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Valence and spin state of Co and Ni ions and their relation to metallicity and
ferromagnetism in LaCo0.5Ni0.5O3

Tôru Kyômen, Ryutaro Yamazaki, and Mitsuru Itoh*
Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japa

~Received 13 January 2003; revised manuscript received 14 April 2003; published 17 September 2003!

LaNi0.5Co0.5O3 was measured in terms of x-ray-absorption near-edge structure~XANES!, powder x-ray
diffraction, magnetic susceptibility, resistivity, and heat capacity. A small but clear heat capacity anomaly and
an ac susceptibility peak were observed at 53 K. The peak temperature and magnitude of the ac susceptibility
were found to be, respectively, independent of and dependent on frequency. The magnetization reversal at the
coercive force is sharp but the magnetization does not saturate even at 50 kOe and 5 K. The resistivity is on the
order of 1023 V cm and the contribution from conductive electrons to the heat capacity was observed at low
temperatures. These results are consistent with the earlier conclusion that LaCo0.5Ni0.5O3 is a metallic ferro-
magnet with a certain disorder with respect to magnetic interaction. XANES indicated that both valences of Co
and Ni ions are trivalent. The unit-cell volume is larger than that of either LaCoO3 or LaNiO3 below room
temperature, which suggests that the population of Coeg orbitals of LaCo0.5Ni0.5O3 is larger than that of
LaCoO3. The presence of itinerants* electrons andt2g holes was proposed as necessary conditions to show
the ferromagnetism not only in LaCo12xNixO3 but also in SrFe12xCoxO3 , SrCoO3, and Sr12xLaxCoO3.

DOI: 10.1103/PhysRevB.68.104416 PACS number~s!: 75.30.2m, 75.40.Cx, 75.50.Dd
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I. INTRODUCTION

Perovskite-type oxides, the chemical formula of which
ABO3, with transition-metal ions at theB site have been
investigated in order to understand the interactions ofd elec-
trons in theBO6 octahedra network connected by the api
oxygen atoms with a;180° B-O-B bond angle. Particularly
the oxides with quarter-filled 3d-eg orbitals have attracted
much studies, because the degree of freedom to occupy
of the twofold-degenerateeg orbitals is connected with som
interesting physical properties, such as the Jahn-Teller ef
orbital ordering, metallicity, and ferromagnetism.

The t2g
3 eg

1 system has been widely investigated for an
sulating LaMnO3.1–6 The cooperative Jahn-Teller effect o
curs at around 750 K accompanied by the characteristic
dering of occupieddx2 and dy2 orbitals.2 The Curie-Weiss
temperature of LaMnO3 is positive in spite of the antiferro
magnetic ground state,1,2 which has been understood by th
anisotropic superexchange interaction due to the orbital
dering; ferromagnetic layers are coupled antiferromagn
cally. Zhouet al. suggested that a long-range ferromagne
order appears when the occupiedeg orbitals are arranged in
disordered fashion as demonstrated in LaMn12xGaxO3.3 It is
well known that the real charge transfer between Mn31 and
Mn41 ions induces ferromagnetism and metallicity based
the double-exchange mechanism when holes are introd
into eg orbitals, such as La12xSrxMnO3.4–6 Zhou et al. also
suggested that the double-exchange interaction acts eve
nondoped LaMnO3 above the orbital ordering temperature2

A metallic SrFeO3 has been investigated as anothert2g
3 eg

1

system.7–10 The Curie-Weiss temperature of SrFeO3 is also
positive in spite of the helical antiferromagnetic grou
state,9 which has been understood by the coexistence o
nearest-neighbor ferromagnetic interaction and long-ra
antiferromagnetic interaction. In spite of the quarter-filledeg
orbitals, SrFeO3 does not show Jahn-Teller distortion, whic
0163-1829/2003/68~10!/104416~6!/$20.00 68 1044
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has been understood by the itinerant nature ofeg electrons
accommodated in as* band formed between Feeg and O
2p orbitals or by the ground state dominated by ad5L con-
figuration instead of ad4 configuration, whereL is the oxy-
gen hole state.10,23 The t2g

6 eg
1 system has been investigate

for LNiO3 (L, rare-earth element!.11–16LaNiO3 is a metallic
Pauli paramagnet with enhanced magnetic susceptibility.11–13

No Jahn-Teller distortion exists in LaNiO3. The otherLNiO3
are insulating antiferromagnets with a complex sp
arrangement.14–16 Though the deformation parameter
NiO6 octahedra~defined as the standard deviation of s
Ni-O bond lengths! increases as the size ofL31 ions de-
creases in the insulatingLNiO3, the deformation paramete
is about 30 times smaller than that of LaMnO3.16 Recently,
Potzeet al. suggested that trivalent and tetravalent Co io
are other candidates for the ion with quarter-filledeg orbitals
in spite of their 3d6 and 3d5 configurations,17 which is con-
nected with the ferromagnetism in SrCoO3.18 The electronic
configurations having oneeg electron andt2g holes, t2g

5 eg
1

and t2g
4 eg

1 , are termed as an intermediate-spin sta
In addition to SrCoO3,17–19 solid solutions including
Co ions, SrFe12xCoxO3,20–23 Sr12xLaxCoO3,24–26 and
LaCo12xNixO3,27–32show metallicity and ferromagnetism i
a certainx range.

It has been considered that the small or negative cha
transfer energy from oxygen to transition-metal ions is i
portant for the metallicity in the above oxides SrFeO3,
SrFe12xCoxO3, SrCoO3, Sr12xLaxCoO3, LaCo12xNixO3,
and LaNiO3, because the 3d level of highly oxidized
transition-metal ions, such as Fe41, Co41, Co31, and Ni31,
is deep and close to the O22 2p level. However, the origin of
the magnetic interaction in these metallic oxides has not
been clarified as compared to manganese oxides. The m
lic oxides including Co ions show ferromagnetism, in sp
of the different number of 3d electrons between 4 and 7
Thus, the clarification of the relation of ferromagnetism
©2003 The American Physical Society16-1
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the presence or absence, valence, and spin state of Co
should provide a clue to understand the origin of magn
interaction in the metallic oxides. The present study inve
gated LaCo0.5Ni0.5O3 because of the lack of systematic stu
ies regarding it, particularly valence and spin states. In a
tion, we discuss the origin of the ferromagnetism appear
in the metallic oxides with 3d electrons between 4 and 7.

II. EXPERIMENT

LaCoO32d and LaCo0.5Ni0.5O32d were prepared
by a solid-state reaction method from La2O3, NiO, and
CoC2O4•2H2O. The mixed powder was calcined in air
1273–1473 K, pressed into pellets, and sintered in ai
1473–1573 K for 12 h. LaNiO32d was prepared by a precu
sor method using citric acid from La2O3 and Ni. The precur-
sor was fired at 1073 K for 24 h. Iodometric titration an
thermogravimetric analyses determined the oxygen d
ciency,20.02,20.01, and 0.1 within the experimental err
60.02 for LaCoO32d , LaCo0.5Ni0.5O32d , and LaNiO32d ,
respectively. The prepared LaCoO32d and LaNiO32d and
commercial CoO and NiO were used for the references
x-ray-absorption near-edge structure~XANES!.

Powder x-ray diffraction~XRD! measurements using C
Ka radiation ~MAC Science, MXP18HF! clarified that the
samples are single phase with a rhombohedral unit cell.
the detected diffraction peaks were consistent with the sp
group R3̄c. Lattice parameters of LaCo0.5Ni0.5O3 and
LaNiO3 were determined in air in the range 27–1220 K a
420–1220 K, respectively, from some high-angle diffracti
peaks using Si crystalline powder as an internal stand
The XRD pattern and the lattice parameters at room temp
ture did not change before and after the sample was heat
1220 K. This indicates neither appreciable oxidation of
nor chemical reaction of Si with the sample up to 1220
during the measurement period. Structural parameters
LaNiO3 , LaCo0.5Ni0.5O3, and LaCoO3 at around 30 K were
determined by Rietveld refinements usingRIETAN-2000.33

XANES was measured at room temperature~RIGAKU,
R-XAS Looper!. dc magnetizations were measured using
superconducting quantum interference device~SQUID! mag-
netometer~Quantum Design, MPMS5S! in the range 5–300
K and using a magnetic balance~Shimadzu, MB-1A! in the
range 300–1100 K. ac magnetic susceptibilities, dc resis
ities, and heat capacities were measured in the range 2–
K ~Quantum Design, PPMS!. Thermogravimetric analysis
was carried out in the range 300–1273 K~MAC Science,
2000S!.

III. RESULTS

Figures 1~a! and 1~b! show CoK-edge and NiK-edge
XANES, respectively, at room temperature. The CoK and
the Ni K absorption edges of LaCo0.5Ni0.5O3 are close to
those of LaCoO3 and LaNiO3 and clearly higher than thos
of CoO and NiO, respectively. It concludes that both v
lences of Co and Ni ions in LaCo0.5Ni0.5O3 are trivalent at
least at room temperature.

Structural parameters at around 30 K determined
10441
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Rietveld refinements and reliability factors for the fitting a
tabulated in Table I. The compositionx dependence of the
unit-cell volume,B-O bond length, andB-O-B bond angle of
LaCo12xNixO3 (B5Co, Ni) are shown in Figs. 2~a!, 2~b!,
and 2~c!, respectively. The literature values~open circles!
determined by neutron diffraction are plotted for LaCoO3 at
31 K ~Ref. 34! and LaNiO3 at 30 K ~Ref. 14! together with
the present data~solid circles!. ~The literature values of
LaCoO3 at 31 K were estimated by interpolating the data
4 and 71 K.! The present data are coincident with the liter
ture data within the fitting error, which ensures the accura
of the present data. The unit cell volume and theB-O bond
length are largest and theB-O-B bond angle is smallest a
x50.5. The largestB-O bond length atx50.5 indicates that
the average size ofB-site ions in LaCo0.5Ni0.5O3 is larger
than that of either Co ions in LaCoO3 or Ni ions in LaNiO3.
In addition, theB-O-B bond angle being smallest atx50.5 is
also understood by the decreased tolerance factort5(r La31

1r O22)/A2(r B311r O22), which increases the tilt angle o
the BO6 octahedron, wherer M is the radius of theM ion.

Figure 3~a! shows the temperature dependence of the u

FIG. 1. ~a! Co K-edge XANES: d, LaCo0.5Ni0.5O3 ; h,
LaCoO3 ; L, CoO.~b! Ni K-edge XANES:d, LaCo0.5Ni0.5O3 ; h,
LaNiO3 ; L, NiO.

TABLE I. Structural parameters of LaCo12xNixO3 determined

by Rietveld refinement with the space groupR3̄c. Isotropic tem-
perature factors of La,B (5Co, Ni), and O were fixed at 0.1, 0.1
and 0.2, respectively.

x 0 0.5 1

T ~K! 31 27 33
a ~Å! 5.4250~5! 5.4620~6! 5.451~2!

c ~Å! 13.0065~8! 13.077~1! 13.115~2!

V (Å 3) 331.51~5! 337.86~6! 337.4~1!

x@O# 0.5529~6! 0.5543~5! 0.5462~6!

dB-O ~Å! 1.9260~7! 1.9394~6! 1.9323~9!

uB-O-B ~deg! 162.9~2! 162.5~2! 165.0~2!

Rwp ~%! 13.15 10.75 10.41
RI ~%! 3.82 5.83 1.37
6-2
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cell volume of LaCo0.5Ni0.5O3 , LaCoO3,34 and LaNiO3.14

Thermogravimetric analysis of LaCo0.5Ni0.5O3 confirmed
that the evolution of oxygen from the sample is at mosd
50.01 between room temperature and 1273 K. The ther
expansion of LaCoO3 between 0 and;1200 K is about
twice as large as that of LaNiO3. The large thermal expan
sion of LaCoO3 has been attributed to the spin-state tran
tion of trivalent Co ions from the low-spin state to the hig
or intermediate-spin state.35 The thermal expansion and th
unit-cell volume of LaCo0.5Ni0.5O3 are very close to those o
LaNiO3 below room temperature. This implies that the sp
state~and the valence! does not change appreciably belo
room temperature. The thermal expansion of LaCo0.5Ni0.5O3

FIG. 2. Composition dependences of~a! unit-cell volume,~b!
B-O bond length, and~c! B-O-B bond angle of LaCo12xNixO3

around 30 K:d, present data~Table I!; s, literature data~Refs. 14
and 34!.

FIG. 3. ~a! Temperature dependences of the unit-cell volum
s, LaCo0.5Ni0.5O3 ~present data!; L, LaNiO3 ~present data!; j,
LaCoO3 ~Ref. 34!; l, LaNiO3 ~Ref. 14!. ~b! Temperature depen
dence of the reciprocal magnetic susceptibility of LaCo0.5Ni0.5O3. A
solid line is the result of fitting using Eq.~1!.
10441
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i-becomes larger than that of LaNiO3 above room temperatur
and the unit-cell volume is between those of LaCoO3 and
LaNiO3 above 600 K.

Figure 3~b! shows the temperature dependence of the
ciprocal magnetic susceptibility of LaCo0.5Ni0.5O3. The
temperature-independent diamagnetic contribution due to
core electrons,26.5831025 emu mol21, has already been
subtracted from the raw data. The upward convexx21-T
curve was well reproduced by the equation

x5
C

T2u
1x0 ~1!

as indicated by the solid line in the figure which was o
tained by the least-squares fitting of the data above 100
The best-fit parameters areC50.71(4) emu mol21 K @corre-
sponding tomeff52.4(1)mB], u567(4) K, andx052.6(1)
31024 emu mol21. Vasanthacharyaet al. have suggested
the ferrimagnetic ordering in LaCo0.5Ni0.5O3 based on the
upward convex character ofx21-T curve.28 However, the
fact that thex21-T curve is well reproduced by Eq.~1! in a
wide temperature range would reject this suggestion, beca
the x21-T curve of a ferrimagnet should show a sudd
bending as the temperature approaches the ordering tem
ture.

Figure 4~a! shows real parts of the ac magnetic susce
bility of LaCo0.5Ni0.5O3 at 10 Hz. The inset shows the fre
quency dependence in the temperature range 45–55 K
peak and a shoulder were observed at 53 K and around 4

:

FIG. 4. ~a! Real parts of the ac magnetic susceptibility:s, 10
Hz; d, 100 Hz; h, 1 kHz; j, 10 kHz, ~b! resistivity, ~c! heat
capacity: s, 0 Oe; d, 90 kOe, and~d! DHCp5Cp(90 kOe)
2Cp(0 Oe) of LaCo0.5Ni0.5O3.
6-3
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respectively. The peak temperature does not appreciably
pend on the frequency while the peak magnitude depend
the frequency. The resistivity shown in Fig. 4~b! is on the
order of 1023 V cm and slightly increases with decreasi
temperature, having a temperature derivative much sma
than that of a semiconductor. No appreciable anomaly
observed in the resistivity around 50 K. The open and so
circles in Fig. 4~c! represent heat capacities
LaCo0.5Ni0.5O3 under 0 and 90 kOe, respectively. Because
the similar value, the data are superimposed. Figure~d!
showsDHCp5Cp(90 kOe)2Cp(0 Oe), whereCp(H) is the
heat capacity measured under a magnetic fieldH. A clear
cusp was observed inDHCp at around 53 K corresponding t
the peak in ac magnetic susceptibility. In addition to this,
absence of an appreciable frequency dependence in th
susceptibility peak temperature suggests the presence
critical ferromagnetic ordering temperature at 53 K. On
other hand, no appreciable anomaly was observed aroun
K corresponding to the shoulder seen in the ac magn
susceptibility. In the light of the lack of a connection b
tween the entropy and shoulder, the magnetic anom
around 48 K might be connected to the freezing of magn
domains.

Open and solid circles in Fig. 5 represent theCp /T vs T2

plot of LaCo0.5Ni0.5O3 under 0 and 90 kOe, respectively. N
appreciable difference was observed below;7 K between 0
and 90 kOe. This implies that the contribution from the f
romagnetic spin-wave excitation is small even if present p
sibly because of the large energy gap. Therefore, the l
temperature heat capacity is expressed by

Cp5gT1bT3. ~2!

The best-fit parameters obtained from the data below 7
under zero field areg534.9(7) mJ K22 mol21 and b
50.141(3) mJ K24 mol21. The magnitudes ofg andb are
similar to those of a metallic ferromagnet La12xSrxCoO3,26

but smaller than that of LaNiO3.12 The magnitude of resis
tivity was on the order of metal while the temperature d
rivative of the resistivity was negative as shown in Fig. 4~b!.
The presence of electronic specific heat clarified the me
licity. This is the same conclusion as that of the literature29

Figure 6 shows theM vs H plot at 5 K measured after
zero-field cooling. The magnetization does not saturate e

FIG. 5. Cp /T vs T2 plot of LaCo0.5Ni0.5O3 : s, 0 Oe; d, 90
kOe. A solid line is the result of fitting using Eq.~2!.
10441
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at 50 kOe. Taking account of this, the shoulder in ac susc
tibility around 48 K, and the small heat capacity anomaly
53 K, the presence of a glasslike component is suppose
suggested by Asaiet al.27 However, the reverse of magnet
zation at the coercive force around65 kOe is relatively
sharp as compared to a spin-glass system. This implies
presence of ferromagnetic domains large enough to incl
domain walls, even if a glasslike component coexists. T
magnetization at 50 kOe is much smaller than the effec
magnetic moment 2.4mB estimated by Eq.~1!.

IV. DISCUSSION

XANES and the unit-cell volume clarified that a 1:1 sol
solution of LaCoO3 and LaNiO3 leaves the valences of C
and Ni ions trivalent but expands the averageB-O bond
length from the average of Co-O bond length in LaCoO3 and
Ni-O bond length in LaNiO3. It is thus considered that th
solid solution increased the population ofeg orbitals of Co or
Ni ions ~or s* band! from those of LaCoO3 (t2g

6 eg
0) or

LaNiO3 (t2g
6 eg

1). We have reported that the spin state of C
ions in LaCoO3 is sensitive to the substitution of Co b
another trivalent M ion.36 In addition, only a low-spin state
has been reported for the trivalent Ni ions in perovskite-ty
oxides as far as we know. Therefore, it is natural to consi
that the solid solution changes the spin state of Co ions
leaves the spin state of Ni ions at the low-spin state. T
consideration is consistent with our suggestion in the ear
paper:36 The low-spin state of Co ions in LaCoO3 is unsta-
bilized ~stabilized! as compared to the high- or intermediat
spin state when the Co ions are substituted by trivalenM
ions with Pauling electronegativity larger~smaller! than that
of the Co atom. Considering that Pauling electronegativ
increases with the increase in the atomic number from T
Cu,37 the Pauling electronegativity of Ni atoms would b
larger than that of Co atoms, though the same values
tabulated for Co and Ni atoms in Pauling’s table. Therefo
the substitution of Co31 in LaCoO3 by Ni31 should increase
the population of trivalent Coeg orbitals.

It is difficult to determine the electronic configuration o
Co ions in LaCo0.5Ni0.5O3 using the Curie constant, becau
it is unclear whether the localized picture correctly depi
the ferromagnetism, and the origin of the largex0 is unde-
termined. However, it was found that the unit-cell volume
LaCo0.5Ni0.5O3 is close to ~slightly larger than! that of

FIG. 6. M vs H plot of LaCo0.5Ni0.5O3 at 5 K.
6-4
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LaNiO3 below room temperature. This result indicates th
the size of Co ions is similar to that of the low-spin trivale
Ni ion. This rejects at least a possibility of the high-spin st
of Co ions, because the ion radius is much larger than tha
the low-spin trivalent Ni ion.38 The intermediate-spin stat
with t2g

5 eg
1 configuration might be consistent with this resu

because the population ofeg orbitals is the same as that o
the low-spin trivalent Ni ion, which may give a similar siz
The long-range configuration of Ni and Co ions
LaCo0.5Ni0.5O3 would be disordered due to their similar io
sizes. This must be a reason for the glasslike compon
observed in the present study.

Kobayashi et al. have reported that the magnetic a
transport properties of LaCo12xNixO3 are similar to those of
La12xSrxCoO3, at least in the La-rich region.39 They sug-
gested that the substitution of Co by Ni induces a cha
transfer from Co31 to Ni31, resulting in Co41 and Ni21.
However, the present study clarified that such a charge tr
fer does not occur at least atx50.5. Instead, the presen
study suggested that the Ni substitution increases the p
lation of Coeg orbitals as stated above. The same populat
change has been suggested for La12xSrxCoO3 with increas-
ing x.26 In addition, the present study clarified that th
anomalously large electronic specific heat coefficient
LaCo0.5Ni0.5O3 is comparable to that of La12xSrxCoO3.
These results suggest that the structure of thes* band and
the electronic state, such as the population, density of st
at Fermi level, and the electron correlation, are essenti
same between LaCo12xNixO3 and La12xSrxCoO3.

As mentioned in Sec. I, the quarter-filleds* band is ex-
pected for the electronic structure of SrFeO3,
SrFe12xCoxO3, SrCoO3, Sr12xLaxCoO3, LaCo12xNixO3,
and LaNiO3. The open circles in Fig. 7 represent the expe
mental magnetization at a high field and a low temperat
for SrFe0.5Co0.5O3,22 SrCoO3,18 Sr0.5La0.5CoO3,25 and
LaCo0.5Ni0.5O3 and the magnetic moment of Fe ions
SrFeO3 estimated by neutron diffraction experiment9,10 as a
function of the number of 3d electrons,n3d . The solid line
in the figure indicates the theoretical magnetization expec

FIG. 7. Magnetization at a high field and a low temperatu
~open circles! for SrFe0.5Co0.5O3 , SrCoO3 , Sr0.5La0.5CoO3, and
LaCo0.5Ni0.5O3 and the Fe magnetic moment for SrFeO3 estimated
by neutron diffraction as a function of the number of 3d electrons,
n3d . A solid line represents the theoretical magnetization expec
from the t2g

n3d21
s* 1 configuration and the full spin polarizations.
10441
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from the t2g
n3d21

s* 1 configuration and the full spin polariza
tions. The experimental and theoretical magnetizations s
to decrease at a common rate with increasingn3d . This im-
plies that the electrons occupy the minor-spint2g orbitals
instead of the major-spins* band aboven3d54. However,
the experimental magnetization is about 1mB smaller than
the theoretical one in each sample. Two possibilities are s
posed for the reason why the magnetization at a high fi
and a low temperature is smaller than the theoretical o
One is that the polarization is incomplete and the other is
some antiferromagnetic interaction coexists with a ferrom
netic one. The latter might be plausible for LaCo0.5Ni0.5O3,
because a glasslike component was observed as exp
from the chemical disorder at theB site. On the other hand
the latter is not plausible for SrFeO3 and SrCoO3, because
chemical disorder is absent. It is thus difficult to conclu
which possibility is essential for these metallic materia
This will be clarified by investigating the spin arrangeme
of each ion using methods such as an x-ray magnetic circ
dichroism~XMCD! technique.

The present study clarified that the valence of Co ions
not important for SrFe12xCoxO3, Sr12xLaxCoO3, and
LaCo12xNixO3 showing ferromagnetism, because these
ides formally include only tetravalent, both tetravalent a
trivalent, and only trivalent Co ions, respectively. In additio
taking account of the fact that SrFeO3 is essentially a ferro-
magnet, the presence or absence of Co ions would no
very important for the ferromagnetism. We propose two n
essary conditions for the ferromagnetism,t2g holes and itin-
erant s* electrons, based on the following three facts.~1!
Though LaCo0.5Ni0.5O3 shows metallicity and ferromag
netism, NdCo0.5Ni0.5O3 shows insulating and spin-glas
behaviors.40,41 In addition, x of the unit-cell volume of
NdCo12xNixO3 shows a linear dependence,41 which indi-
cates that most Co and Ni ions remain in their low-sp
trivalent states. These facts imply a connection among
ferromagnetism, metallicity~itinerant s* electrons!, and/or
t2g holes.~2! LaNiO3 shows no ferromagnetism, which im
plies a connection between the ferromagnetism andt2g holes.
~3! LaCo0.5Rh0.5O3 shows neither metallicity nor ferromag
netism although most trivalent Co ions are not in the lo
spin state,36 which implies a connection between ferroma
netism and metallicity~itinerants* electrons!.

V. CONCLUDING REMARKS

In conclusion, the present study clarified that a 1:1 so
solution of LaCoO3 and LaNiO3 leaves the valences of C
and Ni ions trivalent and suggested that the solid solut
increases the population of trivalent Coeg orbitals from
t2g
6 eg

0 in LaCoO3. In addition, it was proposed that the ele
tronic configuration of metallic oxides SrFeO3,
SrFe12xCoxO3, SrCoO3, Sr12xLaxCoO3, LaCo12xNixO3,
and LaNiO3 is t2g

n3d21
s* 1 and thatt2g holes and itinerants*

electrons are necessary for the ferromagnetism. The fe
magnetism might originate from a double-exchange inter
tion similar to La12xSrxMnO3.4–6 However, the long-range
antiferromagnetic interaction present in SrFeO3 ~Ref. 9! is
different from the characters of La12xSrxMnO3. This inter-
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action should be considered carefully in order to clar
whether or not the origin of ferromagnetism is a doub
exchange interaction.

Though LaCo0.5Ni0.5O3 is considered to be essentially
metallic ferromagnet, there remain many unresolved iss
these include the origin of largex0 and largeg, the fact that
the magnetization does not saturate even at 50 kOe and
K, and the reason why the magnetization at 50 kOe is m
smaller than the effective magnetic moment. These probl

*Author to whom correspondence should be addressed. Electr
address: Mitsuru_Itoh@msl.titech.ac.jp
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