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We have studied the charge disproportionation phenomenon in Gafsat the local-spin density
approximation with the on-site Coulomb interaction parameteand exchange parametérThe
calculation reveals that the total number of thiee8ectrons is about 5.1 for both @&(Fe**) and
Fe(2)(Fe**) atoms, and that there are about 0.25 electron holes in thp Ba@d. Therefore, the
charge disproportionation can be more accurately described’agFt")=d°L?(Fe*) +d>(Fe*"),
where L denotes a hole in the oxygerpdand, instead of &(Fe*)=d*(Fe’*)+d>(Fe**). The
hybridization between the Fed3and O-2 orbitals is stronger for F&) than for F€2) due to the
shorter F€l)-O bond. The hyperfine magnetic field contributed from conduction electron
polarization is larger for F@), resulting from a stronges-d hybridization between ths orbital of
Fe(2) and thed orbitals of its neighboring F&) atoms. The on-site Coulomb repulsion and the
exchange interaction increase the splitting between the occupied spin up and unoccupied spin down
bands of Fe atoms. Fed3lectrons become localized and the occupddohnd shifts to a lower
energy range, even below the @-2vel. The calculated magnetic moments, hyperfine fields, and
electron charge density agree well with the experimental dat20@5 American Institute of
Physics[DOI: 10.1063/1.1854275

Charge ordering(CO) and charge disproportionation has the GdFeQstructure, space groupbnm with lattice
(CD) in the perovskite oxides, e.g., Cakg®@ave been ex- parametersa=5.326 A ,b=7.539 A, andc=7.539 A. At 15
tensively studied=> CaFeQ shows CD below 290 K with a K, the crystal structure changes to space gr®@p/n with
change of crystal structure from orthorhombic, space group=5.311 A ,b=5.347 A, andc=7.520 A, andB=90.065%
Pbnm at room temperature, to monoclinic, space groupThe electronic structures were calculated for the antiferro-
P2,/n with two different Fe sites K&) and F€2), at low  magnetic CaFeQwith reported lattice parameters at RT and
temperaturé‘.5 However, the mechanism of CD is still low temperature in order to understand the mechanism of CO
controversiaf Méssbauer data at 4.2 K have revealed a CDand CD.
which was thought to be d(F&")=d3(Fe’*) +d®(Fe®*).! The first step in our study was to perform the LSDA
However, study of the hyperfine field as a function of tem-calculation(U,J=0.0 e\) for the low temperature structure
perature has shown that this charge disproportionation occudf CaFeQ. The calculated density of statd®09 of
in varying degrees, corresponding to the charge states @aFeQ without the onsite Coulomb parametédrresulted in
Fe*~9 and Fé*.” Recently, Matsunet al* suggested that the a metallic band being obtained for the ground state. There is
charge disproportionation can be correctly described amo energy gap in the electronic structures. Thetates of
2d°L — d°L2+d® rather than 8*— d®+d°, whereL denotes a Fe(1) and F¢2) dominate the DOS of Fe atoms. A strong
hole in the oxygen @ band. In this paper, we calculated the hybridization appears between the Fe&éhd O-2 orbitals.
electronic structures using the local-spin density approximaThe calculated magnetic moments and hyperfine fields of the
tion (LSDA) with the on-site Coulomb interaction parameter Fe atoms in CaFeQow temperature structure are listed in
U and exchange parameté&rBased on the calculated elec- Table I. The local magnetic moments and hyperfine fields of
tronic structures, we present the theoretical results for théhe Fe atoms were underestimated when compared to the
magnetic moments, hyperfine magnetic field, and the elecexperimental value$?® It is found that the LSDA does not
tron charge density for CaFgO explain well the physical properties of Caken order to

The self-consistent band structure has been calculategkplain the discrepancy between experimental and theoreti-
using the WIEN2K code® The full-potential linearized cal results, the orbital and dipole contributions to the mag-
augmented-plane-wave method is employed using theetic moments and the hyperfine fields of Fe were also cal-
LSDA, as well as the LSDAY scheme. At 300 K, CaFeQO culated. However, the orbital and dipole contributions are too
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TABLE I. Calculated magnetic momentd (in ug), Hec (in T), and its

valence and core contributions for (Bg and Fé2) atoms in CaFe@low 300 | Total
temperature structure with different on-site Coulomb paraméter3he 200 I

intra-atomic exchange parametgiis fixed at 0.07 Ry. The experimental

hyperfine fieldsHy; (Expt) are from Ref. 1. The experimental magnetic 100
momentsM (Expt.) are given for both spiral and sinusoidal models from 0
Ref. 5. 100
U(RY) 0.0 0.3 0.4 0.59 -200
-300
Fe(1) 150 T
M (ug) 2.096 2.206 2.409 2.991 Fe(1)
M(Expt.) (ug) 2.38/2.70 100 total
Hee (T) -23.3 -24.3 -25.1 -275 .. 3d
Hrc,core (T) -27.0 -25.5 -27.8 -34.8 S0
Hecpal (T) 3.7 1.2 2.7 7.3 0
Hn«(Expt.) (T) 28.4
= 50
Fe(2) S
M (ug) 3.096 3.812 3.927 4.096 5 100
M(Expt.) (ug) 3.47/3.52 2 150
Hee (T) -23.7 -29.9 -31.6 -35.5 s Fe(2)
Hec,core (T) -40.3 -45.4 -46.8 -48.9 © 100} total
Hecpal (T) 16.6 15.5 15.2 13.4 % J I e 3l
50
small to account for the differences. It is known that tlte 3 |
electron-electron exchange interactions are strong in the tran- 9%
sition metal oxides, which is not considered properly in the

LSDA.? Therefore, the differences between theoretical and
experimental results may have arisen by not taking into ac-
count the Coulomb interaction. Accordingly, we calculated
the electronic structures of CaFgQising the LDA+U
method. Figure 1 is the DOS of CaFg€rlculated with the
on-site Coulomb parametdd=0.40 Ry (5.4 eV) and the
intra-atomic exchange parameté&r0.07 Ry (0.95 eV, re-
spectively. As shown in Fig. 1, the key features nearEhe
are the @2p) and F¢3d) orbitals with an energy gap occur- _ ) _
ring in the middle of the Fe-band. Compared to the LSDA Energy (Ry)

calculation(U,J=0.0 eV), the Fe-8 bands have shifted t0 FiG. 1. The total and partial DOS of CaFelow temperature structure with
the lower energy part with respect to the @-&ates. Both U=0.40 Ry and)=0.07 Ry.

the ey andt,y spin down bands of Fe were pushed up by the

Coulomb interaction, and are nearly unoccupied. The depers.7u; in the orthorhombic CaFeQ This suggests that the
dence of the calculated local magnetic moments and hypeehange in the crystal structure affects the hybridization be-
fine fields of the different Fe atoms on the Coulomb interactween Fe and O, and thus causes the CO to occur at low
tion parameterU are shown in Table I. Some available temperatures. The Fermi level lies in the band gap, which
experimental hyperfine fields are included in Table I. Thecan explain the metal to insulator transition at low tempera-
calculated magnetic moments and hyperfine fields agree weflire in CaFe@.

with the experimental data d4=0.59 Ry (8.0 eV.r® we In Table I, we list some electronic structure parameters
also found that the occupied Fel3tates are further sepa-

rated from the unoccupied ones, and thatdrstate becomes  TaBLE I1. Number of Fe-3i electrons and magnetic moments for two iron
more localized at) increases. Accordingly, the CO states aresites in CaFe@low temperature structure.

characterized by the strong hybridization between the F&

-3d and O-2 orbitals, which makes for a widd-p band Ny g N+ g ng=ng
spreading from -7.5 to 0 eV. The hybridization between the U=0.0 Ry,J=0.0 Ry

Fe-3 and O-2 orbitals is larger for Fd) than that for Fe1) 3.609 1.525 5.134 2.094
Fe(2) due to the shorter bond length of @Eg-O. This differ-  Fe2) 4.109 1.054 5.163 3.055

ence in the hybridization between Fe and O leads to CD and

. . U=0.4 Ry,J=0.07 Ry
CO in CaFeQ at low temperature. For comparison, we cal- Fo1 3.720 1317 5.037 2403
culated the band structures_ fgr th(_e crystal struc_:ture at roomy ., 4501 0.599 5100 3.902
temperature. Fe atoms exhibit a single magnetic moment of
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calculated for the low temperature structure. The average
number of the Fe-@ electrons in the muffin-tin spheres is
about 5.1 for both F&4) and F€2) atoms, corresponding to a
valence state of Fed3. We note that the total number ofl3
electrons shows a weak dependencellorThere are about
0.25 holes in the O42 states, and total of 1.5 holes can be
attained for each Fe atom with six neighboring O atoms. This
suggests that the CO states are characterized bydFarRl

that the charge disproportionation can be more accurately
described as ®L(Fe*)=d°L%(Fet) +d°(Fe*), rather than
204(Fe) =d3(Fe") + d3(Fe*).

Furthermore, more details of the electron interactions i
CaFeQ can be provided from the calculated hyperfine field.
We decomposéic into two parts,HEX® and HX, HEY® is
the contribution from thes core electrons due to the polar-
ized d electrons affecting the polarization of the core elec-
trons. H22 comes from the polarization of the valence elec-

core val H B
trons. The calculateblizc™ andHec contributions tHec are — py(1) s t, like. An asymmetry in the oxygen density is Vis-
listed in Table I. Generallyigc"is proportional to the local e in Fig. 2, and a small but nonvanishing polarization on
magnetic moments of the Fe atoms. Using the calculateg, oxygen ion is also observed, which is nearer td.Feue

values in Table I, the proportionality coefficients are esti-iy ne strong hybridization between (g and oxygen. This
mated to be about —TUug for both Fel) and F€2) atoms 5 consistent with the experimental pattér.

in CaFeQ. This indicates both R&) and F&2)-3d electrons Based on the calculated electronic structures of CaFeO
have almost the same effects on the polarizations of the corgis found that the charge disproportionation of Cagean

s electrons of the Fe atoms. The calculaﬂ%@I values ofthe e descried as BL(FE) =dL2(Fe) +d5(Fe*). The

Fe(2) atoms are [higher than those of the(Feand have  change of the crystal structure accompanies the charge de-
opposite sign tdgc" due to the reversed polarization direc- formation and leads to the charge disproportionation at low
tion of thes-d hybridization between k&) and F&€2) atoms.  temperatures. The Fed@ind O-2 interaction, as well as the
These values differ from. the normal val_ue of the rﬁe’gals s-d interaction between F&) and F&2) through oxygen at-

(-5 T) because of the different magnetic exchange interaCpms, is the key to an understanding of CD and CO in

tions in CaFe@ CaFeQ.
H‘;%' consists of two terms, one is the local valence hy-

perfine fieldH\2 which comes from the-d exchange inter- ACKNOWLEDGMENTS
action within the atoms and is proportional to the local mag-
netic momentsu of the s electrons( normally us is very
smal); another is the transferred hyperfine figdd22 which
comes from thes-d hybridization between the orbitals of
the atoms and the spin-polarizedorbitals of the neighbor-
ing atoms. Thus IU:%l may reveals-d hybridization among 1y Takano, N. Nakanishi, Y. Takeda, S. Naka, and T. Takada, Mater. Res.
the metal atoms. As for CaFgOthe s-d hybridization is Bull. 12, 923(1977.

effected through the Fe—O—Fe bond. '||'.|1§I of |:e(2) atoms 23, Morimoto, T. Yamanaka, and M. Tanaka, Physica2B7-238 66

) . (1963.
is much larger than that of FB atoms, suggesting a strong *T. Akaoet al, Phys. Rev. Lett91, 156405(2003.

s-d hybridization occurring within the K2)-Fe1) atoms 43. Matsuno, T. Mizokawa, A. Fujimori, Y. Takeda, S. Kawasaki, and M.
through oxygen. This effect causes Fe-8lectrons to be  Takano, Phys. Rev. B6, 193103(2002.

. . . 5 .
more localized and to have higher magnetic moments for P~ M. Woodward, D. E. Cox, E. Moshopoulou, A. W. Sleight, and S.

. . Morimoto, Phys. Rev. B62, 844 (2000.
Fe(2). Due to a shorter F(&)_O distance, the strong shield- by. Tomioka, A. Asamitsu, H. Kuwahara, Y. Moritomo, and Y. Tokura,

ing effect of oxygen surrounding FB reduces the-d inter- Phys. Rev. B53, R1689(1996.
actions within Fél)-F&2) and results in a small positive ;Y- Takeda, S. Naka, and M. Takano, J. Phys. Collaq, C2-331(1979.

val ; ; ; P. Blaha, K. Schwarz, P. Sorantin, and S. B. Trickey, Comput. Phys.
HEZ at the Fé¢l) sites, which differs greatly from that at Commur, 59, 399 (1990.

Fe(2) sites. This is confirmed by the charge density plot in 95 b sarma, N. Shanthi, S. R. Barman, N. Hamada, H. Sawada, and K.
Fig. 2. terakura, Phys. Rev. Let@Z5, 1126(1995.

Valence electron density ( e/A3)

IG. 2. The contours of net valence electron den&pin down—spin upin
he x-y plane for CaFe@low temperature structure.

Figure 2 illustrates the magnetic behavior by plotting
contours of the valence electron spin density inxheplane.
The spin density of H@) is larger and dominated by the
occupiedey orbitals (e.g., d,,), whereas the spin density of
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