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Lattice Effects on the Magnetoresistance in Doped LaMnO3
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A detailed study of doped LaMnO; with fixed carrier concentration reveals a direct relationship
between the Curie temperature 7, and the average ionic radius of the La site (r,), which is varied
by substituting different rare earth ions for La. With decreasing (r4), magnetic order and significant
magnetoresistance occur at lower temperatures with increasing thermal hysteresis, and the magnitude of
the magnetoresistance increases dramatically. These results show that the notion of “double exchange”
must be generalized to include changes in the Mn-Mn electronic hopping parameter as a result of

changes in the Mn-O-Mn bond angle.

PACS numbers: 72.15.Gd, 75.30.Kz, 75.50.Cc

There is renewed interest in manganese perovskites due
to the magnetoresistance exhibited near the ferromagnetic
ordering of Mn spins, which is accompanied by a large
increase in electrical conductivity o [1-3]. An issue of
considerable importance, both for potential applications
and for microscopic understanding, is resolving what prin-
cipal factors determine the Curie temperature 7, and the
magnetoresistance. Several different studies have shown
that 7. and magnetoresistance are optimized when ~30%
of the Mn*3 is converted to Mn** (e.g., by substituting
divalent ions for La*3) [1,4]. Yet even for this “hole dop-
ing” range there are large variations in the observed T,
and in the magnitude of the reported magnetoresistance.
These discrepancies have been ascribed to chemical dis-
order, oxygen deficiencies, grain boundary effects, lattice
constant effects, etc.

The magnetic and electronic properties have tradition-
ally been examined within the framework of “double ex-
change,” which considers the magnetic coupling between
Mn*3 and Mn™* that results from the motion of an elec-
tron between the two partially filled d shells with strong
on-site Hund’s coupling [5,6]. Using a simplified double
exchange Hamiltonian, a recent calculation of the mag-
netic field dependent resistivity near the transition is found
to be inconsistent with experimental results, and the au-
thors propose that strong Jahn-Teller type electron-phonon
coupling plays an important role [7]. Experimentally, it
has been found that at a particularly tuned composition
(Lagg3Srp17MnO3), where T, and a trigonal to orthorhom-
bic transition temperature coincide, the structural phase
transition can be driven by an external magnetic field [8].
These results suggest that there is considerable coupling
between magnetism and the lattice in this system.

In the perovskite LaMnO;, the Mn ions occupy the B
site and are surrounded by oxygen octahedra, which share
corners to form a three-dimensional network, while the
La ions occupy the A site between these octahedra. In
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several perovskites, the overlap between B-site d orbitals
and oxygen p orbitals forms the electronically active
band, and this overlap can be strongly influenced by the
internal pressure generated by A-site substitution with
ions of different radii [9]. With this notion in mind we
have examined a series of samples in which the average
ionic radius of the A site (rs) is systematically varied
while keeping the Mn™*3/Mn™* ratio fixed at 7/3. We
find that for decreasing (rs), T. decreases and the size
of the magnetoresistance near 7. increases drastically.
The magnetic transition remains sharp and becomes
increasingly hysteretic in temperature with decreasing
(ra), indicating that this is a first order phase transition.
We find that the principal effect of decreasing (r4) is
to decrease the Mn-O-Mn bond angle, thereby reducing
the matrix element » which described electron hopping
between Mn sites. This response to a reduction of {r,),
characteristic of perovskites, gives the counterintuitive
result that b decreases as the Mn ions get closer to each
other. This is corroborated by the systematic decrease of
the high temperature conductivity and of 7.. We have
explored the temperature phase diagram as a function
of (ra) and have identified an apparent maximum 7. of
~365 K for hole carrier doping fixed at 30%.
Polycrystalline samples of the Ag7A(3MnO5 system (A
is a trivalent rare earth ion and A’ is a divalent alkali
earth ion) were prepared through conventional solid-
state reaction processing in air. Powder x-ray diffraction
showed clean single-phase patterns. The oxygen content
was found to be stable for various heat treatments
(annealing in 200 bars oxygen at 650 °C, quenching
from 1400 °C in air). Other studies on polycrystalline
materials prepared in the same way have examined
the oxygen content and found Pr(,Cag3MnO;95+001 by
chemical analysis, and La g;Ba(33MnO, g9 by iodometric
titration [10,11]. Resistivity p was measured using the
standard four probe technique, and magnetization was
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measured using a commercial magnetometer (Quantum
Design). The crystal structures of four of our samples
were refined from powder neutron data analyzed by the
Rietveld method. The data were collected with the D2B
diffractometer of the Laue-Langevin Institute in the high
intensity mode using a wavelength of 1.594 A.

In the top panel of Fig. 1, logp(T) is shown at O
and 5 T for 8 samples of Lag7—,Pr,Cay;MnO; for x =
0,0.175,0.35,0.525,0.6,0.7 and Lag7-, Y, Cao3MnOj; for

= 0.35 and 0.5. Since the ionic radius of La is greater
than that of Pr which is in turn greater than that of Y, (r4)
monotonically decreases in this series of samples while
the carrier concentration remains fixed. Decreasing (rs)
causes a decrease in 7, and an increase in the magnitude
of the drop in p at T.. Note that for x = 0.7, p appears
to be insulating to lowest temperatures, while in 5 T there
is a field-induced transition to metallic behavior, giving
rise to enormous magnetoresistance [12,13]. For y =
0.35 and 0.5, p is always insulating in both 0 and 5 T,
although for y = 0.35 there is a feature at ~60 K in 5 T
which seems consistent with the systematic trend in pst
with decreasing (rs). In the bottom panel of Fig. 1, the
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FIG. 1. Top panel: logp(T) in 0 and 5 T for a series of sam-

ples Lag7-,Pr,Ca3MnO; for x = 0,0.175,0.35,0.525,0.6,0.7
and Lag7-,Y,Cag3MnO; for y = 0.35and 0.5. Bot-
tom panel: Magnetoresistance (cooling data) for x =
0,0.175,0.35,0.525,0.6,0.7 specified as log(por — pst)/Pst»
with the maximum in por indicated by arrows.

magnetoresistance is specified as log(por — psT)/P5T
for data taken while cooling. The temperature for the
maximum magnetoresistance correlates well with the peak
in por (shown with arrows). With the reduction of (ra),
T. decreases monotonically and the magnitude of the
magnetoresistance is enhanced dramatically.

There are several observations that emerge from the
examination of p(7T) for varying (rn). With decreasing
(ra), p(T) is increasingly hysteretic in temperature in
both 0 and 5 T. Indeed, the transition in 5 T resembles
the transition in O T, simply shifted up in temperature
and somewhat broader. Another aspect of Fig. 1 is that
p(T) above the transition is virtually identical for all the
samples, the only difference being that the magnitude
slowly increases with decreasing (rs). This suggests
that the nature of charge transport in the nonmetallic
state above T, is the same, and the difference simply
reflects a reduction in b. In order to explore this idea,
p(300 K) as a function of (rs) is given in Fig. 2. ({ra)
is calculated from tabulated values [14].) p(300 K)
increases with decreasing (r,), with a sharp upturn near
the composition for which por remains insulating to
lowest temperatures. The inset to Fig. 2 displays the
close relationship between ¢ (300 K) and T [defined as
the maximum in d log(p)/dT], with {r,) as the implicit
parameter. This is just what one would expect from the
basic concept of double exchange: both T, and ¢ (300 K)
reflect real charge motion determined by the Mn-Mn
electron hopping rate.

The temperature dependent magnetization for these
samples is given in the top panel of Fig. 3 at 100 Oe
for both zero field cooled (ZFC) and field cooled (FC)
runs. All measurements displayed are warming curves,
although thermal hysteresis was also seen in the magne-
tization. The onset of ferromagnetism [Té” , defined as a
minimum in d(M/H)/dT] correlates well with T¢ seen
in O field for x = 0, 0.175, 0.35, 0.525, and 0.6. In the
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FIG. 2. p(300 K) in O T vs average ionic radius of the A site

(ra). Inset: T& [defined as the maximum in dlog(p)/dT] vs
(300 K) in O T.
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FIG. 3. Top panel: Temperature dependent magnetization
(warming curves), taken both zero field cooled (ZFC) and
field cooled (FC) at 100 Oe. Bottom panel: Temperature
dependence of 1/y taken ZFC (warming curves) at 2 T. Inset:
Magnetization curves taken at 5 K.

bottom panel of Fig. 3, 1/y as a function of temperature
is shown for measurements taken ZFC in 2 T. The main
result is a shift of 1/y to lower temperatures as (r4) de-
creases, indicating a decrease of the overall magnetic in-
teraction Jpg between the Mn moments.

Insight into the spin structure can be gained from mea-
surements of the magnetization as a function of the applied
field at 5 K (inset to Fig. 3). For x = 0, the response is
that of a ferromagnet with a saturated moment close to that
expected for the full Mn moment of ~4.3u5. However,
as (ra) decreases, there is a gradual trend toward reduced
magnetization, and there is no evidence of saturation up to
5.5 T. These phenomena can be interpreted as a gradual

TABLE 1.
the out-of-plane O, and the planar O,.

Selected structural parameters at room temperature.

canting of the moments with decreasing (r4). The com-
petition between double exchange ferromagnetism (FM)
and exchange antiferromagnetism (AF) in layered antifer-
romagnets can result in canted antiferromagnetism as well
as simple FM and AF [6]. Particularly the magnetiza-
tion for x = 0.7 is suggestive of an irreversible increase
in canting for fields higher than ~3 T.

The results discussed above indicate that the most
important parameter in determining 7, for a given carrier
concentration is (r4). A more general discussion of this
dependence on (r,) invokes the “tolerance factor,” a
geometrical quantity defined as t = (d4—0)/v/2(dmn—_0).
This factor ¢ is a simple characterization of the size
mismatch that occurs when the A-site ions are too small to
fill the space in the three-dimensional network of MnOg
octahedra. For a perfect size match (¢ = 1), the Mn-O-
Mn bond angle (8) would be 180°. For ¢ < 1, rather than
a simple contraction of bond distances, the octahedra tilt
and rotate to reduce the excess space around the A site,
resulting in @ < 180°. The apparent decrease in b with
decreasing (rs) (and therefore decreasing t) originates
from the decrease in €. This relationship between 6
and (r4) has been confirmed for our samples by powder
neutron diffraction at room temperature (see Table I).

To further elucidate the role of ¢ and to establish a gen-
eralized phase diagram, we have explored a larger region
of (ra) values by studying additional compounds, varying
the A and A’ ions while keeping the carrier concentration
fixed at 30% hole doping. Our results are given in the
phase diagram shown in Fig. 4. (¢ is calculated from tabu-
lated values [14].) Three principal regions are delineated:
a paramagnetic insulator, a ferromagnetic metal, and a fer-
romagnetic insulator. In this phase diagram there is an
apparent maximum in 7. which occurs around ¢ = 0.93,
an issue that is of interest for considering technological
applications. The slight decrease in 7, beyond ¢ = 0.93
may be related with the crossover from orthorhombic to
trigonal structure, or it may be due to the increased size
mismatch between the A and A’ ions.

The influence of r on magnetic properties is well estab-
lished for superexchange antiferromagnets such as AFeQO ;,
where A is a trivalent rare earth ion [15]. Analysis of this
system has shown that the Néel temperature is directly
proportional to cos’¢ (¢ is the Fe-O-Fe bond angle),

In the orthorhombic structure, there are two distinct oxygen sites:

A site Pry;Cags Lags25Pro.175Caos Lag;Sros Lag;Bag,sSro.2
Structure Orthorhombic Orthorhombic Trigonal Trigonal

AMn—Mn (A) 3.855 3.868 3.887 3.904
dvin -0, (A) 1.964 1.966 1.957 1.962
dMn_o2(A) 1.976, 1.967 1.979, 1.951
OMn -0, —Mn 156.5 158.4 166.3 168.5
OMn -0, —Mn 156.4 160.0

(ra) 1.179 1.199 1.244 1.273
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FIG. 4. Phase diagram of temperature vs tolerance factor for
the system A07Ap3MnO;, where A is a trivalent rare earth ion
and A’ is a divalent alkali earth ion. Open symbols denote T4
measured at 100 Oe. Closed symbols denote 7¢. Data taken
while warming.

consistent with the b? dependence of the superexchange
interaction. More recently, the connection between ¢ and
charge transport has been found in ANiO; [16]. By in-
creasing ¢ or temperature a first order insulator-metal tran-
sition occurs. This transition is accompanied by a slight
(~0.2%) reduction in unit cell volume, which appears to
cause a sudden increase in the one-electron bandwidth.
This points to an important aspect of the manganese per-
ovskites that has not yet been considered: the change of »
as a result of magnetic order. From the temperature hys-
teresis in p evident in Fig. 1, the transition at T, appears
to be first order, and involves a switching from a generic
nonmetallic state to a metallic state, reminiscent of the
transition in ANiO;. Critical point calculations around a
ferromagnetic transition for fixed J predict a much slower,
smooth second order transition, completely incompatible
with our results [17]. However, an abrupt increase in b at
the first order transition would result in an abrupt increase
in Jpg, consistent with what is observed.

The current study, together with previous results, shows
that any realistic theoretical treatment must allow for
variations in b as a result of changes in ¢, thermal ex-
pansion, structural changes, etc. In a general sense the
transition at 7. involves not only magnetic ordering, but
also a metal-insulator transition. A key problem with sim-
plified double exchange calculations is the failure to de-

scribe the large change in electron scattering observed near
T. by just spin scattering at a second order ferromag-
netic transition. The metal-insulator transition in ANiO;
for a similar range of 7 suggests that the phase diagram
of Fig. 4 is determined by an intrinsic electronic metal-
insulator transition due to changes in b, independent of
the double exchange interaction.

In summary, the present study of a range of manganese
perovskites with fixed hole concentration has connected
a reduction of 7. and an increase in magnetoresistance
with a decrease in the microstructural Mn-O-Mn bond
angle. While the notion of double exchange describes an
important aspect of the magnetoresistance near 7., these
results demonstrate the need to consider changes in the
electronic hopping element b as a result of changes in
the lattice. This study in bulk materials, in conjunction
with studies as a function of carrier concentration, is an
appropriate starting ground for understanding the wide
range of magnetic effects observed in thin films.
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