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A qualitative explanation is offered for the unusually high value (by a factor of
nearly 1300) of the magnetoresistance which was recently discovered in

epitaxial La—Ca—Mn-O films. The effect is attributed to the existence of a
spatially nonuniform magnetic order in the samples, which leads to a percolation
metal—semiconductor transition. This interpretation is supported by results

found previously by the present authors in electrical, magnetic, and NMR
measurements on lanthanum manganites with similar properties. It is

argued that equally high values of the magneotresistance should be observed in a
wide range of compositions, in particular, in LayoNag ;Mn, _ Me O,
(Me=Re,Cu,Co), if these materials are prepared as single crystals or epitaxial
films. The magnetoresistance of these ceramics in weak fields (<1 kOe)

is higher than that of La—Ca-Mn-0O films. © 1994 American Institute of
Physics.

McCormack et al.! recently caused a sensation with their report of the observation
of a giant, isotropic, negative magnetoresistance in epitaxial La—Ca~Mn-O films. When
an external magnetic field H = 60 kOe is applied, the resistivity p changes by three
orders of magnitude p(H=0)=py=1270p(H)=1270py (the value Ap=py—py,
which is typical of this class, is a few tenths of pg). There are good prospects for
applications of this effect in microelectronics. McCormack et al.! wrote that the mecha-
nism responsible for this high magnetoresistance was unclear. In the present letter we
offer a qualitative explanation for the effect, based on experimental data from Ref. 1 and
also some of our own results from Refs. 2-5, which were studies of manganites of
various compositions.

We begin by listing the basic features of the experimental curves reported in Ref. 1:

(1) The temperature T, (~77 K) at which the anomalies were seen in py and py/py was
well below the Curie point T T¢~T,~200 K. In contrast, according to double-
exchange theory, which explains the ferromagnetism and electrical conductivity of
lanthanum manganites (Refs. 68, for example), the temperatures T and T, should
be the same: The ferromagnetic phase has a metallic conductivity, and the paramag-
netic phase a semiconducting conductivity.

(2) The temperature Tp depended on the heat treatment. After a sample was annealed in
oxygen at 900 °C, T, decreased from 110 K to 77 K.

(3) The height of the py/py peak also depended on the heat treatment. After this
annealing, the ratio p,/py increased from 110 to 1270.

(4) The temperature dependence of the magnetization M was very different from the
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M(T) curves characteristic of ferromagnets, particularly in the interval
T,<T<Tc.

All these features (aside from the high values of py/py, which will be discussed
below) have also been seen in our own exp¢=,1'imer1tsz’4’5 on LaggNay Mn, _ ,Me,0; (Me
=Re,Cu,Co) ceramics. In an effort to explain them, NMR apparatus was used to study
local fields set up at 1*°La nuclei by spin-polarized charge carriers executing a double
exchange.® It was concluded from the results of Ref. 3 that the separation of magnetic
phases predicted theoretically by Nagaev (Ref. 9, for example) occurs in the lanthanum
manganite compositions which were studied. In other words, in addition to the ferromag-
netic regions with a metallic conductivity, there are nonferromagnetic regions” in the
samples which have an activation-law conductivity. According to the data of Ref. 3, the
volume fraction of the latter regions increases with increasing 7. At a certain tempera-
ture, the highly conducting ferromagnetic regions may then disconnect from each other,
and at even higher temperatures the conductivity will be governed to a progressively
greater extent by the nonferromagnetic matrix. In terms of percolation theory (Ref. 10,
for example), the temperature T, corresponds to a percolation threshold. The application
of an external magnetic field H increases (if only slightly) the volume fraction of the
ferromagnetic phase, so an anomaly in py/py is also observed near the percolation
threshold. These comments explain item 1 in the list above.

It is also a simple matter to explain item 2 in terms of a separation of magnetic
phases. According to Ref. 9, this separation results from fluctuations of the acceptor
concentration. It is widely known (Ref. 11, for example) that the oxygen content in
lanthanum manganites varies with the heat treatment. Superstoichiometric oxygen is an
acceptor impurity, which gives rise to additional Mn** holes. A change in the spatial
distribution of acceptors during annealing obviously also affects the spatial nonunifor-
mity of the magnetic order and thus the temperature T, . The relationship between T, and
the heat-treatment conditions for lanthanum manganites was noted and studied in Ref. 12,
among other places.

The increase in py/py with decreasing T, mentioned in item 3 can be explained in
the following way. The temperature dependence of p in the paramagnetic phase is de-
scribed well by an activation law exp(AE/kT), where AE is the activation energy, and &
the Boltzmann constant. At T~ T~ 300 K, the resistivity of the paramagnetic phase is
~1072 Q-cm (Ref. 8, for example). The resistivity of the ferromagnetic metallic phase is
on the same order of magnitude. It is for this reason that the transition to a metallic
conductivity at T,~T¢ is not accompanied by a sharp increase® in p. We have exactly
the opposite situation at T,<7, because of (see the discussion above) the separation of
magnetic phases. The resistivity of the nonferromagnetic regions with an activation-law
conductivity increases exponentially upon cooling from T¢ to T,,, and the percolation
transition to a metallic conductivity should be accompanied by a change of several orders
of magnitude in p. The magnetoresistance should evidently increase by about the same
amount near T,. This conclusion finds qualitative support in the experimental data in
Ref. 1. We can also offer a (rather crude) quantitative estimate. According to Ref. 1, at
T,=110 K we have py/py=110, while at T,=77 K (after heat treatment) we have
po/pg=1270. From the p(T) curve in Ref. 1 we find AE~0.07 eV. Assuming that
py corresponds roughly to the resistivity of the metallic phase and has a weak tempera-
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FIG. 1. Magnetoresistance isotherms near T,. 1—Lagy
Nag;MnO; single crystal (290 K); 2—LajgNag ;Mng,
Cug,0; (77 K); 3— La-Ca-Mn-0O epitaxial film (77 K).

ture dependence, and also assuming that pg is determined primarily by the nonferromag-
netic phase, we find that the ratio of magnetoresistances at 7;=77 K and T,=110 K
LpolT1)/ pa(T1)1/[po(T2)/ py(T;)] should be on the order of po(T1)/po(T2)
=~ exp[AE(1/kT,—1/kT,)]~25. In the experiments of Ref. 1, this ratio was on the same
order of magnitude: ~12.

The occurrence of a spatially nonuniform order in the samples also explains the
unusual M(T) dependence mentioned in item 4. At T<T,, the relative size of the
ferromagnetic regions which contribute to the magnetization decreases, leading to a char-
acteristic bending of the M(T) curve. The measurements of Ref. 1 were carried out in a
fairly strong field (H= 10 kOe)—apparently strong enough to orient most of the ferro-
magnetic clusters. At T<T,, the value of M(T) thus remained high [ ~0.5M (0)].

The probable reason why the ceramic LaggNag Mny_,Me,O; samples which we
studied do not have high magnetoresistances in strong fields, although they do exhibit
features 1-4, is a large contribution of grain boundaries to p. This contribution does not
depend on the magnetic field. When p decreases markedly as a field H is applied, the
value of pg/py remains bounded. McCormack et al! themselves suggested that grain
boundaries play a governing role in the value of the magnetoresistance. They made the
case that size effects do not play any significant role in the observed giant magnetoresis-
tance. The contribution of grain boundaries to the resistance can explain the difference
between the magnetoresistance isotherms near T, which we found for ceramic samples
with T,<T and for single crystals with T,~T (some typical curves are shown in Fig.
1). We see that, while the Ap(H) dependence for the single crystals is approximately
linear, the isotherm for the ceramics at H>1 kOe has a slope change and exhibits a
tendency toward “saturation.” The magnetoresistance is observed to be much more
sensitive to a magnetic field at small values of H in the case of the ceramic. For conve-
nience in comparison, we also show in Fig. 1 part of a magnetoresistance isotherm for a
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La—-Ca—Mn-O film plotted from the data of Ref. 1. We see that the value of the mag-
netoresistance in weak fields (the case of primary interest for applications) for these
ceramics is in fact slightly higher than the “record” values reported in Ref. 1.

In summary, we can assert quite confidently that the magnetoresistance anomaly
near T,<T is associated with a percolation threshold for ferromagnetic regions, whose
volume fraction falls off with increasing 7. In this case the magnetoresistance
peak should be higher, the greater the difference between T¢ and T,. There is every
reason to believe that high values of the magnetoresistance will be observed in strong
fields (~60 kOe) in a wide class of substances with T,<T¢, in particular, in
LaggNay Mn; _,Me, O3 (Me=Re,Cu,Co), if these substances are prepared in the form of
single crystals or epitaxial films. Measurements of the magnetoresistance in weak fields
(<1 kOe) which we have already carried out yield values greater than those reported in
Ref. 1.

This study had financial support from the Russian Fund for Fundamental Research
(Grant 94-02-04713-a).

1 RTE

Probably paramagnetic in this case.
DAL T,~T,, the magnetoresistance is apparently dominated by carrier scattering by critical fluctuations of the
magnetization.
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