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Theory of Colossal Magnetoresistance inR12xAxMnO3
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A localization model comprising spin disorder and nonmagnetic randomness is presented to acco
for novel magnetotransport properties in Mn oxidesR12xAxMnO3. Localization length of electrons
as a function of magnetization is determined by means of the transfer matrix method. Including t
Coulomb interaction between electrons, the variable-range hopping resistivity is calculated as a func
of temperature and magnetic field. The resulting sharp resistivity peak near the Curie temperature a
in particular, the magnitude of the colossal negative magnetoresistance are in good agreement
experimental measurements. [S0031-9007(97)03932-X]
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In recent years, there has been much interest in the m
netic compoundsR12xAxMnO3 (R ­ La, Nd, Pr andA ­
Ca, Sr, Ba, Pb) with a Mn31yMn41 mixed valence. In the
doping range0.2 , x , 0.5, these manganites undergo
paramagnetic (PM) insulator to ferromagnetic (FM) me
phase transition upon cooling, leading to a sharp resisti
peak near the Curie temperatureTC. An applied magnetic
field can drive the transition point and the accompanied
sistivity peak to higher temperatures, thereby producin
negative magnetoresistance. The magnetoresistance i
Mn oxides is usually termed as the colossal magnetore
tance or CMR, because the magnitude of the relative m
netoresistance can be extraordinarily large (99% or mo
[1–16].

The basis for the theoretical understanding of the M
oxides is usually the notion of double exchange (DE) [1
which considers the exchange of electrons between ne
boring Mn31 and Mn41 sites with strong on-site Hund’s
coupling. Attempts based on mean-field treatments o
Kondo lattice model for DE [18] and a Hubbard-Kondo la
tice model [19] have been made to account for the transp
properties in the Mn oxides. However, the sharp chang
the resistivity nearTC and the CMR were not reproduce
successfully in these works. Perturbative calculation c
ried out by the authors of Ref. [20] showed that DE alo
could not explain the experimental data of the Mn oxid
and suggested that a strong Jahn-Teller distortion sho
be responsible for the transport properties. Despite so
efforts [21–23] that have included the strong Jahn-Te
type interaction between electrons and lattice, this the
still needs to be refined to account for the large magneto
sistance observed in experiments. Contrary to the ab
approaches, it was suggested [24,25] later that the lo
ization effect in the DE model based upon nonperturbat
treatments might be able to account for the novel prop
ties of the Mn oxides. However, recent numerical stud
[26,27] on this problem using the one-parameter scal
theory [28] indicate that the DE model alone would n
be able to explain the experiments. Further investigat
on the underlying mechanism of the metal-insulator (M
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transition and the associated CMR effect in the Mn oxid
is thus urgently needed.

In this Letter, we make an effort to investigate the ma
netotransport properties of the Mn oxides by consideri
the electronic localization effect. The Mn oxides are mo
eled as systems with both DE off-diagonal disorder [24,2
and nonmagnetic diagonal disorder. By using the sc
ing theory and assuming a mean-field distribution for th
spin orientation, the localization length of electrons can
evaluated as a function of the magnetization. The resist
ity in the variable-range hopping regime is then calculat
as a function of temperature for different values of applie
magnetic field. Suitable strength of nonmagnetic diso
der is found to be a prerequisite for the occurrence of
sharp resistivity peak and a large magnetoresistance.
show that our theoretical results reproduce the main fe
tures of the experimental observations. In particular, t
magnitude of relative magnetoresistance obtained is qu
titatively comparable with experimental data.

In the Mn oxides, two features aside from the know
spin disorder might be important for electronic localiza
tion. Substitution ofR31 with A21 may lead to a local
potential fluctuation. A rough estimation [9] shows tha
this potential fluctuation may be comparable with the wid
of the conduction (e2g) band. The other is the lattice dis
tortion aroundA21 and R31 due to their different ionic
sizes. These two effects can give rise to a rather stro
nonmagnetic electron-impurity scattering potential. Bas
on these considerations, we propose the following Ham
tonian to describe the transport behavior of theeg electrons
in the Mn oxides:

Heg
­ 2

X
ij

etijd
y
i dj 1

X
i

´id
y
i di . (1)

Here the first term is the effective DE Hamiltonian [24
in which etij ­ thcossuiy2d cossujy2d 1 sinsuiy2d 3

sinsujy2d expfiswi 2 wjdgj with t the hopping integral
in the absence of Hund’s coupling and the polar angl
sui , wid characterizing the orientation of local spinSi .
© 1997 The American Physical Society
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For simplicity, we assume all the nonmagnetic sca
tering or randomness to be included effectively in th
diagonal-disorder term in Hamiltonian (1), where´i stand
for random on-site energies distributed within the ran
f2Wy2, Wy2g. The localization problem in Hamiltonian
(1) for the FM state with saturated magnetizationMs

and the PM state withM ­ 0 has been solved [27] by
using the one-parameter scaling theory [28]. From t
phase diagram obtained in theW-E plane with E the
single-electron energy, it is found [27] that, in the presen
of a suitable diagonal disorder, the system will under
a M-I transition as the magnetization is decreased fro
M ­ Ms to M ­ 0 on warming. The necessary strengt
of diagonal disorder measured byW for the occurrence of
such a transition is estimated [27] to fall into the rang
12t , W , 16.5t for 0.2 , x , 0.5, which also yields
the observed dirty-metal-like residual resistivities in th
Mn oxides. In this Letter, we focus our attention o
the close correlation between the M-I transition and t
magnetotransport properties.

To investigate theM-dependent localization effect in
the range of0 # M # Ms, the distribution of the orien-
tations of the localized spins is assumed to be Boltzma
Maxwell-like [18]

fsud ­ C exp

µ
2

2mBSeffH cosu

kBT

∂
, (2)

wheremB is the Bohr magneton,Seff ­ 3y2 1 s1 2 xdy2
is the effective spin on a Mn site, andH is the sum of the
applied magnetic field and the molecular field. Using th
scaling approach [28] together with Eqs. (1) and (2), w
evaluate the scaling parameterj at the Fermi levelEF as a
function ofH yT for x ­ 0.3 andW ­ 13t. For a given
value of H yT , the normalized magnetization is easil
calculated byMyMs ­ kcosul. As a result, we obtain
the j vs MyMs curve as shown in Fig. 1. It can be see
that j divergences aroundM ­ M0 . 0.4Ms, indicating
that the system undergoes a M-I transition atM ­ M0. It
is interesting to note that such a M-I transition occurs
M ­ M0 rather thanM ­ 0. In the small magnetization

FIG. 1. Scaling parameterj in the unit of lattice constanta
as a function ofMyMs at the Fermi surface forx ­ 0.3 and
W ­ 13t.
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regionM , M0, electrons atEF are localized andj is the
localization length. In the large magnetization regionM .

M0, electrons atEF are delocalized andj stands for the
correlation length of electrons, which can be related to
residual resistivity of the system at low temperature [28

In order to study the temperature behavior of the res
tivity, we determineM andj as functions of temperature
by using the mean-field approximation

H ­ H 1 gMyMs , (3)

where g is a parameter independent of the temperat
T and applied magnetic fieldH. From TC formula in
the mean-field theory, the value ofg can be determined
by g ­ 3kBTCys2mBSeffd if TC is assumed to be known
Let us first consider the case ofH ­ 0. MyMs ­ kcosul
is readily determined as a function ofT from Eqs. (2)
and (3), which is plotted in Fig. 2 withTC taken to be
200 K. Thej vs MyMs relation obtained above is then
transformed into aj vs T relation as given in Fig. 2. The
critical temperatureTMI, at whichM ­ M0, corresponds
to the M-I transition point. Usually,TMI is not identical
to TC. For T . TMI, the electrons at the Fermi surfac
are localized, and the variable-range hopping domina
the transport.

It is believed [29] that when electrons at the Ferm
level EF become localized, a depression or Coulomb g
should appear in the density of states atEF as a result
of electron-electron interactions. Varma [25] recent
pointed out that this feature might have an important eff
on the hopping conduction of electrons in the Mn oxide
Indeed, if the Coulomb interactions among electrons
neglected, the variable-range hopping resistivity obe
the expfsT0yT d1y4g Mott’s law, as observed in most o
the semiconductors where the electron densities are v
low. In the present Mn oxides with high electron densit
the localization length (j . 20a) is comparably long as
shown in Fig. 1, but the localization length needed
fit experiments by using the Mott’s law has been foun
to be unrealistically short (j . 1 Å) [9,13]. Under this

FIG. 2. Normalized magnetizationMyMs, localization length
j in the unit of30a, and hopping resistivityryr1 as functions
of temperatureT in the absence of magnetic field forx ­ 0.3
and W ­ 13t. Inset illustrates the full resistivity curve wher
r1 is taken to ber1 ­ 1022 V cm.
1711
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situation, we have to take the electron-electron interact
into consideration. So far there exists no self-consiste
transport theory for interacting electrons in the localize
regime. In the following we shall adopt the approxima
method of Shklovskii and Efros [29] to treat this problem
In the presence of the Coulomb interactions, the resistiv
due to variable-range hopping in the localization regim
takes the following form [25,29]:

rsTd ­ r1 exp

∑µ
T1

T

∂1y2∏
, (4)

with T1 ­ 2.8e2ys4pkBe0jd. Here,j is [29] the localiza-
tion length in the absence of Coulomb interactions, andr1

has negligible weak dependence onT andj. The back-
ground dielectric constantk has been taken to bek ­ 1,
similar to that in the jellium model for simple metals, b
considering the high-density nature of electrons in the M
oxides.

Using the localization lengthjsTd obtained above, the
resistivity rsTd is calculated and also shown in Fig. 2
in which the lattice constant is taken to bea ­ 4 Å, a
typical value for the Mn oxides. Noting thatT1 ~ 1yj,
we see from Eq. (4) that the resistivity exhibits a pea
when the product ofj andT reaches minimum. In Fig. 2
the resistivity peak is found atTC, since just belowTC

the localization lengthj increases rapidly andjsT dT has
its minimum atTC. The resistivity drops sharply as the
temperature decreases belowTC, which can be attributed
to the rapid decrease of spin disorder. The full resistiv
curve between 0 and 400 K is plotted in the inset, whe
the solid parts are our calculated results and the resistiv
in the low-temperature metallic phase is calculated fro
the Landauer formula [28]r ­ s2hye2dj by neglecting
the inelastic scattering. The dotted part is difficult t
be determined since the full information of the inelast
scattering is lacking.

Next we turn to study the magnetoresistance effe
Using a similar calculation, we obtainMsTd andrsTd in
the presence of applied magnetic field. TheM vsT curves
for different values of magnetic field are shown as dott
lines in Fig. 3(a), and the corresponding resistivities in t
localization region are given by solid lines. We see th
the applied magnetic field lowers the resistivity peak a
drives it to higher temperatures, which is consistent w
most experimental measurements [1,2,8,12]. Define
magnitude of relative magnetoresistance as

Dr

r
­

rsT , 0d 2 rsT , Hd
rsT , 0d

. (5)

In the present definition,Dryr cannot exceed100%.
Dryr as a function of temperature for several valu
of applied magnetic field is given in Fig. 3(b). With
decreasing temperature, the CMR increases to a maxim
near TC and then decreases. This behavior is in go
agreement with most experimental results, e.g., Fig
in Ref. [8]. Moreover, the maximum magnetoresistan
1712
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FIG. 3. (a) Magnetization, hopping resistivity, and (b) mag
nitude of magnetoresistance as functions of temperature
several values of applied magnetic fields.

obtained here,Dryr . 70%, 90%, and97% for H ­ 2,
4, and 8 T, respectively, is quantitatively comparable t
the experimental data (see Ref. [12], for example).

We now turn to consider the effect of the nonmag
netic randomness on the CMR. The normalized resistiv
rsHdyrs0d ­ 1 2 Dryr as a function of the applied
magnetic field atT ­ TCs­ 200 Kd is shown in Fig. 4 for
several values of diagonal-disorder strength. The curv
for W ­ 13t and15t are calculated by using Eq. (4) (the
critical magnetization for the latter case being found
be M0 . 0.7Ms). These theoretical results resemble th
resistivity vs magnetic field behavior observed in the M
oxides, e.g., Fig. 1 in Ref. [16]. In the weak disorde
limit sW ! 0d, where the localization effect is found
to be negligible [26,27] and a perturbative theory is ad
quate, we haver ~ f1 2 AsMyMsd2g with A being of
the order of unity [18,19], which yields much smalle
magnetoresistance (Dryr . 10% for H ­ 6 T) as shown
in Fig. 4. Among the three values ofW considered
here,W ­ 13t gives the largest relative magnetoresistan
Dryr, indicating that a suitable nonmagnetic disorder
necessary for the occurrence of a largeDryr, but too
strong or too weak nonmagnetic disorder disfavors CMR

We wish to stress the importance of the FM-PM an
M-I transitions to the CMR effect. An applied magneti
field changes the magnetization and hence the spin dis
der, leading to a CMR. The changing rate of the resistivi
due to an applied magnetic field is given byµ

dr

dH

∂
T

­ xsTd
µ

dr

dM

∂
T

, (6)

whose integral overH yields the total magnetoresistanc
responsersHd 2 rs0d to a finite magnetic field. It is
well known that the magnetic susceptibilityxsT d ­
sdMydHdT has its maximum atT ­ TC. The other
factor sdrydMdT on the right-hand side of Eq. (6) is
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FIG. 4. Normalized resistivity and magnetization as functio
of magnetic field for several values of nonmagnetic disord
strength.

always negative and, as a function ofM, has its maximum
absolute value nearM ­ M0 where the M-I transition
occurs. ForM , M0, the system is in the insulator phas
with high resistivity, while forM . M0 the system is in
the metallic state with low resistivity, so it is expected th
the resistivity has a rapid change with changingM near
M ­ M0. If the two transition temperaturesTMI andTC

are close enough, Eq. (6) can be largely enhanced and
will observe a large magnetoresistance in the viciniti
of these transition points. In essence, the CMR effect
closely correlated to the critical behavior of the two pha
transitions, from which it follows that extremely strong o
weak nonmagnetic randomness disfavors the CMR effe
Therefore, a possible way for enhancing the CMR is
tune the strength of nonmagnetic disorder in the system
that the M-I transition could occur and be close toTC; the
residual resistivity corresponding to the optimum streng
of nonmagnetic randomness (W . 12t) is estimated to be
of several mV cm.

In summary, we have shown that the novel magne
transport phenomena in the Mn oxides can be underst
systematically by considering the electronic localizatio
effect due to DE spin disorder and nonmagnetic rando
ness. An important effect of the nonmagnetic disorder
the CMR, which was omitted previously, has been stu
ied. The theoretical results including the sharp peak
the r vs T curve and the CMR effect are well consisten
with experimental data.
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