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Double-exchange ferromagnetism in La„Mn 12xCo x…O3
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We have investigated the appearance of ferromagnetism in a mixture of nonferromagnets LaMnO3 and
LaCoO3, without heterovalent ion substitution in La sites. LaMn0.85Co0.15O3 and La0.7Sr0.3Mn0.8Co0.2O3 are
studied by using x-ray-absorption and resonant photoemission spectroscopies. The results show that the dopant
Co in LaMn12xCoxO3 becomes divalent rather than expected trivalent and induces Mn31-Mn41 mixed va-
lence states. Therefore, at variance with the earlier proposal of a structure-induced Mn31-Mn31 ferromagnetic
coupling, the ferromagnetic state in LaMn12xCoxO3 is consistent with the Mn31-Mn41 double-exchange
mechanism.@S0163-1829~97!07917-4#
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Transition-metal perovskites have been known to exh
varieties of electrical properties, from a large-gap insulato
a metal, and of magnetic properties such as paramagne
ferromagnetism, antiferromagnetism, and diamagnetis1

The perovskite has a typical formulaBMO3 in which B is
either a rare earth such as La, Pr, etc., or an alkali metal s
as Ca, Sr, etc. andM is 3d transition metal. The valence o
the transition metal becomes either trivalent,M31, or tet-
ravalent,M41 depending on theB ion being trivalent rare
earth or divalent alkali metal, respectively. With partial su
stitution of rare earth with alkali metal, the system becom
M31-M41 mixed valent, and their relative content can al
be controlled by the substitution amount.

Recently, doped manganese perovskites have attra
much renewed attention due to the recent discovery of co
sal magnetoresistance~CMR!.2 The doped manganese pero
skite, which is mixed-valent system with Mn31-Mn41, ex-
hibits a paramagnetic to ferromagnetic transiti
accompanied by a large decrease of resistivity upon cooli3

This large change in the resistivity has been found to
associated with a metal-insulator transition in recent pho
emission studies.4 The ferromagnetic ground state has be
understood by the Mn31-O22-Mn41 double-exchange
mechanism,5 in which mobile Mn 3d electrons hop easily in
the circumstance of ferromagnetic alignment of the man
nese spins where the hopping avoids the strong Hund’s-
exchange energy.

A mixed-perovskite system LaMn12xCoxO3 has been the
subject of crystallographic and magnetic studies.6,7 LaCoO3
is a diamagnetic insulator with low-spin-state Co31 (3d6,
S50) and displays a gradual low-spin to high-spin transit
in a wide temperature range,8 while LaMnO3, which has an
orthorhombic crystal structure, is an antiferromagnetic in
lator with high-spin Mn31 (3d4, spinS52) state and exhib-
its a severe Jahn-Teller lattice distortion which disappe
around 700 K. Upon Co doping, the crystal structure
comes a rhombohedral structure, with a severe change in
structural distortion, and the ground state becomes a fe
magnetic state. The saturated ferromagnetic moment rap
increases with the increase of Co concentration unti
550163-1829/97/55~17!/11072~4!/$10.00
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reaches the maximum moment,;3.5mB , at x'0.15, and
then the moment decreases almost linearly withx for further
Co concentration up tox;0.8 in which the moment start
disappearing.6,7 This behavior of the saturated magnetic m
ment has been attributed to a ferromagnetic Mn31-Mn31

interaction, which was suggested to be driven by the cry
structure change from the orthorhombic to the rhombohe
structure, and Co31 ions are considered to stay in th
diamagnetic state, which contributes no magne
moment.6 However, the room-temperature resistivity
LaMn12xCoxO3 for 0.96, x, 1.00 exhibits similar behav-
ior to that of La12x8Thx8CoO3, in which the substitution of
La31 with Th41 is expected to induce Co21 and the charge
redistribution of Mn311Co31→Mn411Co21 has been
suggested.7

In order to investigate the Co doping effects on man
nese perovskites, we have studied the electronic structur
LaMn0.85Co0.15O3 and La0.7Sr0.3Mn0.8Co0.2O3 by utilizing Co
L2,3-edge and MnL2,3-edge x-ray-absorption spectroscop
~XAS!, valence-band photoemission spectroscopy~PES!,
and Mn L3-edge resonant photoemission spectrosco
~RPES!. The CoL2,3 XAS spectrum displays a spectral lin
shape which resembles that of the standard divalent co
oxide, CoO, and furthermore the MnL2,3 XAS spectrum of
LaMn0.85Co0.15O3 is also found to be almost identical to th
of the Mn31-Mn41 mixed-valent system La0.80Ca0.20MnO3.
These results provide strong evidence that the cha
redistribution Mn311Co31→ Mn411Co21 occurs in Co-
doped manganese perovskites and the system beco
Mn31-Mn41 mixed valent. Thus, at variance with the earli
proposal of the structure-induced Mn31-Mn31 ferromagnetic
interaction, the ferromagnetic states in LaMn12xCoxO3
should be understood in the framework of the doub
exchange mechanism, as in La12x(Sr,Ca)xMnO3. Our find-
ings provide a potential way for realizing CMR by Mn-si
substitution, rather than the La-site doping in LaMnO3.

The measurements were performed at the Dragon Be
line at the National Synchrotron Light Source~NSLS!.9

Polycrystalline LaCoO3, LaMnO3, La0.8Ca0.2MnO3,
11 072 © 1997 The American Physical Society
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LaMn0.85Co0.15O3, and La0.7Sr0.3Mn0.8Co0.2O3 were prepared
by standard solid-state reaction in air, and x-ray-powd
diffraction measurements showed single-phase patterns
spectra were normalized by the incident photon flux. T
XAS spectra were collected in the total electron yield mo
and the photon resolutions were set at 250 and 200 meV
Co L2,3 and MnL2,3 XAS spectra, respectively. The bindin
energy in PES spectra are referred to the chemical pote
of a clean Pt sample in electrical and thermal contact w
the sample, and the overall experimental resolutions were
at 600 and 700 meV for 500 eV PES and MnL3-edge RPES,
respectively. The samples were cleaved at 80 K in a vacu
better than 1.5310210 Torr. The surface cleanness was co
firmed by the absence of O 1s satellite in the PES spectrum
taken at 700 eV. This satellite is known to appear with s
face contamination.

The 3d transition-metalL2,3 XAS spectrum has often
been utilized to determine the ground-state symmetry s
the spectrum displays a characteristic multiplet struct
depending on the ground-state 3d configuration.10 We
have performed CoL2,3 XAS to investigate the valenc
of the dopant Co in manganese perovskites. Figure 1 sh
the XAS spectra of LaMn0.85Co0.15O3 and
La0.7Sr0.3Mn0.8Co0.2O3 in comparison with those of CoO
with divalent cobalt ions and LaCoO3 with trivalent cobalt
ions. The transition-metal sites in these three oxides h
octahedral symmetry. All three spectra consist ofL3 and
L2 regions in low- and high-photon-energy regions, resp
tively. The spectra of CoO and of LaCoO3 display different
multiplet structures since the multiplet structures are indu
from different ground states, the high-spin Co21 (3d7, spin
S53/2) state10,11 and the low-spin Co31 (3d6, spin S50)
state,12 respectively. Surprisingly, the CoL2,3 XAS spectra
of both LaMn0.85Co0.15O3 and La0.7Sr0.3Mn0.8Co0.2O3 are al-
most identical to the spectrum of CoO, but different from t
spectrum of LaCoO3, in the spectral line shape as well as
the absorption energies. This result shows that the dopan
in manganese perovskites is divalent, not the expected tr
lent.

There are two possible explanations for the divalent C
One can be oxygen deficiency which is observed
La12xSrxCoO32d . However, the oxygen content i

FIG. 1. Co L2,3-edge XAS spectra of LaMn0.85Co0.15O3,
La0.7Sr0.3Mn0.8Co0.2O3, LaCoO3, and CoO.
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Co-doped manganese perovskites has been known to
very close to the stoichiometry.6,7 The other is a
Mn311Co31→Mn411Co21 type charge redistribution
The former does not affect the manganese state while
latter introduces Mn41 and makes the system Mn31-Mn41

mixed valent. Therefore, the cause for the divalent
can be clarified by investigating the Mn states. Figure
shows Mn L2,3 XAS spectra of La0.8Ca0.2MnO3 and
LaMn0.85Co0.15O3. The LaMnO3 has been found to have 1%
excess oxygen, i.e., LaMnO3.03, resulting in 6% of Mn41.4

Although the XAS spectral line shape of La0.8Ca0.2MnO3,
which contains 20% of Mn41, changes only slightly from
that of LaMnO3.03, and the overall spectral weight shifts t
higher photon energy by;0.4 eV due to the higher absorp
tion energy of the Mn41. Similar spectral changes were als
observed in the spectrum of LaMn0.85Co0.15O3, and the spec-
trum turns out to be almost identical to that
La0.8Ca0.2MnO3, showing a similar Mn41 to Mn31 ratio.
This result confirms a Mn311Co31→ Mn411Co21 type
charge redistribution and eliminates the possibility of Co21

formation due to the oxygen deficiency.
The Co 3d state in the valence band is investigat

by comparing the valence-band PES spectrum
LaMn0.85Co0.15O3 with those of La0.8Sr0.2MnO3 and CoO.
Figure 3 shows the spectra of LaMn0.85Co0.15O3 and
La0.8Sr0.2MnO3 taken with 500 eV photons and that of Co
taken with 1486.6 eV photons as described in Ref. 11. A
cording to the photoionization atomic cross section,13 the Mn
3d spectral weight is comparable to that of the O 2p in the
spectra of manganese perovskites, while the Co 3d spectral
weight dominates the spectrum of CoO. LaMn0.85Co0.15O3
contains only 15% of Co21, which contributes about 10%
spectral weight to the valence-band spectrum. It is expec
that the spectrum should be quite similar to that
La0.8Sr0.2MnO3 except for the considerable difference o
served near 1.5 eV binding energy. This difference can
understood by comparing to the CoO valence-band sp
trum. As can be seen in the figure, the CoO spectrum
plays a very intense peak, which was known to have
t2g
4 eg

2(5T2) symmetry,
11,14 in the energy region. The Co 3d

spectrum of LaMn0.85Co0.15O3 is approximately obtained by
subtracting 85% of the La0.8Sr0.2MnO3 spectrum. The differ-
ence spectrum, which is presented in the figure, exhibit
quite similar line shape as the CoO spectrum. This re

FIG. 2. Mn L2,3-edge XAS spectra of LaMn0.85Co0.15O3,
La0.8Ca0.2MnO3, and LaMnO3.
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indicates that the electronic structure of Co 3d in
LaMn0.85Co0.15O3 is almost identical to that in CoO.

Now we will compare the electronic structure of Co 3d
states with that of Mn 3d states. In previous photoemissio
studies of La12x(Ca,Sr)xMnO3, the spectral weight betwee
0 and 2 eV binding energies has been identified to be
t2g
3 (4A2) photoemission state from the Mn31 site.4 But this
state is completely obscured by the Co 3d states in the spec
trum of LaMn0.85Co0.15O3. In order to highlight the Mn 3d
states, we have performed MnL3-edge RPES. In the RPES
the Mn 3d photoemission is enhanced exclusively by t
process 3dn→c3dn11→3dn211e2, wherec denotes a Mn
2p hole. The on- and off-resonant spectra, which were ta
with 641 and 635 eV photons, respectively, are presente
Fig. 4. The difference spectrum was obtained from subtr
tion of the off-resonance spectrum from the on-resona
spectrum. Large spectral enhancement is observed in
0–14 eV valence-band region without any significant cha
in the O 2s and La 5p shallow core levels. The differenc
spectrum consists of a main peak region with two rat
sharp features in the 0–4 eV region, a satellite state reg
with two broad features in the 4–9 eV region, and a long
in the 9–14 eV region. The long-tail feature is the M
L3VV Auger signal with specific kinetic energies as co
firmed by our detailed RPES measurements.15 The main and
satellite states can be understood by a many-body appro
which includes configuration interactions. This theoreti
approach has successfully reproduced the photoemis
spectra of various transition metal compounds.16 The two
peaks in the main state region were interpreted as
t2g
3 (4A2) symmetry state and thet2g

2 eg
1(4T2) symmetry state

in previous studies,4 and their peak positions are estimated
1.2 and 2.6 eV, respectively. Hence the Co 3d t2g

4eg
2

FIG. 3. Valence-band spectra of LaMn0.85Co0.15O3,
La0.8Ca0.2MnO3, and CoO, and the difference spectrum as descri
in the text. The difference spectrum is obtained by subtracting 8
of the La0.8Ca0.2MnO3 spectrum from the LaMn0.85Co0.15O3 spec-
trum. The CoO spectrum is shifted to be aligned with the differe
spectrum.
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(5T2) state peak is located at;0.3 eV lower binding energy
than the Mn 3d t2g

3 (4A2) state one.
In Co-doped manganese perovskite, the charge redistr

tion Mn311Co31→ Mn411Co21 occurs and reduces th
system energy. The reduction energyDE corresponds the
difference in ionization energies of Co21 and Mn31:

DE[E~Mn311Co31!2E~Mn411Co21!

5E~Co21→ Co31!2E~Mn31→ Mn41!.

Photoemission spectroscopy yields ionization energies,
one should notice that the photoionization is a ‘‘sudde
process, in which the obtainable ionized states are restri
by the dipole selection rules, while, in the charge redistrib
tion, the ionized states are the corresponding lowest-ene
states. Thus the lowest-ionized-energy states are possibly
obtainable in the photoionization processes.

Under octahedral site symmetry, the ground states
LaMnO3 (Mn31) and of CoO (Co21) are t2g

3 eg
1(5E) and

t2g
5 eg

2(4T1) symmetry states, respectively. The ground st
at Mn41 sites in the doped manganese perovskite is
t2g
3 (4A2) symmetry state, which can be reached through
photoionization process from the Mn31 t2g

3 eg
1 (5E) ground

state, while the ground state of LaCoO3 (Co31) is a
t2g
6 (1A1) symmetry state, which is not allowed in the phot
ionization process from the Co21 t2g

5 eg
2(4T1) ground state.

However, in LaCoO3, the energy of thet2g
4 eg

2(5T2) high-spin
state, which can be reached by the photoemission proc
turns out to be very slightly higher than that of th
t2g
6 (1A1) low-spin state, and the energy difference, which h
been estimated to be 5–80 meV,8 can be overcome even b
thermal activation. Hence, in the first approximation, the io
ization energyE@Co21→ Co31(1A1)# can be replaced with
E@Co21→ Co31(5T2)#.

A lattice relaxation energy should be also consider
since the lattice is not fully relaxed in the sudden photoio

d
%

e

FIG. 4. Mn L3-edge valence-band spectra of LaMn0.85Co0.15O3

as described in the text. The difference spectrum is obtained
subtracting the off-resonance spectrum from the on-resonance s
trum.
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ization process. With the relaxation energy corrections,
energy reduction can be presented by

DE'EPI@Co
21→ Co31~5T2!#

2EPI@Mn
31→ Mn41~4A2!#2DEL ,

whereEPI’s denote the corresponding photoionization ene
and DEL is the difference in the lattice relaxation energ
EL(Co

31)2EL(Mn
41). The photoionization energies wer

obtained to be 1.2 eV forEPI@Mn
31→ Mn41(4A2)# and 1.5

eV for EPI@Co
21→ Co31(5T2)#, and thus the redistribution

energy DE'0.3 eV2DEL . A theoretical estimation for
DEL is not available at this time due to the complicat
solid-state reactions. An empirical estimation based on
ionic sizes in oxides17 shows that the reduction of the ma
ganese ionic size in the valence change, Mn31 to Mn41, is
quite similar to that of cobalt ionic size in the valen
change, Co21 to Co31.18 Thus the lattice relaxation energ
o
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d
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of the manganese,EL(Mn
41), is expected to be very simila

to that of the cobalt,EL(Co
31).19 With the assumption

of DEL'0, the energy reduction in the
Mn311Co31→Mn411Co21 charge redistribution is esti
mated to beDE'0.3 eV.

In conclusion, we report spectroscopic studies of C
doped manganese perovskites. We have found that the
ant Co is not trivalent as expected in LaCoO3 but divalent as
in CoO. This result shows that, with the partial substituti
of Mn by Co, the manganese perovskite becomes mixed
lent. Therefore, the ferromagnetic state observed
LaMn12xCoxO3 should be understood in the framework
the double-exchange mechanism of Mn31-Mn41. The en-
ergy reduction in the Mn311Co31→ Mn411Co21 charge re-
distribution is also estimated to be a few tenths of eV.

The NSLS is supported by the U.S. Department of E
ergy under Contract No. DE-AC02-76CH00016.
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