Hall effect; the normal Hall coefficientRo
was determined only for temperatures well belowTC . It was
found that atT54.2 K, the carrier numbern'1 hole/Mn
site. The spontaneous~extraordinary! Hall coefficientRs is
negative in all the samples anduRsu increases with increasin
temperature up toTC .

The thermopowerS of the La12xSrxMnO3 single crystals
for 0.15<x<0.50 were reported by Asamitsuet al.11 and for
the x50.15 manganite in Refs. 12–14. The results sligh
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differ in detail but agree in points. The thermopower of t
x>0.15 samples was found to reach a maximum in the
gion of 100–200 K. The samples withx,0.25 exhibit an-
other maximum just aboveTC . On applying a magnetic field
S is appreciably changed in the vicinity ofTC . It is worth
noting thatSaboveTC shows a sign change from positive
negative aroundx'0.20.

The data in the vicinity of the Curie point, where th
CMR effect is observed, remain incomplete even for t
La12xSrxMnO3 single crystals; for example, there are n
data on the normal Hall effect nearTC and forx,xc . In the
present article, we report on results of an integrated stud
electronic transport of La12xSrxMnO3 single crystals withx
close toxc with special attention to the temperatures ne
TC . The analysis of the experimental data leads us to
conclusion that in manganites with different levels of dopin
the conductivity is dominated by the charge carriers of d
ferent types and therefore the nature of the CMR effect is
the same in different manganites.

II. EXPERIMENTAL DETAILS

The La12xSrxMnO3 single crystals withx50.15, 0.20,
and 0.25 were grown by the floating-zone method; the det
have been published earlier.15 The resistivity, Hall resistivity
rH , and the thermopower were measured using the s
sample in the form of a plate of typical size 83331 cm3.
The magnetization measurements were performed usin
vibrating sample magnetometer on a similar plate of sma
size. The resistivity was measured by a four-probe techni
and the Hall effect by a potentiometric method. The Ha
effect measurements were carried out in two opposite di
tions of the field and the electric current. The measureme
of the thermopower were made at a temperature differenc
about 2 K. In all experiments, a magnetic field was appl
perpendicular to the plane of the sample. Indium conta
were made with an ultrasonic soldering iron.

The Hall-effect measurements should be performed
magnetic fields that are high enough for domain-wall d
placement as well as magnetization vector rotation to
©2004 The American Physical Society34-1
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completed. Then Hall resistivity can be expressed as16

rH5RoB1RsM , ~1!

where B stands for the magnetic-field induction inside t
sample; in our case~the sample in the form of a rather thi
plate! the magnetic induction may be taken to be equal to
field H. Far below the Curie temperature,M'Ms so that one
can estimateRo and Rs from the slope and intercept of th
rH-H curve. Many authors did the same also in the vicin
of the Curie point and applied a magnetic field of the ord
of 100 kOe to find a linear part of therH-H curve. Equation
~1! suggests, however, a weak change inRo and Rs . Near
TC , the field of 100 kOe changes the magnetization sign
cantly, which leads to a strong change in, e.g.,Rs , as was
shown recently by Lyanda-Gelleret al.10 However, it is well
known that such a strong field essentially reduces the re
tivity and even can induce a MI transition. Taking this in
account, we performed the experiments in relatively we
magnetic fields (H<15 kOe). After measuring the Hall re
sistivity and magnetization, we plotrH /H versusM /H, de-
termining therebyRo andRs . This method is inapplicable in
the paramagnetic state whenM5xH. If, however, the Hall
coefficients depend on temperature much weaker than
susceptibility,Ro andRs can be evaluated~not too far from
TC) by plotting rH /H versusx.17,18

III. RESULTS OF MEASUREMENTS

A. Magnetic properties

The shape of magnetization curves of the mangan
studied is typical for a ferromagnet. The Curie temperatu
evaluated through Arrot-Belov curves are 232, 308, and
K for the x50.15, 0.20, and 0.25 samples, respective
which are close to those reported by Urushibaraet al.7 The
magnetic susceptibility exhibits an ordinary peak nearTC .
Paramagnetic Curie temperatureuc of the x50.20 or 0.25
sample estimated fromx21-T curves coincides withTC
within accuracy of estimate while for thex50.15 crystal, the
uc value is 10 K larger thanTC . Thus the inhomogeneity o
the crystals withx,xc is stronger than that of the sample
with x.xc . This conclusion agrees with the results repor
in Refs. 19,20.

B. Resistivity

The temperature dependence of the resistivity of our c
tals shown in Fig. 1 is similar to that reported in Refs. 7, 1
13, 14, and 21. The peak resistivity of ourx50.15 sample
~about 0.13V cm) is close to the value reported in Refs.
14, and 21 but differs noticeably from that reported
Uhlenbrucket al. ('0.045V cm) ~Ref. 13! the difference
can be ascribed to a slight variation in composition. T
temperatureTR at which ]r/]T is maximum is a few
Kelvins lower thanTC in all the samples. Such closeness
TC andTR is known to be typical for ferromagnets, see, e.
Ref. 22.

In the ferromagnetic state, thex50.15 manganite exhibits
semiconductor behavior with]r/]T,0 below'200 K. Ne-
ifeld et al.14 claimed that variable range hopping~VRH!
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dominates the conductivity, which contradicts the data
Seegeret al.,21 who found the resistivity in thex50.15 man-
ganite not to obey Mott’sT1/4 law. We shall discuss the low
temperature behavior of the resistivity of this manganite
Sec. V.

The crystals withx.xc are~at T,TC) in a metallic state
in the sense thatdr/dT is positive. AT2 law is obeyed below
'200 K in La0.80Sr0.20MnO3 and below '230 K in
La0.75Sr0.25MnO3, see inset~a! in Fig. 1.

Magnetoresistance taken atH510 kOe is shown in inse
~b! in Fig. 1. The temperatureTMR at which the absolute
value of the magnetoresistance reaches a maximum is
very close to the Curie temperature or even coincides w
TC . The Dr/r2T curve of thex50.15 crystal exhibits a
shoulder at'200 K, which is due to the transition to th
low-temperature charge-ordered state that occurs at
temperature.23

C. Hall effect

Figure 2 shows the temperature dependence of the no
Hall coefficient. In thex50.20 crystal,Ro is practically in-
dependent of temperature up to close vicinity of the Cu
point, see inset~a! in Fig. 2, while in thex50.25 sample,Ro
gradually decreases with increasingT up to '300 K. In the
La0.85Sr0.15MnO3 single crystal,Ro is negative atT,150 K
despite the hole type of doping and strongly depends onT.
Near the Curie point,Ro is positive in all the crystals and th
temperature dependence of the normal Hall coefficient
sembles the dependence of resistivity:Ro sharply increases
reaching a maximum just aboveTC .

The spontaneous Hall coefficient shown in Fig. 3 is ne
tive at all temperatures, nearTC the value ofRs being larger
than Ro by two orders of magnitude. AboveTC , the ratio
rH /H is a linear function of susceptibilityx, see inset~b! in
Fig. 2, which permits the evaluation ofRo andRs by plotting
rH /H versusx. Unfortunately we failed to obtainRo in this

FIG. 1. Temperature dependence of resistivity
La12xSrxMnO3 single crystals. Inset~a!: Resistivity vs T2 for
La0.80Sr0.20MnO3 ~solid circles! and for La0.75Sr0.25MnO3 ~open
circles!. Inset~b!: Magnetoresistance vs temperature.
4-2
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way becauseRo is too small. The values ofRs in the para-
magnetic state are shown in Fig. 3 as horizontal lines.

D. Thermopower

The temperature dependence of the thermopowe
shown in Fig. 4. TheS-T curve for thex50.15 crystal ex-
hibits two maxima, the first of which is atT1max5124 K
(S1max536 mV/K) and the second lies aboveTC at T2max
5249 K (S2max556 mV/K). The peculiarity around 365 K
is caused by the structural transition between orthorhom
and rhombohedral phases. The thermopower in thex50.20
and 0.25 crystals is an order of magnitude lower than in
x50.15 one. The maximum in ferromagnetic state is weak
is at T5149 K in La0.80Sr0.20MnO3 and at T5178 K in
La0.75Sr0.25MnO3. The x50.20 manganite exhibits a wea
maximum just aboveTC at T'322 K; no maximum at
aroundTC is seen on the curve for thex50.25 sample. Un-
like La0.85Sr0.15MnO3, the thermopower of thex50.20 and
0.25 manganites is negative in the paramagnetic state.

FIG. 2. Temperature dependence of normal Hall coefficient.
set ~a!: Ro vs T for La0.80Sr0.20MnO3 and La0.75Sr0.25MnO3. Inset
~b!: rH /H against magnetic susceptibilityx aboveTC .

FIG. 3. Temperature dependence of anomalous~spontaneous!
Hall coefficient. Inset~a!: Rs vs resistivity for La0.80Sr0.20MnO3 and
La0.75Sr0.25MnO3. Inset ~b!: Rs against m(H510 kOe)2 for
La0.85Sr0.15MnO3.
10443
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The effect of a magnetic field on the thermopower
shown in Fig. 5. Near the Curie point the magnetoth
mopowerDS5S(H)2S(0) in La0.85Sr0.15MnO3 ~left scale!
is negative reaching a minimum practically atTC . On the
contrary, in La0.75Sr0.25MnO3 ~right scale!, DS is positive
and at'TC exhibits a maximum. As for La0.80Sr0.20MnO3
~right scale!, its DS-T curve has a maximum at'295 K and
a minimum at'310 K, the latter being very close toTC
5308 K.

Near and above the Curie temperature,DS5S(H)
2S(0) is proportional tom2 as it is evident from the inset in
Fig. 5.

IV. THEORETICAL BACKGROUND

The parent compound LaMnO3 is known to be an antifer-
romagnetic insulator in which theeg band is split due to the
Jahn-Teller effect24,25 and the indirect gap is about 0.4 eV
80 K.26 Doping reduces the gap27 and in the heavily doped

-

FIG. 4. Temperature dependence of thermopower
La12xSrxMnO3 single crystals.

FIG. 5. Temperature dependence of magnetothermopowerDS
5S(H)2S(0). Inset:DS vs m2 for La0.80Sr0.20MnO3 (T5315 K)
and for La0.75Sr0.25MnO3 (T5347 K).
4-3
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manganites the splitting is absent.28–32The Fermi surface of
the x51/3 lanthanum manganites consists of a large h
cuboid and a small electron spheroid.28,30 The general fea-
tures of the band structure of La2/3Sr1/3MnO3 agree with
electron-positron annihilation30 and optical reflection33 ex-
periments.

Some models predict that the impurity disorder34,35 or
electron-phonon interaction36 can produce a pseudogap
even a true gap atEF in the electronic spectrum in the par
magnetic state in the case when at zero temperature the
sity of states~DOS! at the Fermi level is high.

The theoretical works on the kinetic properties of t
CMR manganites aim mainly at reproducing the princip
features of the experimentalr-T curves. It turns out tha
these features can be explained in very different approac
see Refs. 2–6. In our opinion, the transport properties
La-Sr manganites studied in this work can be understoo
terms of physics of disorder originally developed for heav
doped semiconductors and amorphous solids, see, e.g.,
37–39. If disorder is weak, the Fermi level lies in the regi
of extended states, so that the conductivity is finite aT
50. Increase of disorder—for example, because of incre
of doping—drives the mobility edgeEc , which separates the
localized and extended states, so that whenEc crossesEF ,
the MI transition occurs and zero-temperature conductiv
vanishes. In the insulator regime, nonzero conductivity
comes possible atTÞ0 and is due to activation to the mo
bility edge and/or phonon-assisted hops between local
states. When activation to the mobility edge dominates,
resistivity obeys the simple activation law:r
5smin

21 exp(Ea /kBT) wherekB is the Boltzmann constant, th
activation energyEa is determined by the distance betwe
Ec andEF , andsmin is the minimum metallic conductivity
Although the concept ofsmin is not quite correct in the stric
sense of the word, it provides a useful parameter for un
standing experimental data.40 Estimates based on a free
electron model of manganites suggest thatsmin is of order
103 (V cm)21, see Ref. 5. The nearest-neighbor hopp
also leads to a simple activation law but the preexponen
factor is now larger thansmin

21 . If variable range hopping
dominates, the resistivity obeys the relation

r5roexp@~To /T!1/4#[roexp~Ea
VRH/T!, ~2!

whereEa
VRH(T)5kBTo

1/4T3/4,

To5
b

kBN~EF!a3
, ~3!

N(EF) is DOS atEF , a is the radius of the localized state
andb is around 20.39

In a ferromagnet, the disorder is caused not only by
purity atoms and other lattice imperfections but also by m
netic fluctuations; therefore the position of the mobility ed
is determined by the magnetizationm and spin-correlation
functions and henceEc changes as temperature is chang
Kogan and Auslender41 calculated the temperature depe
dence ofEc for a narrow-band semiconductor and succe
fully applied the formulas obtained to explain the resistiv
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of n-CdCr2Se4, a spinel that seems to be most similar to t
lanthanum manganites among magnetic semiconduc
Later the temperature dependence ofEc was considered, for
example, in Refs. 42–44.

In Refs. 45,46 a simplified semiphenomenological a
proach was proposed in whichEc is assumed to be linear in
m2 so that

r5smin
21 exp@~Eo2E1m2!/kBT#, ~4!

whereEo andE1 are constants. Tokunagaet al.47 noted that
the formula~4! may be applied to hopping conductivity a
though the preexponential factor is not of coursesmin

21 . They
found that the change of resistivity in La1/2Sr3/2MnO4 agrees
well with the simple model of hopping conduction with a
tivation energy varying asm2 if m<0.7.

Since the transition from the ferromagnetic to the pa
magnetic state results in the change inN(EF) and of course
in the radius of the localized state,To in Eq. ~2! depends on
magnetization. We assume that in the manganitesTo is de-
termined bym2.

In close vicinity of TC the temperature as well a
magnetic-field dependence of the conductivity enter mai
through the magnetization. Then we may expect that in
insulator regime

ln r5co2c1m2, ~5!

whereco,15const. We shall see that, whatever the nature
the conductivity, this equation really holds nearTC .

In the simplest model of a metal, the normal Hall coef
cient isRo56(enc)21 wheree is the elementary charge,n
stands for the concentration of the charge carriers, and
upper ~lower! sign refers to holes~electrons!. In a heavily
doped manganite there is no splitting of theeg band, so that
the number of empty states is 11x ~rather thanx) per Mn
site, wherex is the content of divalent ions. ThusRo can be
roughly estimated as@0.431023/(11x)# cm3/C. Surpris-
ingly, this estimation is in qualitative agreement with expe
ment of Ref. 9 and with our data although the real shape
the Fermi surface is not taken into account.

In the insulator regime, the normal Hall coefficient
negative if the hopping conductivity dominates. If the co
ductivity is due to activation to the mobility edge, a char
carrier moves through Mn sites that form an~approximately!
simple cubic lattice andRo has its usual sign.

In a metal, the anomalous Hall coefficient is ordinar
expressed as16

Rs5a1r1a2r2, ~6!

with a1,25const; the first and second terms on the right-ha
side of Eq.~6! are due to the skew scattering and side-jum
process, respectively. It is to be noted that sinceRs is an even
function of magnetization,Rs is a linear function ofm2 near
the Curie point. As the resistivity is also linear inm2, Rs is a
linear function ofr. It follows that nearTC the linear depen-
dence ofRs on r cannot be interpreted as an evidence
skew scattering.
4-4
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The anomalous Hall coefficient in ferromagnetic mang
nites was recently theoretically studied in Refs. 10, 48. A
cording to Ref. 48,Ro and Rs must be of opposite sign. In
the low-temperature metallic state,Rs is small and tends to
zero asT→0; in the insulator paramagnetic stateRs is pro-
portional toT23.

Laynda-Gelleret al.10 found that in the hopping conduc
tivity regime Rs can be expressed as

Rs5rxy
(0) ~12m2!2

~11m2!2
, ~7!

with rxy
(0) being a constant. Equation~7! predicts thatRs

→0 asT→0 andRs5const if m50, i.e., in the paramag
netic state.

In a simple model of a metal, the Seebeck coefficientS is
proportional to temperature and its typical value is of ord
1 mV/K. In the insulator regime, if the simple activation la
holds for the conductivity, the thermopower is given by

S56
kB

e S Ea
(S)

kBT
1ASD , ~8!

whereEa
(S) is the activation energy for the thermopower a

AS is a constant of order unity. Obviously the typical value
S in this case is 102–103 mV/K. If the Fermi level lies at the
bottom of the conduction band or at the top of the valen
band,S is also some hundredmV/K. When VRH dominates,
S}T1/2, this relation suggests that the DOS is a slowly va
ing function of energy in the rangeuE2EFu<Ea

VRH , i.e., the
asymmetry ofN(E) in this range is weak.37,49,50When the
asymmetry is strong, the thermopower must be of the or
6(kB /e)j(To /T)1/4 wherej weakly depends onT;49,50; the
sign depends on what states—with energy higher or lo
EF—give the main contribution.

V. DISCUSSION

A. Resistivity and normal Hall effect

Before a detailed analysis of the temperature depende
of the resistivity andRo , it is worth to examine the purely
geometric properties of ther-T curves. Let us definet
5T/TC , r̃5r(T)/r(TC), and calculate the curvaturek(t)
5 r̃9/@11( r̃8)2#3/2 where the prime denotes the derivati
with respect tot. The result is shown in the inset to Fig.
Far below and above the Curie point,k is small and depend
weakly ont but nearTC the curvature changes rapidly. Th
sharp maximum in thex50.15 curve~triangles, right scale!
at t'0.9 (T'210 K) is related with the transition into th
charge ordered phase, which occurs near this temperat23

but the other extrema on the curves, which are not so sh
relate to magnetic phase transitions only.

Let us consider La0.80Sr0.20MnO3. Below T5200 K, the
compound behaves as an ordinary bad metal in which ch
carriers are holes: the resistivity follows aT2 law, Ro.0, the
Hall mobility mH5Ro /r shown in Fig. 6 is of the order o
1 cm2/(V s) and decreases with increasingT. Above 200–
250 K, however, the mobility practically does not depend
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T andmH'0.3 cm2/(V s). This means that the main contr
bution to the conductivity is given by charge carriers who
energy is near the mobility edge. WhenT becomes larger
than 200–250 K, the growth of the resistivity is caused
the reduction of the concentration of charge carriers in
tended states rather than the decrease of their mobility, w
results in a rapid rise of the resistivity.

Near the Curie point, on the ferromagnetic side, the re
tivity is controlled by magnetization as it is evident from Fi
7 where lnr(H510 kOe) is plotted againstm2. One can see
that Eq. ~5! holds if m2 is less'0.5. It follows that the
change in resistivity arises due to a change in activation
ergy. Magnetizationm is equal to 0.7 att.0.9, i.e., when
the curvature is maximum. Taking into account that at suct
the resistivity is 1.631023V cm, which practically coincides
with the theoretical valuesmin

21 51023V cm, we may taket
50.9 (T'280 K) as the lower boundary of the insulat
state.

Thus in La0.80Sr0.20MnO3, the crossover from metal to
insulator regime occurs in a wide interval from'200 to
'280 K.

FIG. 6. Temperature dependence of Hall mobilitymH . Inset:
The curvaturek againstt5T/TC for La0.85Sr0.15MnO3 ~triangles,
right scale!, La0.80Sr0.20MnO3, and La0.75Sr0.25MnO3 ~solid and
open circles, left scale!.

FIG. 7. Logarithm of resistivity vs the squared magnetizatio
4-5



th

iv

d

s.

e
e
p

em
ea

ta

1
he

he

e
,

tal

en-

to

-

In

se
The
the
lose

ow

peak
.

t
we

e

an

N. G. BEBENIN et al. PHYSICAL REVIEW B 69, 104434 ~2004!
Let us estimate the activation energy. It is easy to do
for T5TC : since the activation regime takes place atm2

<0.5, Ea(TC).0.5kBc1TC50.054 eV. To evaluateEa in
the paramagnetic regime is more difficult. OrdinarilyEa is
evaluated by differentiation of lnr with respect toT21,
which presupposesEa to be constant and hencek.0. The
inset in Fig. 6 shows, however, that the curvature is negat
so that this procedure is inapplicable. We have assumedsmin
to be equal to the theoretical value of 103 (V cm)21 and
calculatedEa as:Ea5kBT ln(sminr). The result is presente
in Fig. 8; one can see that the value ofEa slowly increases
with t5T/TC .

Since the magnetization is equal to zero atT.TC , the
activation energy can depend onT only through spin-
correlation functions. Therefore we may assumeEa5Eo
2E1m22G with G depending on the correlation function
In the simplest approximation,G is proportional to the cor-
relation function of nearest neighbors and thus2Ea repro-
duces the behavior of this function. The temperature dep
dence of Ea shown in Fig. 8 indeed resembles th
temperature dependence of the nearest-neighbor s
correlation function~taken with opposite sign! calculated by
Callen51 for CdCr2Se4 and by Rachadi52 for some other
spinels. Thus we may expect that Fig. 8 presents the t
perature dependence of the spin-correlation function of n
est neighbors in the manganite under study.

Now we turn to the La0.75Sr0.25MnO3 single crystal. Its
r-T curve, see Fig. 1, looks like that of an ordinary me
becausedr/dT.0 at any temperature. However,r behaves
as T2 only below 230–240 K and equals tosmin

21

51023V cm at the temperature of 287 K (t50.84) when
the curvature is maximum. The Hall mobility~Fig. 6! is prac-
tically independent of temperature over the interval 230–3
K signaling the absence of true metallic conductivity. T
decrease ofRo with increasingT in the range from 100 to
250 K, see inset~a! in Fig. 2, indicates the appearance of t
electron contribution to conductivity and Hall effect.

NearTC the Hall mobility seems to increase and becom
'0.3 cm2/(V s). In the vicinity of the Curie temperature

FIG. 8. Dependence of activation energy ont5T/TC for
La0.80Sr0.20MnO3 and La0.75Sr0.25MnO3 in paramagnetic state.
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however, there is significant scattering of the experimen
points, so we cannot discuss the growth ofmH .

Figure 7 shows that Eq.~5! holds if m2 is less than'0.5
as in the case of La0.80Sr0.20MnO3. We may infer that both
the manganites are insulators att.0.9. This conclusion is
confirmed by Fig. 8 which shows the temperature dep
dence of the activation energy for La0.75Sr0.25MnO3 calcu-
lated in the same way as for La0.80Sr0.20MnO3. One can see
that the curves for both crystals are practically parallel
each other. It follows that near and aboveTC the positive
sign ofdr/dT in La0.75Sr0.25MnO3 results from the tempera
ture dependence of the spin-correlation functions and isnot
an evidence for metallic conductivity.

La0.85Sr0.15MnO3 is an insulator at any temperature.
Fig. 9 we have plotted lnr versusT21/4. In the range from
approximately 20 (T21/450.47 K21/4) to 80 K (T21/4

50.33 K21/4), the experimental points are more or less clo
to a straight line, which suggests variable range hopping.
deviations from the straight line can arise because of
essential energy dependence of the density of states in c
vicinity of the Fermi level. We suppose that there is a narr
peak of DOS nearEF and write the DOS nearEF asN(E)
5N(EF)1dNpeak(E) where nowN(EF) denotes DOS out-
side the peak. Expressing the number of states that the
contains asN(EF)dW and following the arguments of Refs
37,39 one can easily show that Eq.~2! for the VRH resistiv-
ity must be slightly modified:

r5roexp@~To /T!1/42dW/kBT#, ~9!

where the effective width of the peakdW is assumed to be
much less thankBTo

1/4T3/4. We have obtainedro , To , and
dW by fitting the experimental data over the range 10<T
<100 K to Eq. ~9!: ro51.331027V cm, To

1/4543 K1/4,
(dW/kB)534 K. Let us estimateN(EF) by making use of
Eq. ~3!. The radiusa of localized states is unknown. It canno
be, however, less than the Mn-Mn distance because, as
shall see below,To is sensitive to the magnetization of th
crystal. So we take a54 Å and obtain N(EF)
50.07 states/eV Mn. This value is essentially less th

FIG. 9. Dependence of logarithm of resistivity onT21/4. Inset:
ln r vs T21/4 in temperature interval of 260–350 K.
4-6



e

y
e

he
-

H

0.

of

e

t

y
r-
he
-
n
s

ng
.
is
ta

a
n
n
n

e

b

r
-

-
ly
i

f
t
e
o

t
.

ts
ss
era-

hy
he

en

and
se

e
f
l
m-
ases
bu-
er-
lity,

ed

is-

ure,

nd

elec-
ta-
r
es
ex

as
of
ro-
hat
-
t

wn

effi-

ELECTRONIC TRANSPORT IN FERROMAGNETIC . . . PHYSICAL REVIEW B69, 104434 ~2004!
2 states/eV Mn, which is typical forN(EF) extracted from
the specific heat experiments for the manganites that ar
the metallic phase at low temperatures.5 Therefore in
La0.85Sr0.15MnO3, the Fermi level lies in an energ
pseudogap. This conclusion agrees with the specific-h
data collected in Ref. 5.

The variable range hopping is fully consistent with t
Hall effect data shown in Figs. 6. The Hall mobility, how
ever, changes its sign at aroundT5170 K, which indicates
that the activation to the mobility edge competes with VR
The simple estimate shows that far belowTC the distance
between the Fermi level and the mobility edge is of order
eV.

Near TC , on the ferromagnetic side, the resistivity
La0.85Sr0.15MnO3 is controlled by magnetization as in thex
50.20 andx50.25 manganites, see Fig. 7, and Eq.~5! is
valid until m250.4 orT5210 K, i.e., the temperature of th
transition to the charge-ordered state. Even atT5237 K, the
highest temperature at which we were able to separate
normal Hall effect, mH is significantly less than
0.3 cm2/(V s), so that the conductivity is dominated b
VRH and activation to the mobility edge is of minor impo
tance not only far below the Curie point but also in t
vicinity of TC . It is likely that this is true also in the para
magnetic state, at least below the temperature of the tra
tion between orthorhombic and rhombohedral phases a
evident from the inset to Fig. 9. Mott’sT21/4 law more or
less satisfactorily fits the experimental points over the ra
of 260–350 K, in which ther-T curve is convex downward
The value ofTo

1/4 ('53 K1/4) in the paramagnetic state
somewhat greater than that in the ferromagnetic s
('43 K1/4). We may infer that the change in resistivity~and
hence the CMR effect! is caused mainly by the change inTo
which in turn is caused by the change of the radius of loc
ized statesa or/and of that of the DOS. This implies that a
electron at a Mn site feels the spin of neighboring Mn io
and hence the radiusa of the localized state is not less tha
the Mn-Mn distance.

B. Anomalous Hall effect

The anomalous Hall coefficient, see Fig. 3, strongly d
pends on temperature in the ferromagnetic state. AboveTC ,
however, the dependence becomes very weak, which o
ously contradicts the conclusion of Ref. 48.

The inset~a! in Fig. 3 showsRs versus resistivityr for
La0.80Sr0.20MnO3 and La0.75Sr0.25MnO3 single crystals nea
and belowTC whereRs is a single-valued function of resis
tivity. One can see two linear parts withr.231023V cm as
a boundary. Sincer,1023V cm is characteristic of the me
tallic regime, it is likely that in these crystals, sufficient
below the Curie point, the anomalous Hall effect is dom
nated by skew scattering. NearTC the linear dependence o
Rs on r ~and alsoRo since the Hall mobility is independen
on T) seemingly means that the temperature dependenc
r, Ro , andRs is determined by the change of the number
charge carriers in extended states.

In La0.85Sr0.15MnO3 the anomalous Hall coefficient is no
a single-valued function ofr even in the ferromagnetic state
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In the inset~b! of Fig. 3 we plotRs versusm2 taken atH
510 kOe; the solid line is the fitting of experimental poin
to Eq. ~7!. It is seen that the theory of Ref. 10 more or le
successfully describes the experimentally observed temp
ture dependence ofRs .

C. Thermopower

We begin with discussing La0.85Sr0.15MnO3. The variable
range hopping suggests aT1/2 dependence ofS, which con-
tradicts the experimental curve in Fig. 4. To understand w
the T1/2 law is not observed although VRH dominates t
conductivity, let us estimateEa

VRH at T5T1max: kBTo
1/4T3/4

50.14 eV, i.e., it is practically equal to the distance betwe
Fermi level and the mobility edge. AtT.T1max the energy
interval occupied by the localized states becomes more
more asymmetrical relative to the Fermi level in the sen
that the distance betweenEF and the upper boundary of th
interval is greater thanEF2Ec , which leads to a decrease o
S. Near TC , EF2Ec rises rapidly, so that the Fermi leve
turns out to be near the center of the interval as at low te
peratures. In the paramagnetic state the asymmetry incre
again resulting in a decreasing thermopower. The contri
tion of charge carriers activated to the mobility edge is p
haps of minor importance. If this scenario reflects the rea
the ratioS2max/S1max must be close toAT2max/T1max. Sub-
stituting S1max536 mV/K, S2max556 mV/K, T1max
5124 K, and T2max5249 K we obtainS2max/S1max51.6
andAT2max/T1max51.4, so that these quantities are inde
close to each other.

The behavior of the thermopower in La0.80Sr0.20MnO3 and
La0.75Sr0.25MnO3 is typical for a bad metal withp-type con-
ductivity at low temperatures:S is positive, increases withT,
and is small in value. This agrees completely with the res
tivity and Hall-effect data. However, above'150 K in
La0.80Sr0.20MnO3 and above'170 K in La0.75Sr0.25MnO3,
the thermopower decreases with increasing temperat
changing sign at around 300 K. NearTC , thex50.25 man-
ganite does not exhibit a maximum ofS that is usually ob-
served in crystals with a lower content of divalent ions a
DS.0 while in the manganites with lower dopingDS is
negative. These features can be treated as indicating the
tron contribution to the Seebeck coefficient. Such interpre
tion is consistent with the Hall-effect data fo
La0.75Sr0.25MnO3 analyzed above and qualitatively agre
with the theoretical calculations, which predict a compl
band structure of heavily doped manganites.

The electron contribution to the thermopower as well
the Hall effect appears not far from the upper boundary
the metallic state and therefore can be related with the p
cess of localization. This supposition agrees with the fact t
in La0.80Sr0.20MnO3, in which the upper boundary of the me
tallic state is'200 K, the maximum of thermopower lies a
150 K while in La0.75Sr0.25MnO3, in which the metallic state
ranges up to'230 K, S is maximum at 170 K.

Above the Curie temperature, the activation energy sho
in Fig. 8 is 0.05–0.1 eV. If Eq.~8! were fulfilled, the ther-
mopower would be of the order of 500–1000mV/K, which
contradicts the experiment. It seems that the Seebeck co
4-7
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cient is determined by various groups of charge carries;
formation of polarons also may be essential. Unfortunat
the strong dependence of all quantities on the magnetiza
and the spin-correlation functions~and hence on tempera
ture! does not allow us to separate the contributions of
holes and electrons to the thermopower.

VI. CONCLUSIONS

Near and above the Curie temperature,where the colo
magnetoresistance is observed, the crystals studied are i
insulator state although the derivatedr/dT can be positive.
In the vicinity of TC , the hopping conductivity dominates i
La0.85Sr0.15MnO3 while in La0.80Sr0.20MnO3 and
La0.75Sr0.25MnO3 holes activated to the mobility edge pr
vail. As the conductivity in manganites with different level
doping differs in nature, the universal explanation for t
CMR effect cannot be given.

Just belowTC the change of resistivity arises from
change of the activation energy, which is linear inm2. Con-
sequently the universalformal reason for the CMR effec
consists in the change of activation energy under applica
of a magnetic field. In the paramagnetic state, in zero m
d

.D

y

de

-

, J

Fi
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netic field, the activation energy depends on tempera
through spin-correlation functions.

In La0.85Sr0.15MnO3, the Fermi level is in the pseudoga
and there is a narrow peak of the density of states nearEF .
The variable range hopping dominates the conductivity
this manganite, but nearTC the holes activated to the mobi
ity edge are also detected. The radius of a localized sta
not less than theMn-Mn distance.

The single crystals of La0.80Sr0.20MnO3 and
La0.75Sr0.25MnO3 behave as a bad metals below'200 K and
'230 K, respectively. Above these temperatures, the cha
in resistivity is determined by the change in the number
charge carriers in extended states. The metal-insulator t
sition takes place in a wide temperature interval below
Curie temperature. Near the upper boundary of the meta
state, the electron contribution to kinetic coefficients appe
indicating a complex band structure of these manganites
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