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A localization model comprising spin disorder and nonmagnetic randomness is presented to account
for novel magnetotransport properties in Mn oxides,A,MnO;. Localization length of electrons
as a function of magnetization is determined by means of the transfer matrix method. Including the
Coulomb interaction between electrons, the variable-range hopping resistivity is calculated as a function
of temperature and magnetic field. The resulting sharp resistivity peak near the Curie temperature and,
in particular, the magnitude of the colossal negative magnetoresistance are in good agreement with
experimental measurements. [S0031-9007(97)03932-X]

PACS numbers: 72.10.Bg, 71.30.+h, 72.15.Gd

In recent years, there has been much interest in the magransition and the associated CMR effect in the Mn oxides
netic compound®;-,A,MnO; (R = La, Nd, Prandd = s thus urgently needed.
Ca, Sr, Ba, Pb) with a Mii /Mn** mixed valence. Inthe In this Letter, we make an effort to investigate the mag-
doping rangé.2 < x < 0.5, these manganites undergo a netotransport properties of the Mn oxides by considering
paramagnetic (PM) insulator to ferromagnetic (FM) metalthe electronic localization effect. The Mn oxides are mod-
phase transition upon cooling, leading to a sharp resistivitgled as systems with both DE off-diagonal disorder [24,25]
peak near the Curie temperatufe. An applied magnetic and nonmagnetic diagonal disorder. By using the scal-
field can drive the transition point and the accompanied reing theory and assuming a mean-field distribution for the
sistivity peak to higher temperatures, thereby producing apin orientation, the localization length of electrons can be
negative magnetoresistance. The magnetoresistance in teealuated as a function of the magnetization. The resistiv-
Mn oxides is usually termed as the colossal magnetoresigty in the variable-range hopping regime is then calculated
tance or CMR, because the magnitude of the relative magas a function of temperature for different values of applied
netoresistance can be extraordinarily large (99% or morenagnetic field. Suitable strength of nonmagnetic disor-
[1-16]. der is found to be a prerequisite for the occurrence of a

The basis for the theoretical understanding of the Mrsharp resistivity peak and a large magnetoresistance. We
oxides is usually the notion of double exchange (DE) [17],show that our theoretical results reproduce the main fea-
which considers the exchange of electrons between neigldres of the experimental observations. In particular, the
boring Mr** and Mr#* sites with strong on-site Hund’s magnitude of relative magnetoresistance obtained is quan-
coupling. Attempts based on mean-field treatments of &tatively comparable with experimental data.
Kondo lattice model for DE [18] and a Hubbard-Kondo lat-  In the Mn oxides, two features aside from the known
tice model [19] have been made to account for the transpospin disorder might be important for electronic localiza-
properties in the Mn oxides. However, the sharp change ition. Substitution ofR*" with A>* may lead to a local
the resistivity neaffc and the CMR were not reproduced potential fluctuation. A rough estimation [9] shows that
successfully in these works. Perturbative calculation carthis potential fluctuation may be comparable with the width
ried out by the authors of Ref. [20] showed that DE aloneof the conductiond,,) band. The other is the lattice dis-
could not explain the experimental data of the Mn oxidesfortion aroundA?* and R** due to their different ionic
and suggested that a strong Jahn-Teller distortion shoukizes. These two effects can give rise to a rather strong
be responsible for the transport properties. Despite som@onmagnetic electron-impurity scattering potential. Based
efforts [21—-23] that have included the strong Jahn-Telleon these considerations, we propose the following Hamil-
type interaction between electrons and lattice, this theoryonian to describe the transport behavior of¢helectrons
still needs to be refined to account for the large magnetoren the Mn oxides:
sistance observed in experiments. Contrary to the above
approaches, it was suggested [24,25] later that the local- H, =-— szjd + Zsl-d;rdi- (1)
ization effect in the DE model based upon nonperturbative ¢ & 4
treatments might be able to account for the novel proper-
ties of the Mn oxides. However, recent numerical studiesHere the first term is the effective DE Hamiltonian [24]
[26,27] on this problem using the one-parameter scalingn  which 7;; = t{cog96;/2) cog6;/2) + sin(6;/2) X
theory [28] indicate that the DE model alone would notsin(¢,/2) exdi(¢; — ¢;)]} with ¢ the hopping integral
be able to explain the experiments. Further investigatioin the absence of Hund’s coupling and the polar angles
on the underlying mechanism of the metal-insulator (M-1)(6;, ¢;) characterizing the orientation of local sp$).
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For simplicity, we assume all the nonmagnetic scattegionM < M, electrons aE are localized and is the
tering or randomness to be included effectively in thelocalization length. Inthe large magnetization regién>
diagonal-disorder term in Hamiltonian (1), wherestand M, electrons afEr are delocalized ang stands for the
for random on-site energies distributed within the rangecorrelation length of electrons, which can be related to the
[-W/2,W/2]. The localization problem in Hamiltonian residual resistivity of the system at low temperature [28].
(1) for the FM state with saturated magnetizatidfy In order to study the temperature behavior of the resis-
and the PM state witi = 0 has been solved [27] by tivity, we determineM and¢ as functions of temperature
using the one-parameter scaling theory [28]. From thdoy using the mean-field approximation

hase diagram obtained in tH&-E plane with E the
Single—elec%ron energy, it is found [275)that, in the presence 3 =H+ yM/M;, (3)
of a suitable diagonal disorder, the system will undergovhere y is a parameter independent of the temperature
a M-I transition as the magnetization is decreased fronT" and applied magnetic field/. From T formula in
M = M, to M = 0 on warming. The necessary strengththe mean-field theory, the value ¢f can be determined
of diagonal disorder measured By for the occurrence of by y = 3kgTc/(2upSest) if Tc is assumed to be known.
such a transition is estimated [27] to fall into the rangelLet us first consider the case Bf = 0. M /M; = (cosf)
12t < W < 16.5t for 0.2 < x < 0.5, which also yields is readily determined as a function @f from Egs. (2)
the observed dirty-metal-like residual resistivities in theand (3), which is plotted in Fig. 2 witlT¢ taken to be
Mn oxides. In this Letter, we focus our attention on200 K. The¢ vs M /M, relation obtained above is then
the close correlation between the M-I transition and thdaransformed into & vs T relation as given in Fig. 2. The
magnetotransport properties. critical temperaturel'y;, at whichM = M,, corresponds

To investigate theV/-dependent localization effect in to the M-I transition point. Usuallyl’y; is not identical
the range o0 = M = M, the distribution of the orien- to Tc. ForT > Ty, the electrons at the Fermi surface
tations of the localized spins is assumed to be Boltzmanrare localized, and the variable-range hopping dominates

Maxwell-like [18] the transport.
It is believed [29] that when electrons at the Fermi
£(0) = Cex;(_zﬂBSeffg{ COS@) 2 level Er become localized, a depression or Coulomb gap
kgT ’ should appear in the density of statesFat as a result

of electron-electron interactions. Varma [25] recently
whereu p is the Bohr magnetorssr = 3/2 + (1 — x)/2  pointed out that this feature might have an important effect
is the effective spin on a Mn site, adtl" is the sum of the  on the hopping conduction of electrons in the Mn oxides.
applied magnetic field and the molecular field. Using theindeed, if the Coulomb interactions among electrons are
scaling approach [28] together with Egs. (1) and (2), weneglected, the variable-range hopping resistivity obeys
evaluate the scaling parameteat the FermileveEr asa  the exf(7,/T)"/*] Mott's law, as observed in most of
function of H /T for x = 0.3 andW = 13r. Foragiven the semiconductors where the electron densities are very
value of # /T, the normalized magnetization is easily low. In the present Mn oxides with high electron density,
calculated byM /M, = (cos@). As a result, we obtain the localization length{ = 20a) is comparably long as
the ¢ vs M /M curve as shown in Fig. 1. It can be seenshown in Fig. 1, but the localization length needed to
that ¢ divergences arounsf = M, = 0.4M;, indicating  fit experiments by using the Mott's law has been found
that the system undergoes a M-I transitiod&t= Mo. It to be unrealistically short{ = 1 A) [9,13]. Under this
is interesting to note that such a M-I transition occurs at
M = M, rather thanM = 0. In the small magnetization
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£ in the unit of 30a, and hopping resistivity /p; as functions
FIG. 1. Scaling parametef in the unit of lattice constand of temperaturel’ in the absence of magnetic field for= 0.3
as a function ofM /M, at the Fermi surface for = 0.3 and andW = 13¢. Inset illustrates the full resistivity curve where
W = 13¢. p1 is taken to begp; = 1072 Q cm.
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situation, we have to take the electron-electron interaction 10—
into consideration. So far there exists no self-consistent
transport theory for interacting electrons in the localized
regime. In the following we shall adopt the approximate
method of Shklovskii and Efros [29] to treat this problem.
In the presence of the Coulomb interactions, the resistivity
due to variable-range hopping in the localization regime
takes the following form [25,29]:

p(T) = pi exp[(%f/z} (4)

with T, = 2.8¢?/(4mkpegé). Here £ is [29] the localiza-
tion length in the absence of Coulomb interactions, and 20
has negligible weak dependence Brand ¢. The back- 0
ground dielectric constant has been taken to be = 1,
similar to that in the jellium model for simple metals, by
considering the high-density nature of electrons in the MrFIG. 3. (a) Magnetization, hopping resistivity, and (b) mag-
oxides. nitude of magnetoresistance as functions of temperature for
Using the localization lengtl§(7") obtained above, the several values of applied magnetic fields.
resistivity p(T) is calculated and also shown in Fig. 2, )
in which the lattice constant is taken to he— 4 A, a  obtained hereAp/p = 70%, 90%, and97% for H = 2,
typical value for the Mn oxides. Noting that =« 1/&, 4, and8 T respectively, is quantitatively comparable to
we see from Eq. (4) that the resistivity exhibits a peaktne experimental data (see Ref. [12], for example).
when the product of andT reaches minimum. In Fig. 2 ~ We now turn to consider the effect of the nonmag-
the resistivity peak is found afc, since just belowlc netic randomness on the CMR. The_normallzed resistivity
the localization lengtt¥ increases rapidly and(7)T has P (H)/p(0) =1 — Ap/p as a function of the applied
its minimum at7c. The resistivity drops sharply as the Magnetic field a" = Tc(= 200 K) is shown in Fig. 4 for
temperature decreases beld@w, which can be attributed several values of diagonal-disorder strength. The curves
to the rapid decrease of spin disorder. The full resistivityor W = 137 and15: are calculated by using Eq. (4) (the
curve between 0 and 400 K is plotted in the inset, wher&ritical magnetization for the Iat.ter case being found to
the solid parts are our calculated results and the resistivit§€ Mo = 0.7M;). These theoretical results resemble the
in the low-temperature metallic phase is calculated fronf€Sistivity vs magnetic field behavior observed in the Mn
the Landauer formula [28p = (2h/e2)¢ by neglecting (_)Xl_des, e.g., Fig. 1 in Ref. [16]._ Ir_1 the Weak_ disorder
the inelastic scattering. The dotted part is difficult tolimit (W — 0), where the localization effect is found
be determined since the full information of the inelastict0 be negligible [26,27] and a perturbative theory is ade-
scattering is lacking. guate, we havep «[1— A(M/MX)Z]IWIth A being of
Next we turn to study the magnetoresistance effectthe order of unity [18,19], which yields much smaller
Using a similar calculation, we obtaitf (T) and p(T) in  Magnetoresistancéfp/p = 10% for # = 6 T) as shown
the presence of applied magnetic field. Te/sT curves N Fig. 4. Among the three values oV considered
for different values of magnetic field are shown as dotted’€"®.W = 131 gives the largest relative magnetoresistance
lines in Fig. 3(a), and the corresponding resistivities in thed/p. indicating that a suitable nonmagnetic disorder is
localization region are given by solid lines. We see thaf'écessary for the occurrence of a laryp /p, but too
the applied magnetic field lowers the resistivity peak andtrong or too weak nonmagnetic disorder disfavors CMR.
drives it to higher temperatures, which is consistent with We Wish to stress the importance of the FM-PM and

most experimental measurements [1,2,8,12]. Define thi-! transitions to the CMR effect. An applied magnetic
magnitude of relative magnetoresistance as field changes the magnetization and hence the spin disor-

der, leading to a CMR. The changing rate of the resistivity
due to an applied magnetic field is given by
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In the present definitionAp/p cannot exceed 00%. SH)r x(T) M)y’ (6)
Ap/p as a function of temperature for several values
of applied magnetic field is given in Fig. 3(b). With whose integral oveH yields the total magnetoresistance
decreasing temperature, the CMR increases to a maximunesponsep(H) — p(0) to a finite magnetic field. It is
near T¢c and then decreases. This behavior is in goodvell known that the magnetic susceptibility(T) =
agreement with most experimental results, e.g., Fig. 26M /8H)r has its maximum afl’ = Tc. The other
in Ref. [8]. Moreover, the maximum magnetoresistanceactor (6p/8M)r on the right-hand side of Eq. (6) is
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