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The crystal structure of thermal expansion and the elastic properties of manganites with
perovskite structure were investigated. It is shown that antiferrodistortional ordering of d,:
orbitals occurs in AMnO; (A-La, Pr, Nd, Tb). The transition into the orbitally disordered phase
is a first-order transition with a large temperature interval of coexistence of the phases and with
temperature hysteresis. The crystal-structural phases diagram of La, _ , Ca, MnO, is
constructed. The dynamic and static magnetic properties of La, _ , Ca, MnO, were investigated.
The magnetic phase diagram was constructed. The experimental facts indicate that the
antiferromagnet—ferromagnet concentration transition occurs through a mixed two-phase state.
The magnetic transformations result from transformations of the crystal structure. The regions in
the 7-x plane where the conductivity decreases with increasing temperature, as happens in
metals, were determined from investigations of the electric properties. Mechanisms are proposed

for the transitions. Arguments are presented in support of the fact that the magnetic properties
are governed by superexchange via anions and not exchange interactions via carriers, as is

suggested in a number of works.

1.INTRODUCTION

Antiferromagnet—ferromagnet and insulator-metal
transitions have been observed in the orthomanganites
Laj* C2* (Mn}t Mn**)0,(C-Ca’*Pb>*Ba®*) for
x>0.2 with perovskite structure.' It was observed that as the
temperature increases the ferromagnet—paramagnet transi-
tion is accompanied by a transition from metallic to activat-
ed conductivity.” In Ref. 3 it is shown that the transition
temperatures may be different. In order to explain the rea-
sons for the transitions Zener introduced a special form of
the exchange interactions via carriers—double exchange.*
De Gennes® developed the theory of double exchange and
predicted that a noncollinear magnetic structure forms at
intermediate concentrations between the antiferromagnetic
and ferromagnetic states. The neutron diffraction data®’ can
be interpreted both as realization of a noncollinear magnetic
structure and assuming a mixed two-phase state. Measure-
ments in strong magnetic fields were interpreted in favor of
the existence of a noncollinear magnetic structure.® In Ref. 9
it is suggested that ferrons are formed in the intermediate
region. In the last few years there have appeared articles in
which the properties of orthomanganites are explained on
the basis of the RKKY theory.? In Refs. 10 and 11, however,
doubts were cast on the existence of strong exchange interac-
tion via charge carriers.

Goodenough'? has suggested that ferromagnetism is
governed not only by strong double exchange but also by the
specific nature of the exchange interactions in the system of
Jahn-Teller ions Mn**. He proposed that the orbital config-
uration of the 3d electrons in the case when the static Jahn-
Teller distortions are removed is determined by the position
of the nuclei of the ions (Goodenough’s quasistatic hypothe-
sis). In this case dynamic enhancement of the ferromagnetic
part of the exchange interactions occurs. In Ref. 13 it was
observed that the magnetic properties are correlated with
the unit-cell parameters. Havinga presents arguments in fa-
vor of the fact that the sign of the exchange interactions is
determined by the magnitude of the Mn—-O-Mn angle.'*

There is no general agreement concerning the changes
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brought about in the crystal structure as a result of orbital
ordering. Goodenough proposed that the ground stateis @ .,
while in Refs. 15 and 16 it is asserted that the ground state is
d _ - Xeray crystallographic studies of LaMnO; indicate
that the removal of the static Jahn-Teller distortions is a
first-order phase transition, while dilatometric investiga-
tions did not show any jump in the length of the sample.'?

In the present work a comprehensive investigation was
made of the crystal structure and the magnetic and electric
properties of orthomanganites in order to explain the rea-
sons for the phase transformations. The data obtained by
different methods of measurement of the properties and syn-
thesis of the samples are analyzed.

2. EXPERIMENTAL PROCEDURE

The method of preparation and the crystal-structural
characteristics of the La, _ , Ca, MnO, samples, which are
stoichiometric with respect to oxygen, are described in Ref.
17. The conditions of synthesis and the parameters of the
crystal  structure of nonstoichiometric  samples
Laj* Ca’*Mn**0,_,, are presented in Ref. 18. Samples
of RMnO; (R ranges from Pr to Dy) were prepared by
quenching in air. In the cases R-Y, Ho, Tm, and Yb synthe-
sis was conducted under high pressure. The unit-cell param-
eters of this series of samples were identical to the values
obtained in Refs. 16 and 18.

X-ray structural analysis was performed on a DRON-3
diffractometer in Fe K, radiation in the temperature inter-
val from 100 to 1300 K. The O’ and O orthorhombic phases
were separated by the method described in Ref. 15. Young’s
modulus was measured by the resonance method on cylin-
drical samples 70 mm long and 7 mm in diameter at tempera-
tures 110-600 K. A mechanical dilatometer was employed
to measure the thermal expansion. Samples at least 30 mm
long were employed to reduce the measurement error.

The dynamic magnetic susceptibility was measured
with a mutual inductance/bridge. The amplitude of the field
was equal to 200 A/m and the frequency was equal to 1000
Hz. The magnetization was measured with a vibration mag-
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netometer. The relative error of measurement did not exceed
2%.

The electric conductivity was measured by the four-
contact method. Indium-gallium eutectic or silver paste,
which was fired on at 800 K, was employed for forming the
contacts. The measurements were performed on well-sin-
tered samples with a density of not less than 90% and with
no macrocracks.

3.EXPERIMENTAL RESULTS AND DISCUSSION
3.1.Orbital ordering

In the literature there is no general agreement concern-
ing orbital ordering in orthomanganites. To determine
which orbital, d.. or d,. _ ., is stabilized as a result of the
Jahn-Teller effect, the Mn—O bond lengths in MnOg octahe-
dra must be compared.'” The coordinates of the ions in
AMnO; (4 = La,Pr,Nd,Tb) were determined in Ref. 18 by
neutron-diffraction investigations. On the basis of the data
obtained in Ref. 18 we calculated the distances between the
ions in the MnOg octahedra (Table I). We found that in all
compounds listed above two of the Mn—O bond lengths are
significantly longer than the other four. This means that the
d , orbital is stabilized. In the case when the d , _ ,2 18 stabi-

lized, four of the Mn—O bond lengths should be longer than
the other two, since the lobes of the d,. . orbitals are di-
rected toward the four anions and the occupied orbital will
repel them.

In Ref. 16 it was asserted, on the basis of analysis of the
magnetic properties, that in YMnO, the d,. _ » orbital is
stabilized. Unfortunately, there are no published data on the
coordinates of ions in orthomanganates with heavy rare-
earth ions (except A-Tb). We constructed the dependence
of the unit-cell parameters of orthomanganates on the radius
of the rare-earth ion Y. We found that as the radius of the 4
cation decreases the cell parameters decrease monotonical-
ly. In the case of a transition from ordering of d,. orbitals to
ordering of d,. _ ,» orbitalsit is difficult to explain this behav-
ior.

Analysis of the distances between ions in different di-
rections shows that in orthomanganates antiferrodistor-
tional ordering of d,. orbitals is realized, as was first pro-

posed by Goodenough,'? on the basis of indirect data.

3.2. Removal of Jahn-Teller static distortions

According to the theory, in the case of antiferrodistor-
tional ordering a phase transition into the orbitally disor-
dered phase can be expected to occur as the temperature
decreases.'® The transition must be of second order, but as
noted in Ref. 19 the transition is of first order in the case of
strong anisotropy.

Data on the transition into the orbitally disordered
phase in LaMnO; are inconsistent.'> For this reason, we in-
vestigated the rare-earth manganites. The NdMnO; o5 sam-

TABLE I. Mn-O bond lengths in the orthomanganites AMnO;.

Compound ., nm m, nm s, nm
LaMnO; 0,2167 0,1959 0,1905
PrMnO;, 0,2172 0,1949 0,1922
NdMnO, 0,2230 0,1931 0,1920
TbMnO; 0,2251 0,1925 0,1890
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FIG. 1. Relative change in the length of a NdMnO; s specimen as a
function of the temperature.

pleis characterized by an O ' orthorhombic unit cell. Accord-
ing to Goodenough, O’ distortions are caused by orbital
ordering. The unit-cell parameters a, b, and c are related as
¢J2 <a<bin the O' phase and a < ¢\/2 < b in the O phase.
Investigations of this sample by DTA and DTG methods in
the temperature interval 300-1300 K did not reveal any
sharp anomalies. However, dilatometric investigations
showed that with increasing temperature the thermal expan-
sion coefficient is negative in a significant temperature inter-
val (Fig. 1). X-ray diffraction investigations in this tempera-
ture interval revealed that the O’ and O phases coexist. As
the temperature increases the O phase gradually displaces
the O’ phase. At a fixed temperature the relative content of
both phases is independent of time; this is typical of marten-
site transformations. The transformation is accompanied by
significant temperature hysteresis, reaching 100 K. The
characteristic temperature at the end of the transformation
is equal to 1150 K for NdMnO,, 1220 K for SmMnO;, and
above 1300 K for GdMnO;. As the radius of the rare-earth
ion decreases the transformation temperature increases.
This probably happens because of an increase in the “seed”
distortions of the MnOg octahedron as a result of the size
effect.

In the case when the cooperative Jahn—Teller distortion
of the lattice is removed, the following situations can be real-
ized.

1. Static Jahn-Teller distortions of the octahedron re-
main, but there is no long-range order of the orbitals (Jahn-
Teller glass).

2. Resonance coupling arises between d,. _ - and 4.
states. Occupation of a definite state is determined by the
vibrations of the anions. In this case dynamic correlation
with occupation of states in the nearest octahedra is possible.

3. Resonance between the d,. _ - and d,. states exists,
but the occupation of the orbitals is not correlated with the
vibrations of the anions.

Infrared spectroscopy can yield definite information
about the realization of these situations. This method is sen-
sitive to short-range order. When the cooperative Jahn-Tell-
er distortions are removed in the system La, _ . Ca, MnO; in
which the manganese ions have mixed valence, absorption of
light by free carriers increases sharply, which makes it diffi-
cult to analyze the IR spectra. For this reason, this investiga-
tion was performed on the anion-deficient insulators
La, _,Ca,MnO;_,,,, in which the O’ distortions are re-
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FIG. 2. IR absorption spectra of LaMnO; (1), Lay,Cay,MnO, (2),
and La,; Ca, ;MnO; (3).

moved for x> 0.2. The high-frequency absorption (v>500
cm™ ') is caused by vibrations within the MnO, octahedra.?®
In LaMnO, vibrational modes can be identified at the fre-
quencies 510, 545, 590, and 630 cm ™' (Fig. 2). These modes
correspond to vibrations of the Mn—O bonds. Vibrational
modes below 500 cm ™! are more complicated: Mn-O as well
as La—O vibrations participate in them. The peak at 440
cm™! apparently consists of several unresolved vibrational
modes. In nonstoichiometric manganite the width of the
high-frequency modes decreased sharply (Fig. 2). It is natu-
ral to attribute the decrease in the width of the vibrational
modes to the decrease in the magnitude of the distortions of
the MnOg octahedra. LaMnO; is strongly O '-orthorhombi-
cally distorted, while nonstoichiometric manganite has very
small O-orthorhombic distortions. We believe that the re-
sults of IR spectroscopy show that the electron transition
frequency between different orbital states in nonstoichiome-
tric manganite is higher than the optical-phonon frequency.
In perovskite in which the manganese ions have mixed va-
lence, the vibrational modes are screened by absorption by
charge carriers.

3.3. Crystal-structural phase diagram

We constructed the crystal-structure phase diagram of
the system La, _ ,Ca, MnO; (Fig. 3) on the basis of x-ray
investigations of the crystal structure, elastic properties, and
thermal expansion. The phase diagram of this system is very
similar to the crystal structure phase diagram of the
LaMnO, . , system, first constructed in Ref. 15.

X-ray crystallographic analysis revealed with Ca con-
centrations up to x = 0.15 a wide interval in which the O ‘and
Ophases coexist. This is indicated by the fact that the (220)
and (040) reflections from both phases are recorded simul-
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FIG. 3. Crystal-structure phase diagram of the system La, _, Ca, MnO,.
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taneously. Previous investigations of the system
LaMnO; , , yielded analogous results.'” In the region of co-
existence of the phases the temperature dependence of
Young’s modulus is characterized by a strongly diffuse mini-
mum. An anomaly appears on the dilatometric curves, and
the thermal expansion coefficient becomes negative. A wide
temperature interval of coexistence of phases is often ob-
served with martensitic transformations, which occur with
high activation energy in stress fields generated by different
properties of both phases.

When the calcium ion concentration reaches x = 0.4
another crystal-structural transformation is observed some-
what below room temperature. This transformation is re-
corded according to the splitting of the (020) and (112)
diffraction reflections and the appearance of a minimum in
the temperature dependence of Young’s modulus. The unit-
cell parameters of the low-temperature phase are related as
eJ2 > a~b, as against cy2 ~a~b in the high-temperature
phase. Such a transformation was investigated in detail pre-
viously in the system Pr, _, Ca,MnO,.?! The temperature
of this transformation is approximately the same in x = 0.4
and x = 0.5 samples. However the anomaly of Young’s mod-
ulus in the x = 0.5 sample is more pronounced and less dif-
fuse as a function of the temperature than in the case x = 0.4.
In the x = 0.4 sample the profiles of some reflections become
asymmetric as the temperature decreases below critical. For
this reason, we assumed that in the x = 0.4 sample a nonuni-
form state consisting of domains of the quasitetragonal (eV2
~a < b) and quasicubic (¢J2 =a~b) domains is realized at
low temperatures. As in Ref. 21, we assume that the quasite-
tragonal phase results from ordering of heterovalent manga-
nese ions and d,: orbitals of the Mn** ions.

3.4. Magnetic properties

The La, _, Ca, MnO, samples can be grouped into four
concentration intervals on the basis of their magnetic prop-
erties. Samples from the interval x <0.10 are characterized
by the presence of a single maximum in the temperature de-
pendences of the imaginary y” (T) and real y'(T) parts of
the differential magnetic susceptibility. In the case of heat-
ing in weak magnetic fields, a maximum is observed in the
temperature dependences o(T) (Fig. 4); after cooling in a
field this maximum is not present (Fig. 5). Magnetization
saturation was not observed in fields up to 1.6 mA/m. The
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FIG. 4. Temperature dependence of the magnetization of
La, _,Ca,MnOs; in a field H = 1.6-10° A/m after cooling in zero field
(H=0).
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FIG. 5. o(T) for La, _ ,Ca,MnO,. The temperature dependence was
obtained in the field H = 1.6-10°> A/m after cooling in this field.

coercive force in LaMnO; at 7= 77 K reaches a very high
value of 2:10° A/m. After cooling in a magnetic field the
hysteresis loop shifts relative to the origin of coordinates. As
the calcium content increases the magnetication increases
rapidly and the coercive force decreases. The residual mag-
netization relaxes logarithmically.

Two peaks in the y" (T) curve and an anomaly at low
temperatures in y'(7T) were observed for samples with
0.10<x<0.20 (Fig. 6). The low-temperature anomaly is
present in the o( T) curve in the heating regime and is absent
after cooling in a field (Figs. 4 and 5). Increasing the mag-
netic field smoothes the anomaly. The field dependence of
the magnetization is characterized by a strong para-process.
The magnetic moment per formula unit is smaller than un-
der conditions of ferromagnetic ordering of the magnetic
moments of the manganese ions, but as the calcium content
increases it gradually approaches the theoretical value for
ferromagnetism. The following curious fact should be noted:
The temperatures of the magnetic transformations change
very little as the calcium content increases. In samples with
x=0.15 and x =0.175 quite high residual magnetization
was recorded right up to a temperature of 250 K; this could
be due to inhomogeneity.

The ‘magnetic properties in the interval 0.2 < x <0.35
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FIG. 6. Temperature dependence of y' and y” for the sample
Lag 575 Cag 125 MnO,;.
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are typical for homogeneous ferromagnets. The magnetic
moment reaches the value 3.3u 5, which indicates ferromag-
netism. Low-temperature anomalies were not observed in
the temperature dependences y (7T") and o(T). The coercive
force is small: about 10* A/m.

In samples with x > 0.3 the specific magnetization de-
creases sharply with increasing calcium content. A maxi-
mum appears in the curves y(7) and o(T) in weak fields.
The temperatures of the maxima are approximately the same
in samples with x = 0.4 and x = 0.5. The residual magneti-
zation remains significant up to a temperature close to 7. in
samples belonging to the preceding interval.

3.5. Magnetic phase diagram

Figure 7 shows values of the critical temperatures of the
magnetic phase transformations in the system
La, _,Ca,MnO;. We believe that samples in the interval up
to x <0.10 are antiferromagnets with inclusions of ferro-
magnetic clusters. This assumption is confirmed not only by
the magnetic properties, but also by the neutron-diffraction
data. According to Ref. 6, coherent magnetic scattering of
neutrons is caused by antiferromagnetic 4 ordering.

Most investigators assume that in the interval
0.10 < x <0.20 the structure is uniform and noncollinear.
We believe that in this interval a mixed state, consisting of
antiferromagnetic and ferromagnetic phases, is realized.
The neutron-diffraction data can be interpreted in several
ways.%’ However the first model contradicts the facts that
the line of the low-temperature phase transformations in the
region 0.1 <x < 0.2 is a continuation of the line into the re-
gion x < 0.1 and that the samples exhibit properties charac-
teristic of spin glasses. In the case of the transition noncollin-
ear-collinear magnet the transformation temperature should
depend sharply on the composition,® and this was not ob-
served.

Matsumoto®? observed, in an NMR investigation of
magnetic phase transformations in La, _ , Ca,MnO; with
x>0.15. signals from both separate Mn** and Mn** ions
and from a phase with intermediate valence in which the
Mn** and Mn** ions are indistinguishable because of rapid
electronic exchange. The frequencies of the signals are virtu-
ally independent of the composition. According to our inves-
tigations, the transition into a new phase is accompanied by a
jump of the Curie temperature. On the phase diagram the

0 o1 gz 03 0% 05 06
z,ta

FIG. 7. Magnetic phase diagram of La, _ , Ca, MnO;: A—antiferromag-
netic phase with A-type magnetic ordering; 4 ‘—phase with FE-type or-
dering; ®—ferromagnetic dielectric phase; and, ®'—phase with interme-
diate valence of manganese ions.
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ferromagnetic dielectric phase is denoted as ® while the fer-
romagnetic phase with intermediate valence of maganese
ions is denoted as ®'. The @’ phase gradually displaces the $
phase, and in the interval up to x = 0.4 the ferromagnetic
phase with intermediate valence is mainly present.

In samples with x > 0.4 neutron-diffraction studies re-
vealed an antiferromagnetic phase of the FE type.® For the
critical ordering temperature of this phase we adopted the
maximum in the temperature dependence of the magnetic
susceptibility. As in the case of preceding transformations,
the A4 ' phase gradually displaces the @' phase; this is typical
of first-order phase transitions.

Phase stratification was observed in a number of oxide
systems. In many cases phase stratification occurs at very
low temperatures (even below room temperature, as in
La,Cu0O, . s), when diffusion processes are very slow. For
this reason, the phase-separation mechanism is controver-
sial. In most cases, it is conjectured that separation occurs by
the mechanism of spinodal decomposition of solid solutions.
In the case of the system La, _ , Ca, MnO, the parameters of
the O’ orthorhombic unit cell change significantly on substi-
tution with Ca. The temperature of the O '-O transition de-
creases. However the temperatures of the magnetic phase
transformations in the corresponding phase are virtually in-
dependent of the concentration. It is possible that the O -0
transition is not purely martensitic and is accompanied by
definite diffusion processes, as a result of which the chemical
composition of the magnetic phases remains constant.

3.6. Electric properties

For the system La, _ , Ca, MnO, there are two regions
in the T-x plane where the conductivity decreases with in-
creasing temperature, as in the case of metals. We investigat-
ed the electric conductivity, and as a result of our investiga-
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FIG. 8. Temperature dependences of the electric resistance of the solid
solutions La, _ . Ca, MnO,.
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FIG. 9. Change in the electric properties in the system La, _ , Ca, MnOj:
M—temperature and Ca-density ranges where the electric conductivity
decreases with increasing temperature, as in the case of metals; D—tem-
perature and Ca-density ranges where the electric conductivity increases
with increasing temperature, as in the case of semiconductors.

tions we determined the boundaries of the 7—x regions (Fig.
8 and Fig. 9).

The basic features of the transition in the interval
0.15 < x < 0.4 are the following.

1. The resistivity at T = 4.2 K ranges from 1 to 1073
Q-cm. The values 1072 )-cm were obtained only for single
crystals.??

2. Electric conductivity remains above the transition
temperature, as in the case of semiconductors, with activa-
tion energy 0.06-0.14 eV, right up to temperatures of the
order of 1000 K. As the temperature decreased to 4.2 K the
sample with x = 0.3 did not revert to semiconductor con-
ductivity.

3. The transition to activated conductivity usually coin-
cides with the ferromagnet-paramagnet transition, but this
may not occur at the periphery of the 7—x region.

4. We did not observe a jump in the electric conductivity
at the transition. A jump was likewise not observed for single
crystals.”?> However Japanese investigators observed a jump
in the electric conductivity by a factor of three in investiga-
tions of a very high-quality ceramic sample, prepared by the
coprecipitation method.?

5. Attempts to measure the Hall effect in a wide range of
temperatures and Ca concentrations were unsuccessful, pos-
sibly because of the low carrier mobility. The thermo-emf is
positive, and at the transition into the high-temperature
phase it increases sharply and gradually decreases with in-
creasing temperature. In Ref. 23 a jump in the thermo-emf
was observed.

It is extremely difficult to analyze the experimental data
because of the large number of crystal-structural and mag-
netic phase transformations. However we can give a number
of well-substantiated conclusions.

The conductivity 10 <0 < 10* Q~'-cm ' is too low for
normal metals. These values are close to the minimum me-
tallic conductivity for 3d oxides.>* The low charge-carrier
mobility indicates a narrow conduction band.

The compounds Laj}* Ca2*Mn**0, _,, are dielec-
trics whose crystal-structural parameters and magnetic-
transformation temperatures are close to those of the system
in which the manganese ions have a mixed valence.'' For
this reason, in the latter system conductivity should appear
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in the impurity band, most likely formed by impurity centers
of the type Ca>* + Mn**. The strong electron-phonon in-
teraction narrows the band. According to Mott,** a concen-
tration transition to metallic conductivity in doped systems
occurs when two Hubbard bands, formed by the states
Ca’* 4+ Mn** and Ca + 2Mn*™, start to overlap, and the
conduction band should be wide enough so that Anderson
localization of charge carriers could not occur. For perovs-
kites the transition usually occurs at x =0.2. Such a transi-
tion was investigated in detail in La, _ , Ca, VO,.?> However
the impurity band is narrower in manganites than in vana-
dites. This is because the zone is formed by e, orbitals and
not t,, orbitals, as in chromites and vanadites. Another im-
portant difference in the insulator-metal transition in man-
ganites is that the metallic phase is ferromagnetic, while in
other perovskites it is antiferromagnetic or paramagnetic.
According to Ref. 23, above 7. local magnetic order re-
mains in manganites right up to temperatures of ~2.57.
We believe that at 7, magnetic disorder results in localiza-
tion of states near the Fermi energy. This should be accom-
panied by a very small jump in the conductivity. Using the
Mott—Anderson terminology,** the high-temperature phase
in the proposed phase is a Fermi glass.

3.7.Exchange interactions

We believe that the transition to ferromagnetic order-
ing cannot be governed by inirect exchange interaction via
the carriers. This assertion is supported by the following
facts.

1. The transition temperature 7, is approximately the
same in the insulators La, _, Ca,MnO; _ ,,, and conduct-
ing perovskites La, _  Ca,MnO;.""

2. The phase diagram of the system La; _, Ca, MnO; is
substantially different from the diagram calculated on the
basis of the “double exchange” model.

3. The transition to metallic conductivity in other sys-
tems of complicated oxides with perovskite structure is not
accompanied by the appearance of ferromagnetism.

It should be noted that in many systems of doped oxides
and chalcogenides the effect of charge carriers on the change
in the Curie temperature is not obvious. In EuO it proved
possible to increase T, from 68 to 160 K without changing
the electric conductivity.?® The magnetic properties of
La, _,Sr,CoO; and CuCr,Se, can be understood without
appealing to the theory of double exchange.?’

It follows from phase diagrams of manganites (Figs. 3
and 7) that the magnetic two-phase nature is closely asso-
ciated with the crystal structure. The ferromagnetic phase is
only O-orthorhombic, while the orbital and electronic order-
ing result in antiferromagnetism.

In the orbitally disordered phase the ferromagnetic part
of the exchange will be determined by electronic excitations
from the half-filled e, orbital of the Mn>* ion into an unoc-
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cupied orbital and is proportional to'?
J~b*V/IU?.

where b is the electron transfer integral, V' is the intra-atom-
ic energy splitting of states with different spin, and U is the
energy necessary for placing an electron into an unoccupied
orbital.

The antiferromagnetic part is determined by transitions
between half-filled orbitals and is proportional to'?

I~/ (U+V).

In the case of a relatively wide 3d band (small values of
U) the ferromagnetic part of the exchange can predominate.
Large values of the quasicubic cell parameter and the angle
Mn-O-Mn (criteria for ferromagnetism, according to Wa-
tanabe'® and Havinga'*) correspond to this case. Gooden-
ough proposed that correlations in the filling of orbitals of
neighboring ions should enhance ferromagnetic exchange.
Our IR-spectroscopic data for manganites are consistent
with this hypothesis.
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