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Kronig-Penney-Ising picture of colossal magnetoresistance
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From general arguments, it is shown that a magnetic Kronig-Penney model based on the thermodynamics of
an Ising model can be used for describing the colossal magnetoresistance~CMR! phenomenon. The model
considers a tunnelinglike transmission process of hopping electrons through a dynamic lattice characterized by
evolving magnetic clusters. In this model, correlations between the magnetic states are considered to be more
relevant than the lattice strain effects for obtaining the CMR features. Physical arguments lead to the theoret-
ical description of the intrinsic temperature and field dependences of the CMR observed in typical manganite
materials.@S0163-1829~99!13713-5#
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It is often argued that the colossal magnetoresista
~CMR! is due to a complicated interplay between electro
and lattice degrees of freedom~polaron!. In the following,
we show that the magnetic degrees of freedom contain
basic contribution to the field and temperature CMR beh
ior.

Let us recall the intriguing CMR phenomenon. The res
tivity of perovskite materials has an ‘‘enormous’’ peak
some temperatureTM-I considered as related to a meta
insulator ~M-I ! transition. This transition is often accomp
nied by a second-order ferromagnetic transition at a temp
ture Tc . Under a magnetic field, ther(T,H) appreciably
decreases near the temperature wherer(T,0) has its maxi-
mum. Many theories have been proposed for CMR, but
exact temperature and field behaviors are not yet fully sa
factory understood.

The CMR phenomenon in perovskite based material
here below explained through critical phenomenon behav
and analytical laws for describing the main observations. T
model seems much more simple than previously prese
models. At this stage, it should not be requested that it so
all known puzzles for all compounds with CMR. Simplifica
tions are made here below for presenting the approach
fact, we present an alternative view with respect to the m
popular theories based on the magnetic polaron idea1 includ-
ing the double exchange scenario~DES!.2 Various features
seem hard indeed to be put into this polaronic-DES fram
work, e.g., at high temperature the small polaron picture w
a few meV activation energy due to lattice distortion3 does
not directly match to the large polaron picture of the meta
state at low temperature, where a band picture should em
and hold below the magnetic transition.4 In fact, the question
can be raised whether there is a change in the mobility
carriers or in their number~or both! or whether there is even
a change in the band structure necessarily implying so
conductivity transition. For instance, it can be accepted
the mean-free path is small at high temperature, but at
temperature the zero-field resistivity dependence seems
that of metallic ferromagnets.5,6 Also, transport features a
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fixed magnetizationm indicate that for large or small mag
netization values the exponentially stretched dependenc
markedly different.7,9–11

The role of lattice strain as shown on films grown o
different substrates does not seem to explain the findin
and should be supplemented by taking into account magn
domainlike effects.8 This implies that magnetic feature
should be reemphasized. The DES has been recently
much criticized because it was thought that it could not
plain the qualitative difference in electrical conduction f
the whole range ofx in one of the most often studied CMR
materials, i.e., La12xCaxMnO3. However, it has been show
that a more correct treatment of the DES leads to an acc
able view in the interesting doping range@x50.16,0.40#,
i.e., where the magnetic and conducting transitions are h
~near room temperature!. Outside this interval, further work
should be envisaged since the magnetic structure has q
another periodicity, but the following concepts should s
hold as it will be easily seen.

In fact, three simple ingredients can be combined in
realistic way in order to emphasize the magnetic degree
freedom role, i.e., the Ising model for the magnetic spins,
Drude formula for the electrical conductivity, and some ty
of scattering for hopping electrons. By combining these ba
ingredients, we essentially take into account magnetic clu
effects, but the more so their correlated fluctuations. T
former scattering strength and magnetic state life time are
only microscopic physical parameters.

Notice that ~i! grains are usually pretty small, whenc
there is much grain boundary scattering. We neglect suc
~extrinsic! background term here, though it can be eas
inserted in the scattering strength if necessary.~ii ! The num-
ber of carriers is also kept field and temperature independ
To take into account a density of states temperature~and
even field! dependence is a rather trivial generalization to
made, within a self-consistent picture taking into accou
band and localized state carriers~with possible spin states!.
~iii ! The temperature dependent lattice distortion3 role for
hopping charge carriers is also neglected here, but can
included at a later stage again in the definition of
11 909 ©1999 The American Physical Society
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11 910 PRB 59N. VANDEWALLE, M. AUSLOOS, AND R. CLOOTS
temperature-dependent lattice parameter and mapped in
effective carrier mass or into an effective localized sp
coupling strength.

In so doing, we do not claim that the present mod
should give precise quantitative values at this time beca
of the extremely limited number of parameters that we
using. Nevertheless, the theory will be in good agreem
with experimental data. Moreover, extensions seem eas
light of the paraphernaliaof solid state physics ideas an
techniques. This model is surely not the unique alternativ
the magnetic polaron model. However, this paper shows
the correlation between spins is the key ingredient to be
tegrated in the understanding of the CMR phenomenon, s
as a transport property in presence of magnetic states ra
than a set of such near equilibrium specific states contro
by some unknown exchange interaction.

For the following developments, let us reduce the pro
lem to a two-dimensional (d52) case, allowing as a firs
approximation an in-plane conduction like in thin films.8

The Ising model13 on ad52 square lattice is used for th
spins on the manganese sites assumed to represent the
magnetization of the system. This simplified picture allo
for a faster way of obtaining the following results, but th
spin-spin exchange interactions could be as well of indir
origin as in DES without loss of generality. Simply, we l
each lattice sitei contains a two-state spins i561. The
dimensionless Hamiltonian reads

E52K(
i , j

s is j2h(
i

s i , ~1!

where K5J/kT is the dimensionless interaction betwe
nearest-neighboringi,j spins, andh is the dimensionless
magnetic fieldH/kT orienting the spins. The (h50, K.0)
case is a classical problem taught in classrooms becau
has a nontrivial phase transition as demonstrated by Onsa
i.e., a logarithmic divergence of the specific heat near
reduced critical temperatureKc52 1

2 ln(&21). The Ising
model implies that there are droplets~clusters! of, e.g.,11 or
21 spins that nucleate, grow, coalesce, and disappear
function of temperature.12 It is well known13,14 that a ferro-
paramagnetic transition takes place exactly atKc for h50 on
such a lattice. In each grain or if the intergrain coupling
adequate, clusters of respectively up and down spins coe
and the average sizej of these clusters diverges atKc fol-
lowing j;uK2Kcu2n with n51.15 The other properties like
m(K,h) are not known exactly because the Ising model i
field has not yet been solved.

In view of the partially covalent-ionic bonding in th
plane, the quasilocalized carriers are supposed to be~spin-
less! electrons having a linear hopping motion along t
electrical field imposed across the lattice. The Lorentz fo
is neglected here because of the rather short mean-free

In the computer experiments, we launch electrons tow
the right at random from the left side of the ‘‘sample.’’ Eac
electron jumps to the right from a site to the next neare
neighbor site at each time step as follows. In a so-ca
‘‘magnetic cluster,’’ the electron hopping is free. When
electron reaches a magnetic cluster wall, the electron
stopped with a probability (12p) or transmitted with a
an
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probabilityp. By analogy with tunneling effect,p is assumed
to be the exponential of some measure of the cluster sis
ahead of the electron, i.e.,

p5exp~2gs!, ~2!

whereg is a dimensionless parameter that is like a poten
barrier strength of the cluster. There is no retention ti
upon a site nor phonon nor magnetic drag, nor other type
scattering. At each time step the magnetic structure is re
culated according to a Monte Carlo procedure for the Is
Hamiltonian. We count the carrier arrival timet on the right-
hand side of the ‘‘sample.’’ This time obviously depends
the sign distribution fluctuations of the spins for a givenK
andh on the line during the electron hopping.

Following the Drude formula, the resistivity is directl
obtained from

r5
t

L
, ~3!

whereL is the size of the lattice. At high temperature, wh
the spins are completely disordered the resistivity is
course large; it is smaller but not negligible at lower te
perature; near the critical pointKc for h50, the resistivity
should become enormous: indeed the electron is a little
‘‘at a loss’’ because the spin fluctuations are huge and m
hamper the electron motion. A magnetic field stiffens t
clusters~or reduces the fluctuations!. Therefore, the resistiv-
ity should be reduced because the electron has a gre
chance to find its way through. Thus, the qualitative featu
of CMR are immediately found in this simple model.

Notice that this CMR version is somewhat like
temperature-dependent ‘‘magnetic Kronig-Penney mod
in an electric field since each wall is a potential barrier
which strengthg is controlled by magnetic and thermal co
ditions @Fig. 1~b!#, just like in disordered thin films.16,17 The
nontrivial ~new! ingredient is that the ‘‘barriers’’ are corre
lated and controlled by the thermodynamics of the Is
model, in space and time.

In order to obtain a good numerical convergence, we h
left the magnetic system to reach a pseudosteady state b

FIG. 1. Schematic illustration of the magnetotransport proc
as discussed in the text:~a! The square lattice on which11 and21
magnetic domains are distributed. On this lattice, one electron
lows the linear motion illustrated by the dashed arrow;~b! The
barrier landscape viewed by this electron at the time correspon
to the snapshot of~a!.
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launching the ‘‘electrons.’’ Lattices up to 2563256 were
used. For conciseness, we fixed arbitrary hereing51. The
results do not change drastically withg. Clearly, at a later
stage of investigations, thegs term can be itself temperatur
and/or magnetization dependent for taking into account
lattice strain. More complicated schemes taking into acco
different spin channels can be also imagined within an eff
tive medium approximation. Here we consider that the s
density corresponds to the case where the majority of po
ized ~up or down! spins is much larger than the minority
The spinless approximation of the charge carrier is not e
a strong approximation. Indeed, it is clear that the true e
tron hopping is depending on the availability of a neighb
ing state of similar nature. Thus, the electron will be rath
stopped in front of a wall after which the spins states ha
the opposite sign to that of the incoming electron. This
also in the DES spirit in fact.

Figure 2 presents the resistivityr as a function ofK. Both
zero and nonzero magnetic field cases are illustrated.
ferroparamagnetic transition atKc is indicated by the vertica
line. As expected, a bump is observed inr below Kc and an
inflexion at Kc . Moreover, the bump height decreases ah
increases. Such a bump can be viewed as the signature
percolation transition18,19 rather than a strict metal-insulato
transition. On both sides ofKc , the resistivityr decreases
exponentially. This shows that the experimentally obser
decreasing behavior in the high-temperature phase m
have nothing to do with a semiconducting phase or a ‘‘me
insulator’’ transition as often claimed, but rather to the nu
ber of available final state in the scattering.

The dimensionless excess resistivity defined by

Dr5
r~0!2r~h!

r~0!
~4!

is shown as a function ofK in Fig. 3. Data due to differen
values of the magnetic field are shown. This quantityDr is
found to be independent of the lengthL of the lattice. The
qualitative features of the CMR are well observed, i.e.,~i! a
peak at some intermediate temperature,~ii ! an increase ofDr
with h, ~iii ! a shift of the peak towards high temperatures a
~iv! a wide transition region.

FIG. 2. Theoretical resistivityr as a function ofK. Two cases
are shown:h50 and hÞ0. Different lattice sizes are illustrated
L532, L564.
e
nt
-

n
r-

n
c-
-
r
e
s

he

f a

d
ht
l-
-

d

A nontrivial test of the model and theory is in order
Fig. 4, which presents the evolution of the maximum ofDr
as a function ofh in a semilog plot. The value ofDr for K
5Kc is also given. A logarithmic increase ofDr with h is
observed, i.e.,

Dr; ln h. ~5!

This logarithmic behavior can be found in data o
La12xCaxMnO3, La12xMgxMnO3, and Pr12xSrxMnO3
compounds8,20 ~Fig. 5!. The predicted logarithmic behavio
~straight lines! seems to hold quite well for moderate to hig
magnetic fields. It is true that one should distinguish betwe
low-field, moderate, and high-field CMR.21 At lower field
values ~e.g., H,0.2 T) inhomogeneities play a relevan
role,8,21 an effect outside the present investigation.

In addition, since CMR can be seen as related to a seco
order critical phenomenon, it should be possible to desc
CMR with the help of scaling arguments.

For h50, the time for an electron to cross the system
sizeL is approximately given by

t5L1
L

j (
i 51

1`

@12exp~2gj!# i , for j,L, ~6!

where j is the characteristic size of the clusters and@1
2exp(2gs)#i is the probability that the electron remain

FIG. 3. MagnetoresistanceDr as a function ofK.

FIG. 4. Semilog plot of the evolution of the maximum of th
magnetoresistanceDr as well asDr for K5Kc as a function of the
magnetic fieldh.
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blocked i successive times on a magnetic wall before be
transmitted to the next site. Using the Drude formula, o
has

r511
1

j ln@12exp~2gj!#
. ~7!

The above relationship neglects the correlations betw
wall fluctuations. Nevertheless, the form of Eq.~8! explains
the finite size effects~Fig. 2!, to be seen whenj'L and for
small L values. Close to the ferroparamagnetic transiti
one can develop Eq.~8! and obtain

r;exp~j!'expS 1

uK2Kcu
D . ~8!

The wall fluctuation correlations being in fact negligible f
away from Kc , the above exponential scaling behavi

FIG. 5. Semilog plot of the evolution of the magnetoresistan
Dr as a function of the magnetic field for various compoun
La12xCaxMnO3 from Ref. 8, La12xMgxMnO3 from Ref. 8, and
Pr12xSrxMnO3 from Ref. 20. The magnetoresistance is taken n
Tc . In all cases, the logarithmic behavior~straight line! predicted
by the model@Eq. ~6!# is clearly observed to hold over more tha
one decade of magnetic-field values.
o
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seems to be correct on both sides ofKc . A quantitative com-
parison to available data is not immediate at low fieldH
,300 mT) since grain boundary background is very mu
field dependent there. In such a regime because of inhe
inhomogeneity of~usually small! grains, theDr(h) depen-
dence is indeed to be known as nonuniversal.22

In the case of largeh values, it has been argue
elsewhere23 that the in-plane correlation lengthj near Kc
scales as

j;h2n/~bd!, ~9!

whereb51/8 andd515 for thed52 Ising model whence
the Dr; ln h behavior should not be expected. Introduci
the latter scaling relation in Eq.~9! leads to a stretched ex
ponential, a law that qualitatively implies some apparent p
allelism of Dr(h) decaying curves with an amplitude bein
temperature dependent. This feature can be understoo
resulting from the non-negligible far away fromKc cluster
fluctuations and from some drift due to the magnetic fieldh.

It may be recalled that an analogous treatment to o
occurred in the pioneer theoretical work of Fisher a
Langer24 using ad52 Ising model instead of a trued53
model for describing the experimental results on the resis
ity at ferromagnetic transitions. A divergence was predic
at Tc while experimentally an inflexion~only! was seen. This
paradoxical situation was found to be due to using a tw
dimensional rather than a three-dimensional Ising model.
tensions towards a better agreement tod53 cases should
follow the same generalizing lines5 in the future for our
CMR model.

ACKNOWLEDGMENTS

N.V. was financially supported by the FNRS. A gra
from FNRS/LOTTO allowed to perform specific numeric
work. M.A. acknowledges informal discussions with I. B
zovic, F. R. Bridges, J. Fontcuberta, Qi Li, R. B. Stinc
combe, M. S. Rzchowski, and H. Vincent.

e
:

r

s

*Author to whom correspondence should be addressed. Electr
address: nvandewalle@ulg.ac.be

1T. T. M. Palstra, A. P. Ramirez, S. W. Cheong, B. B. Zegaers
P. Schiffer, and J. Zaanene, Phys. Rev. B56, 5104~1997!.

2P. W. Anderson and H. Hasegawa, Phys. Rev.100, 675~1955!; P.
G. de Gennes,ibid. 118, 141 ~1960!.

3C. H. Booth, F. Bridges, G. H. Kwei, J. M. Lawrence, A. L
Cornelius, and J. J. Neumeir, Phys. Rev. Lett.80, 853 ~1998!.

4N. F. Mott, Proc. R. Soc. London, Ser. A153, 699 ~1936!; 156,
368 ~1936!.

5M. Ausloos, inMagnetic Phase Transitions, edited by M. Aus-
loos and R. J. Elliott~Springer, Berlin, 1983!, p. 99.

6J. Z. Liu, I. C. Chang, S. Irons, P. Klavins, R. N. Shelton,
Song, and S. R. Wasserman, Appl. Phys. Lett.66, 3218~1995!.

7M. S. Rzchowski~private communication!.
8J. O’Donnell, M. Onellion, M. S. Rzchowski, J. N. Eckstein, a

I. Bozovic, Phys. Rev. B55, 5873~1997!.
9J. Y. Gu, S. B. Ogale, M. Rajeswari, T. Venkatesan, R. Rame

V. Radmilovic, U. Dahmen, G. Thomas, and T. W. Noh, Ap
Phys. Lett.72, 1113~1998!.
nic

ki,

.

.

d

sh,
l.

10Qi Li, J. Zang, A. R. Bishop, and C. M. Soukoulis, Phys. Rev. B
56, 4541~1997!.

11J. N. Eckstein, I. Bozovic, J. O’Donnell, and M. S. Rzchowski,
Appl. Phys. Lett.69, 1312~1996!.

12J. F. Annet and J. R. Banavar, Phys. Rev. Lett.68, 2941~1992!;
A. J. Bray, Adv. Phys.43, 357 ~1994!.

13L. Onsager, Phys. Rev.65, 117 ~1944!.
14H. E. Stanley,Phase Transitions and Critical Phenomena~Clar-

endon, New York, 1971!.
15R. B. Stinchcombe, inPhase Transitions and Critical Phenom-

ena, edited by C. Domb and J. L. Lebowitz~Academic, London,
1983!, Vol. 7.

16M. Steslicka and S. Sengupta, Physica~Amsterdam! 54, 402
~1971!.

17E. Stoll and T. Schneider, Solid State Commun.11, 1327~1972!.
18P. J. M. Bastiaansen and H. J. F. Knops, J. Phys. Chem. Solid

59, 297 ~1998!.
19D. Stauffer and A. Aharony,Introduction to Percolation Theory

~Taylor & Francis, London, 1992!, 2nd printing.



J
e ys.

PRB 59 11 913KRONIG-PENNEY-ISING PICTURE OF COLOSSAL . . .
20P. H. Wagner, V. Metlushko, L. Trappeniers, A. Vantomme,
Vanacken, G. Kido, V. V. Moshchalkov, and Y. Bruynseraed
Phys. Rev. B55, 3699~1997!.

21J. Fontcuberta~private communication!.
.
,

22J. McManus-Driscoll~private communication!.
23R. B. Stinchcombe, G. Horwitz, F. Englert, and R. Brout, Ph

Rev.130, 155 ~1963!.
24M. E. Fisher and J. S. Langer, Phys. Rev. Lett.20, 665 ~1968!.


