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Magnetic localization in mixed-valence manganites
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The metal-insulator transition is mixed-valence manganites of the~La0.7Ca0.3!MnO3 type is ascribed to a
modification of the spin-dependent potentialJHs–S associated with the onset of magnetic order atTC . Here
JH is the on-site Hund’s-rule exchange coupling of aneg electron withs51/2 to the t2g ion core withS
53/2. AboveTC, the eg electrons are localized by the random spin-dependent potential and conduction
is by variable-range hopping. Over the whole temperature range, the resistivity varies as ln(r/r`)
5@T0$12(M /MS)

2%/T#1/4, whereM /MS is the reduced magnetization. The temperature and field dependence
of the resistivity deduced from the molecular-field theory of the magnetization reproduces the experimental
data over a wide range of temperature and field.@S0163-1829~97!04513-X#
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Interest in mixed-valence manganites of t
~La0.7Ca0.3!MnO3 type has revived1 with the observations o
large negative magnetoresistive effects,2,3 especially in suit-
ably annealed thin films.4 The magnetoresistance is greate
in the vicinity of the Curie pointTC of ferromagnetic com-
positions which exhibit ‘‘metallic’’ ~temperature-
independent! conduction at low temperatures and therma
activated conduction aboveTC . These compositions have
structure which is a variant of the cubic perovskite cell wh
the Mn-O bond lengths are unequal and Mn-O-Mn bo
angles differ from 180°.5 Their electronic properties are re
lated to electron hopping among the Mn ions in octahed
sites; metallic conductivity and ferromagnetism are clos
related and are generally interpreted in terms of the dou
exchange mechanism.6 A spin-polarizeds* conduction band
of mainly 3d(eg↑) character7 is supposed to be responsib
for the ‘‘metallic’’ character of the current transport belo
TC .

8 The Mn31 ion has oneeg electron, whereas the
Mn31 ion has none. When the concentration of the dival
A-site cation~Ca, for example! is 0.3, the occupancy of th
s* band is 0.7, which corresponds to the strongest ferrom
netism and the greatest magnetoresistance.

Electron transfer with spin memory is an essential ing
dient for an understanding of the transport properties
mixed-valence manganites, but something more is neede
account for the metal-insulator transition near the Cu
point.9 The change of conduction regime belowTC appears
to be brought about by the onset of ferromagnetism. As te
perature decreases, the magnetization increases and the
tivity drops. Resistivity has been reported to vary li
@12(M /MS)

2#, as in conventional giant magnetoresistan
~GMR! systems,10 but others find an exponentia
dependence11 ln(r);2M/MS. Here we propose the conce
of magnetic localization to relate the resistivity at any te
perature or applied field to the local magnetization, evalua
in the molecular field approximation. The model involv
variable range hopping and goes beyond the purely phen
enological parallel conduction model of Nunez-Reiguero a
Kadin.12

We previously observed an impressive 11 orders of m
nitude span for the residual resistivitiesr0 of different
compounds13 made by substituting differentA-site cations
550163-1829/97/55~13!/8067~4!/$10.00
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for La and Ca, while keeping the same stoichiometry, latt
parameter, and band filling. In fact, using Mott’s cr
terion for metallic conductivity r0,1 mV cm,14 only
~La0.7Sr0.3!MnO3, the compound with the highestTC and the
smallest magnetoresistance, can be properly considere
metallic at low temperature. Guptaet al.15 have demon-
strated that the residual resistivity increases rapidly with
creasing crystallite size in polycrystalline films. The tem
perature variation belowTC is also much too large to be
conventionally accounted for by electron-phonon scatteri
We previously suggested13 that the electrons may be loca
ized in ferromagnetic wave packets and the current at
temperature is transported by zero-point hopping of the c
riers between these packets across barriers which are as
ated with canted spins. Now we extend the idea of magn
potential barriers to electron transport to explain the elec
cal behavior over the whole temperature range.

AboveTC , some groups report semiconducting behav
ln(r/r`)5Ea /kT,

16 with activation energy of the order of 0.
eV, while others find their data can be well fitted b
Mott’s variable-range-hopping ~VRH! model ln(r/r`)
5(T0 /T)

1/4.13,17,18We have measured resistivity vs temper
ture characteristics for a wide range of samples which exh
a metal-insulator transition. TheT21 law, which would be
characteristic of nearest-neighbor hopping or activation t
mobility edge, does not fit the data. TheT21/2 law, which is
characteristic of variable-range hopping with a soft gap d
to electron correlations,19 leads acceptable fits. But we fin
that the data best follow aT21/4 law aboveTC , supporting
the VRH model as the mechanism for current transport in
manganites. In Fig. 1 we have plottedT0 values for a wide
range of substituted manganites withx50.3. Samples were
either as-deposited films or bulk ceramics. AboveTC , the
curves are flat indicating thatT0 is independent ofT in that
range. Two notable exceptions are~Sm0.7Ba0.3)MnO3 and
~LaMn!0.95O3 ~Fig. 1!, both of which show a monotonic in
crease in resistivity belowTC . The resistivity of the cation-
deficient compounds~LaMn!0.95O3, was best fitted with a
simply activated semiconducting law. These are the objec
study of another publication.20 For now, let us examine the
conduction process in the majority of our ferromagne
manganites.
8067 © 1997 The American Physical Society
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Originally, the VRH theory21 was developed to explain
electron transport in doped semiconductors where electr
occupying hydrogenic orbitals with wave functionsc
5c0exp(2ar) are localized by potential fluctuations assoc
ated with the dopant. There is a competition between
potential energy difference and the distance electrons
hop. This is reflected in the expression of the hopping rate
a site at a distanceR where the energy of the carrier isDE
higher than at the origin:

g5g0exp~22aR2DE/kT!. ~1!

A sphere of radiusR contains43pR
3/v sites, wherev is the

lattice volume per manganese ion, 5.7310229 m3. The
smallest value ofDE is therefore@ 4

3pR
3N(E)]21 where

N(E) is the density of available states. Minimizing the ho
ping rate, we findR5$9/@8paN(E)kT#%1/4, and substituting
this value in Eq.~1! gives an expression for the resistivit
(r;1/g):

r5r`exp$2.06@a3/N~E!kT#1/4%, ~2!

which is the Mott expression with

kT0518a3/N~E!. ~3!

Other derivations in the literature yield slightly differen
prefactors.21,22 Electron hopping is always of variable-rang
type at low temperature where the thermal energy is not gr
enough to allow electrons to hop to their nearest neighbo
In that case it is more favorable for the electrons to h
farther to find a smaller potential difference. At high tem
peratures, conduction may be by activation above the mo
ity edge. In the intermediate range, nearest-neighbor hopp
can contribute significantly to the transport. These last t
types of motion are simply activated@ln(r);T21].

To interpret the data aboveTC in terms of this model, we
need the electronic density of statesN(E). Heat capacity
measurements at low temperatures lead to values of the S
merfield coefficient ge corresponding to N(EF)'
431028 m23 eV21.13 The number ofeg electrons is 0.7/v
51.231028 m23, and hence the occupied part of theeg
band is about 0.3 eV wide. Values ofkT0 ~Fig. 1! range from

FIG. 1. Plot of the VRH parameterT0 as a function of tempera-
ture a series ofA0.7B0.3MnO3 compounds with differentA andB
cation pairs as indicated on the curves. Here # is for thin films,
others being polycrystalline bulk samples.
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220 eV for ~La0.7Sr0.3!MnO3 to 43 600 eV for
(Pr0.7Pb0.3!MnO3, and the corresponding localization lengt
1/a deduced from Eq.~3! are 0.13 and 0.02 nm, respectivel
At room temperature, the values of the average hopping
tance are 0.46 and 0.30 nm, respectively. Since the loca
tion must exceed the Mn-Mn distance and the hopping d
tance should be several times greater, these numbers
incompatible with conventional variable-range hopping.

This unphysical result underlines a fundamental proble
either the density of state decreases drastically aboveTC,

23

or else the localization mechanism is different. Mangani
with x50.3 show little structural change atTC , so that any
changes in band structure and density of states should
associated with the onset of ferromagnetic order. We prop
that a random potential of mainlymagneticorigin is respon-
sible for carrier localization aboveTC . This potential is due
to the Hund’s-rule coupling2JHs–S between localized Mn
t2g ion cores~S53/2) and the spinss of theeg electrons in
thes* conduction band.

We write this energy in the formEm5 1
2Um(12cosuij!,

whereu i j is the angle between the spins of the two Mn i
cores between which theeg electron is hopping andUm
53JH/2 the splitting between spin-up and spin-downeg
bands. Assuming the spin directions of the ion cores
uncorrelated in the paramagnetic state, the probability
finding an angle u i j between two ion cores,p(u i j )
5 1

2sinuij . The probability density of a barrierEm is therefore

p~Em!5p~u i j !du i j /dEm51/Um . ~4!

Such a magnetic random potential is significant here beca
Um is larger than 1 eV. A lower limit onUm is set by the fact
that Mn31 is in a high-spin state so thatUm.D, whereD

e

FIG. 2. Examples of nearest-neighbor configurations of a vac
site in a plane which can~left! and cannot~right! receive adz2
electron. The Mn atoms are represented by open circles and
oxygens by solid dots.
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~510Dq) is the octahedral crystal-field splitting of the ion,
which is estimated from the energy of the5Eg→5T2g optical
transition as roughly 2 eV.24,25ThatUm is not greatly differ-
ent fromD is evidenced by the fact that Co31 is LaCoO3 is in
a low-spin state.26 A recent estimate from optical spectra is
Um'2 eV.27

In estimating the density of states to include in Eq.~3!,
the probability of Eq.~4! must be multiplied by the number
of available states/m3. Hence,

N~Em!5p~Em!~12x!fg/v, ~5!

where (12x)50.3 is the probability that theeg orbital at the
manganese site receiving the hopping electron is unoccupi
f is a geometric factor of order 0.5 which accounts for th
fact that the hopping electron has adz2 rather than an
s-state wave function,14 andg is the probability that an un-
occupied manganese orbital can actually accept an electr
That gÞ1 is a reflection of the dynamic Jahn-Teller effect
When DE is less than the Jahn-Teller stabilization energ
~'0.5 eV! associated with the tetragonal extension of th
octahedron necessary to accommodate adz2 electron, a hop
can only take place if the receiving site is free to distort or i
already suitably distorted. The problem is illustrated in tw
dimensions in Fig. 2. Whenx50.3, the factorg in three
dimensions is approximately 0.7. Hence the value o
N(Em! deduced from Eqs. ~4! and ~5! is 9
31026 m23 eV21. In terms of T0, Eq. ~3! becomeskT0
5171a3Umv. Taking Um52 eV, the corresponding local-
ization lengths for~La0.7Sr0.3!MnO3 and~Pr0.7Pb0.3!MnO2 are
0.45 and 0.08 nm, respectively, and the average hoppi

FIG. 3. Resistivity variations at~a! constant applied fields and
~b! constant temperatures with BrillouinS53/2 magnetization
~TC5200 K andT0543107 K!.
d,
e

n.
.
y
e

s

f

g

ranges at room temperature are 1.64 and 1.06 nm. The
ping energy at room temperature isDE'0.1 eV. These num-
bers are physically plausible since the localization length
ceeds the ionic radius of Mn31 and the hopping distances a
3–4 times the Mn-Mn separation.

When a magnetic field is applied to the manganite
when there is an internal molecular field, the random dis
bution of spin directions is narrowed andp(Em! is modified.
The average potential is of the form

^Em&5 1
2Um~12^cosu i j &!. ~6!

If the azimuthal anglef i is randomly distributed and ifu i is
uncorrelated, then by averaging overf i it can be shown that
^cosuij&5^cosui&

2, whereu i is the angle the spins make wit
the applied field. The local magnetizationM can also be
expressed as a function ofu i byM5MS^cosui&, whereMS is
the saturation magnetization. In the approximation of
square distribution of single-electron potentials with
short-range correlations, the potential width becom
Um$12(M /MS)

2% and we obtain, forT0,

kT0518a3@Um$12~M /MS!
2%v/~12x!fg#

5171a3Um$12~M /MS!
2%v, ~7!

whereMS is the collinear saturation.
Taking the temperature variation ofM from molecular

field theory, we obtain the temperature variation of the res
tivity from Eq. ~7!. Three cases are of particular interest. O
is Brillouin theory withS53/2, another is the Langevin ex
pression for large classical spins, and the last one is
double-exchange theory developed by Kubo and Ohat28

The calculated temperature and field variations of the re
tivity are shown in Fig. 3. HereTC is taken as 200 K and
171a3Umv543107 K. These curves demonstrate that t
magnetic localization model is able to reproduce the exp
mental behavior of the mixed-valence manganites withx
50.3. For the higher-TC compounds where there is little spi
canting in the ferromagnetic case, the main problem is
describe the dramatic decrease ofr just belowTC . Figure 4

FIG. 4. Comparison of the magnetic localization model w
data measured on a good-quality La0.7Ca0.3MnO3 thin film. The
three curves are fits obtained using magnetizations from a Brillo
function withS53/2 andS5` ~large spin clusters! and the double-
exchange model.
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8070 55BRIEF REPORTS
is an attempt to fit the resistivity of a good-qualit
(La0.7Ca0.3!MnO3 thin film with our model using different
expressions for the magnetization. Except atTC , where
short-range magnetic correlations should be considered,
agreement with the data is excellent when using Kubo a
Ohata’s magnetization, which has been shown to apply
perfect double-exchange compounds.28 Another interesting
feature of the model is that the residual resistivityr0 is zero
for any quantum spin provided that the ferromagnetism
saturated, but for large classical spins~Langevin theory! or if
there is a residual spin canting atT50 so thatM /MSÞ1, the
value of r0 is a significant fraction of the peak resistivity
Figure 4 numerically demonstrates that large classical s
clusters lead directly to an enhancedr0. In the light of heat
s
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capacity measurements, we think the vision of a magn
cally homogeneous medium at low temperature may be
roneous. We previously attributed high residual resistivity
transport impeded by the canted spins at the surface of l
ferromagnetic spin packets, and these entities are now b
studied by small-angle neutron scattering.29

The theory of magnetic localization presented here co
be refined by considering magnetic correlations over
hopping distance~'1 nm! instead of the mean magnetiza
tion. The Jahn-Teller effect can also be better taken i
account by a more elaborate treatment of the factorg in Eq.
~5!, but these are details. The essential physics of the me
insulator transitions is localization associated with magne
disorder.
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