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Valence-band spectra and electronic structure of CuFeO2
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The delafossite-type CuFeO2 single crystal was studied by means of x-ray emission and x-ray photoelectron
spectroscopy. The valence state of Cu ions was found to be 11, whereas Fe ions were found to be trivalent in
the high-spinS55/2 state. The x-ray emission~Cu La , Fe La , and OKa) and photoelectron spectra were
compared to the results of the local spin density approximation~LSDA! ~full-potential linearized augmented
plane wave method and linearized muffin-tin orbitals in atomic sphere approximation method! and LSDA
1U calculations. It is found that the maximum of the Cu 3d state distribution is localized closer to the Fermi
level than that of the Fe 3d states. The LSDA calculations contradict the experimental results and do not give
a correct description of the Cu and Fe 3d positions relative to the Fermi level, and incorrectly predict metallic
behaviors~semiconductor observed! and give qualitatively incorrect magnetic properties of CuFeO2. The
LSDA1U calculations give a much better agreement with the observed valence-band structure, the measured
electrical, and the magnetic properties.@S0163-1829~97!03732-6#
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I. INTRODUCTION

Complex 3d-transition metal oxides with the chemic
formula ABO2 (A5Li, Na, . . . , B5Cr, Mn, Fe, Co, Ni! and
thea-NaFeO2 crystal structure are of great interest as mo
compounds for an analysis of the rearrangement of the e
tronic structure of monoxides when monovalentA11 ions are
introduced into the crystal lattice of monoxides. In this ca
the formation ofB31 ions ~with invariable O22! or O12 ions
~with invariableB21) is possible. Many high-energy spectr
measurements ofABO2 compounds were undertaken durin
the past six years which showed that 3d transition metal ions
in LiCrO2, LiFeO2, or LiCoO2 are trivalent, whereas Ni ion
in LiNiO2 are divalent.1–7 In this respect CuFeO2 can be
considered as a related compound because its delafos
type structure is indeed close to that ofa-NaFeO2.

8,9

The crystal structure of CuFeO2 belongs to the spac
groupR3̄m with ah53.03 Å andch517.09 Å in the hexago-
nal description.10 The structure, shown in Fig. 1, consists
hexagonal layers of Cu, O, and Fe with a stacking seque
of A–B–C along thec axis to form a layered triangula
lattice antiferromagnet, where the triangular lattices of m
netic Fe31 are separated by nonmagnetic ion layers of C1

and O22.10

Magnetic properties of CuFeO2 have been intensively
studied. Apostolov11 performed Mo¨ssbauer effect and neu
tron diffraction measurements of CuFeO2 and proposed an
anti-ferromagnetic, noncollinear magnetic structure with
rhombohedral magnetic unit cell at 4.2 K. Muir an
560163-1829/97/56~8!/4584~8!/$10.00
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Wiedersich12 found that CuFeO2 undergoes a magnetic tran
sition at about 19 K into an antiferromagnetic phase with
structure consisting of stacked ferromagnetic triangu
planes with a collinear spin configuration along thec axis.
Doumerc et al.13 found the Ne´el temperature to beTN
513K. At temperatures much higher than the Ne´el tempera-

FIG. 1. Crystal structure of CuFeO2. Cu atoms are denoted b
large gray circles, Fe atom are denoted by dark circles, while
atoms are denoted by small empty circles.
4584 © 1997 The American Physical Society
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56 4585VALENCE-BAND SPECTRA AND ELECTRONIC . . .
ture, the paramagnetic susceptibility is found to obey
Curie-Weiss law.15 Later, successive magnetic transitions
TN1516K andTN2511K were found from powder neutro
diffraction measurements.14,15 The magnetic structure wa
determined to be orthorhombic belowTN2 . As the tempera-
ture is increased aboveTN2 , CuFeO2 shows a first-order
transition to a monoclinic phase.16 The effective magnetic
moment deduced from magnetic susceptibility amounts
5.64mB ,17 whereas the powder neutron diffraction gives on
4.4mB of the Fe31 ion moment17 which is smaller than the
expected value of 5mB for 6S state of Fe31 ions.

The optoelectronic and electrical properties of CuFe2
were investigated by Benko and Koffyberg18,19 and Dordor
et al.20 CuFeO2 is a semiconductor. In contrast to oth
delafossites, it can be made either ap or n type by suitable
doping. The carrier mobility of thep-type samples is much
higher than that of then-type ones.18,19 It was proposed tha
in the p-type material the polarons are localized on the
sites ~forming Cu21 ions!, whereas inn-type samples they
are localized on the Fe sites leading to Fe21 ions.19 The
indirect allowed band gap for ap-type polycrystalline
CuFeO2 sample was found to be 1.15 eV.18,19

Up to now, spectral measurements and band structure
culations are absent for this compound. Its electronic pr
erties have been discussed only on the basis of simpl
bonding schemes.19–21 Recently, a great success w
achieved in crystal growth of this material, and ‘‘perfec
large-size single crystals~5–8 mm in diameter and 10–3
mm in length! are now available for the study of their phys
cal properties.22 In connection with this, we have performe
XPS measurements of valence-band and core level sp
and the x-ray emission measurements of the valence sp
for all components~Cu La , Fe La , O Ka) on the specially
grown single crystals of CuFeO2. Also, self-consistent band
structure calculations have been performed.

II. EXPERIMENT

Crystal growth of CuFeO2 was carried out by a floating
zone method in an infrared radiation furnace~Type SC-48,
Nichiden Machinery Ltd.!. The feed rod was suspended fro
the upper holder by a platinum wire and the lower se
made from a sintered rod, was fixed by a chuck. Growth w
started by melting the tips of the two rods which were th
brought together to form a molten zone. The feed and
seed were rotated at 30 and 15 rpm separately in oppo
directions in order to promote the stirring of the melt and
equalize the heat inflow. Crystal growth was carried out b
flow ~300 ml/min! of argon gas and at a growth rate in th
range 0.5–1 mm/h. The hexagonal lattice constants of
crystals were determined from the x-ray diffraction patte
@ah53.036(1) Å andch517.169(3) Å#.

For comparison of properties we have used single crys
of FeO and CuO and a pressed tablet of LiFeO2. The pre-
paring of the latter was described earlier.5

The x-ray photoelectron spectra were measured on
ESCA spectrometer from Physical Electronics~PHI 5600 ci!
using monochromatic AlKa radiation. The single crystal o
CuFeO2 was investigated after having broken vacuum. T
spectra were calibrated using an Au foil@EB~4f 7/2)
584.0 eV]. The energy resolution as determined at
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Fermi level of an Au-foil was approximately 0.4 eV.
The Cu La (3d4s→2p3/2 transition!, Fe La

(3d4s→2p3/2 transition!, and O Ka (2p→1s transition!
x-ray emission spectra~XES! were measured on an RSM
500 x-ray spectrometer with electron excitation. The FeLa
and CuLa spectra were obtained in the second-order refl
tion with a broadening of approximately 0.4 and 0.8 e
respectively.

The OKa spectrum was measured in first-order reflecti
with a broadening of 0.6 eV. To calibrate the CuLa,
Fe La, and OKa spectra we used theLa spectra of pure
Cu, Fe, and V~929.7, 705.0, and 511.3 eV, respectively!.
The x-ray tube was operated atV54 keV andi 50.3 mA.

The x-ray emission spectra were brought to the scale
the binding energies with respect to the Fermi level using
binding energies of relevant initial~core level! states of the
x-ray transitions as measured by the X-ray photoelect
spectroscopy~XPS! technique. Corresponding binding ene
gies areEB(Cu 2p3/2)5932.4 eV, EB(Fe 2p3/2)5711.5 eV,
andEB(O 1s)5530.05 eV.

III. COMPUTATIONAL DETAILS

Calculations of the electronic structure of CuFeO2 were
performed using two approximations for the interelectr
Coulomb interaction: conventional local spin density a
proximation ~LSDA!, and an LSDA1U approach.31,32

LSDA calculations were performed using the full-potent
linearized augmented plane wave method~FP-LAPW! as
well as the linearized muffin-tin orbitals in the atomic sphe
approximation ~LMTO-ASA! method. LSDA1U calcula-
tions were carried out using the LMTO-ASA method.

For CuFeO2 we used a cell dimension ofah53.03 Å and
ch517.09 Å. The unit cell~one formula unit! contains four
atoms: in terms of the primitive translation vectors, the
atom sits in the~0,0,0! position, the Fe and two O atom

occupy the positions (12 , 1
2 , 1

2 ), ( 1
9 , 1

9 , 1
9 ) and (8

9 , 8
9 , 8

9 ), respec-
tively ~Fig. 1!. In this configuration, the copper has a line
twofold oxygen coordination, the iron is coordinated to s
oxygen atoms in a distorted octahedron, and the oxy
atom is surrounded by a tetrahedron of three Fe atoms
one Cu atom.

We calculated the electronic structures of CuFeO2 using
the LSDA ~Ref. 23! based FP-LAPW method,24,25 in which
we used the spin-polarized version of the exchan
correlation potential of Ceperley and Alder,26 as param-
etrized by Perdew and Zunger.27 The core states were treate
fully relativistically, while the valence states were treat
semirelativistically ~without spin-orbit interaction, which
plays a relatively minor role here!. No shape approximation
was made for either the potential or the charge density.
chosen muffin-tin sphere radii are 1.111, 1.191, and 0.79
for Cu, Fe, and O, respectively. The nonspherical cha
density and potential were expanded in terms of lattice h
monics of angular momentuml<8 inside the muffin-tin
spheres and were expanded in more than 7900 plane w
in the interstitial region. A basis set of about;190 FP-
LAPW’s/atom were used. During the self-consistency cyc
the Brillouin zone~BZ! integration was performed using 2
specialk points28 in the irreducible BZ. The total density o
states~DOS! and site-decomposed local DOS~LDOS, within
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4586 56V. R. GALAKHOV et al.
the muffin-tin sphere! were calculated using the tetrahedr
method,29,30 and the extrapolation of the energy eigenvalu
in 189k points were directly calculated using the FP-LAP
method.

The electronic structure of CuFeO2 was also calculated by
the LMTO-ASA method in the LSDA1U approximation, in
order to take into account Coulomb correlations betweed
electrons of transition metal ions. The LMTO-ASA metho
was also used in the LSDA approach and gave results
similar to FP-LAPW results.

We used LSDA1U functional as follows:31,32

ELSDA1U@rs~r !,$ns%#5ELSDA@rs~r !#1EU@$ns%#

2Edc@$n
s%#, ~1!

wherers(r ) is the charge density for spin-s electrons and
ELSDA@rs(r )# is the standard LSDA functional. Equation~1!
asserts that the LSDA is a sufficient approximation in
absence of orbital polarizations, while the latter are descri
by a theory of a mean-field~Hartree-Fock! type:

EU@$n%#5 1
2 (

$m%,s
$^m,m9uVeeum8,m-&nmm8

s nm9m-
2s

1~^m,m9uVeeum8,m-&

2^m,m9uVeeum-,m8&!nmm8
s nm9m-

s %, ~2!

where Vee are the screened Coulomb interactions betw
the nl electrons. Finally, the last term in Eq.~2! corrects for
double counting@in the absence of orbital polarizations, E
~2! should reduce to theELSDA# and is given by

Edc@$n
s%#5

1

2
Un~n21!2

1

2
J@n↑~n↑21!1n↓~n↓21!#,

~3!

where ns5Tr(nmm8
s ) and n5n↑1n↓. U and J are the

screened Coulomb and exchange parameters.33

In addition to the usual LSDA potential, the effectiv
single-particle potentials used in the effective single-part
HamiltonianH ~LSDA1U potential correction! were

Vmm8
s

5 (
m9m-

$^m,m9uVeeum8,m-&nm9m-
2s

1~^m,m9uVeeum8,m-&

2^m,m9uVeeum-,m8&!nm9m-
s %

2US n2
1

2D1JS ns2
1

2D . ~4!

The matrix elementsVee can be expressed in terms
complex spherical harmonics and effective Slater integ
Fk as34
s
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e
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^m,m9uVeeum8,m-&5(
k

ak~m,m8,m9,m-!Fk, ~5!

where 0<k<2l , and,

ak~m,m8,m9,m-!5
4p

2k11 (
q52k

k

^ lmuYkqu lm8&

3^ lm9uYkq* u lm-&.

If the u lm8& basis consists of complex spherical harmonic

ak~m,m8,m9,m-!5 (
q52k

k

~2l 11!2~21!m1q1m8

3S l k l

0 0 0D
2S l k l

2m q m8
D

3S l k l

2m9 2q m-
D . ~6!

For d electrons, one needsF0, F2, andF4 and these can
be linked to the Coulomb and Stoner parameters obtai
from the LSDA-supercell procedures viaU5F0 and
J5(F21F4)/14, while the ratio F4/F2 is constant
(;0.625) to a good accuracy for 3d elements.35,36 For
CuFeO2 we find U58.0 eV,J50.9 eV for Fe and Cu. The
ASA radii were chosen as follows: 1.11 Å for O and 1.59
for Cu and Fe.

Historically the cluster configuration interactio
method37–39 was the first to be used in attempts to inclu
strong Coulomb interactions in electronic structure calcu
tions. While being superior to our one-electron LSDA1U
method as a fully many-electron approach, the clus
method is too oversimplified in the sense that it model
crystal by a nearest neighbors cluster of atoms, while
LSDA1U method properly takes into account all intera
tions between all atoms in crystal.

IV. RESULTS AND DISCUSSION

A. Core level spectra

It is well known that x-ray photoelectron core level spe
tra give important information on the electronic states of
materials under considerations. It is generally accepted
the simplecharge-transfermodel described by van der Laa
et al.40 and Zaanenet al.41 is a good approximation for the
interpretation of 2p x-ray photoelectron spectra of transitio
metal compounds.

The Cu 2p x-ray photoelectron spectra of CuFeO2 and
CuO are shown in Fig. 2. The spectrum of CuO exhibits
intense satellite on the high binding energy side at abou
eV above the main peak. The satellite line corresponds to
2p213d9 final state, while the main line corresponds to t
2p213d10L21 final state. Here,L21 denotes a hole on a
ligand atom after the so-called charge-transfer process.
structure seen in the satellite line is due to the multip
splitting in the 2p53d9 final state.

The Cu 2p3/2 spectrum of CuFeO2 has only one peak a
932.5 eV which is significantly narrower than the main pe
of CuO. Note that the Cu 2p spectrum of CuFeO2 is similar
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to that of Cu2O ~Ref. 42! where copper ions have a form
valency11. The Cu 2p spectrum of CuFeO2 shows no mul-
tiplet splitting as expected for a full Cu 3d shell. Therefore,
the ground state of the copper ions in CuFeO2 consists
mainly of the configuration 3d10, resulting in a single core
level peak with the configuration 2p213d10.

The energy difference between the Cu 2p binding ener-
gies of CuO and CuFeO2 indicates the presence of differe
valence states of these oxides. It is known that Cu11 com-
pounds exhibit a Cu 2p spectra with lesser binding energie
than Cu21 compounds. This is a further proof of the 3d10

ground state configuration of Cu in CuFeO2.
Figure 3 shows the Fe 2p x-ray photoelectron spectra o

CuFeO2, LiFeO2, and FeO. In accordance with our work5

the ground state configuration of the Fe cation in LiFeO2 is
3d5. On the other hand, as indicated by oth
investigators,43–45 the ground state configuration of Fe
FeO is 3d6. The Fe 2p3/2,1/2 spectra for all oxides of this
work show strong satellite structure which corresponds t
shake-up satellite. Whereas the Fe 2p3/2,1/2 main lines for
FeO correspond to well screened 2p213d7L21 final states,
the satellites are described as poorly screened 2p213d6 final
states. For LiFeO2, the main lines are assigned to th
2p213d6L21 final states, and the satellites are assigned

FIG. 2. Cu 2p x-ray photoelectron spectra of CuFeO2 and CuO.

FIG. 3. Fe 2p x-ray photoelectron spectra of CuFeO2,
LiFeO2, and FeO.
r

a

to

the 2p213d5 final states. The energy separation between
main lines and the satellites for CuFeO2 is closer to that of
LiFeO2 than to FeO. This shows that Fe ions in CuFeO2 are
trivalent, as they are in LiFeO2.

The Fe 2p spectra of CuFeO2 are partly distorted as a
result of the superposition with CuL2M2,3M2,3 and
L3M2,3M2,3 Auger spectra. This is why the Fe 2p spectra of
CuFeO2 are broader than those of LiFeO2 and FeO.

The 3s core levels of the 3d transition metals are known
to exhibit exchange splitting. The magnitude of the splitti
is proportional to (2S11), whereS is a local 3d spin in the
ground state. In addition to the exchange interaction betw
3d and 3s states, an account must be taken of thecharge-
transfer process. For Cu oxides, thecharge-transfereffect
dominates the multiplet effect in the 3s spectra.46 As the
number ofd electrons decreases, the role of charge-tran
processes becomes less important and in Mn compound
3s splitting is mainly determined by exchange processes.47,48

In Fig. 4, the Fe 3s core level spectra of CuFeO2,
LiFeO2, and FeO are shown. The magnitude of the Fes
splitting in CuFeO2 is equal to 6.5 eV. The same splittin
was found for LiFeO2, with the high-spin 3d5 configuration

(S5 5
2 ) of Fe31 ions in the ground state. For FeO wit

S52, the exchange splitting is less. Therefore we can c
clude that the high-spin stateS5 5

2 for Fe31 ions is realized in
CuFeO2.

B. Band structure calculations

The results of the LSDA calculation are presented in Fi
5~a! and 5~b! ~FP-LAPW and LMTO-ASA, respectively!.
One can see that the O 2p band is centered approximately
6 eV below the Fermi level with a bandwidth of approx
mately 5 eV. The completely filled Cu 3d band is centered a
approximately22 eV. The narrow band formed by the F

FIG. 4. Fe 3s x-ray photoelectron spectra of CuFeO2, LiFeO2,
and FeO.
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4588 56V. R. GALAKHOV et al.
t2g↑
3 electrons is placed at about 1 eV below the Fermi

ergy. The Fet2g↓ band crosses the Fermi level and is tw
thirds filled ~it is for this reason that the magnetic moment
small!. The Feeg↑ andeg↓ bands are empty and are placed

FIG. 5. ~a! Total and partial densities of states calculated us
the LSDA approximation~FP-LAPW method!; ~b! densities of
states calculated using the LSDA approximation~LMTO-ASA
method!. Total DOS is given in states/eV spin cell.
-

t

approximately 1 and 2 eV above the Fermi level, resp
tively. Therefore, the Cu 3d band is located 1 eV lower tha
the Fe 3d band.

According to the LSDA calculations, CuFeO2 is a metal
where Fe ions are in the low-spin state and the magn
moment is equal to 0.96mB ~FP-LAPW method!. The
LMTO-ASA calculation gives a magnetic moment o
0.91mB .

These results contradict the experimental results wh
show that CuFeO2 is a semiconductor with a gap of 1.1
eV.18,19From the neutron diffraction study, the Fe31 ion mo-
ment in CuFeO2 is equal to 4.4mB

17 which corresponds to a
high-spin state of the Fe31 ions. The experiment also show
that the Fe 3d states are situated deeper relative to the Fe
level than the Cu 3d states.

We believe that these incorrect theoretical results a
from the failure of LSDA to properly take into account th
on-site Coulomb correlation betweend electrons of transi-
tion metal ions. Therefore, we must take into account
Coulomb correlation functionU and calculate the electroni
structure of CuFeO2 using the LSDA1U approach.

Figure 6 shows the partial densities of state for CuFe2
calculated in the LSDA1U approach. As a result of the
LSDA1U calculation we have obtained the result th
CuFeO2 is a semiconductor with the band gap of 2.0 e
which corresponds closer to the measured one. The broa
2p band is centered at approximately 5 eV below the Fe
level. The Cu 3d band is filled completely and located in th
same energy area. The Fe 3d↑ (t2g↑

3 and eg↑
2 ) states are

placed at about 9 eV belowEF . The Fe 3d↓ band is nearly
empty and thus Fe ions are mostly in the majority spin sta

g

FIG. 6. Total and partial densities of states calculated using
LSDA1U approximation. Total DOS is given in states/eV sp
cell.
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56 4589VALENCE-BAND SPECTRA AND ELECTRONIC . . .
The magnetic moment is equal to 3.76mB @in accordance
with meff54.65mB determined asmeff52AS(S11)#. It is
also seen that the Cu 3d band is placed 5 eV higher than th
Fe 3d one.

C. Valence-band spectra

Figure 7 shows the valence-band x-ray photoemiss
spectrum and the CuLa, FeLa, and OKa x-ray emission
spectra of CuFeO2 together with the partial densities of oc
cupied~spin up plus spin down! states from the LSDA1U
calculations. The x-ray emission spectra are arranged
respect to the Fermi level, taking into account the Cu 2p3/2,
Fe 2p3/2, and O 1s core level binding energies measured
means of x-ray photoelectron spectroscopy~XPS!. For
CuFeO2 the CuLa emission band lies at about23.6 eV and
this value agrees well with the main peak of the XP
valence-band spectrum situated near the Fermi level with
maximum at23 eV. It is interesting, that the shape of th
XPS spectrum of CuFeO2 is similar to that of Cu2O and
consistent with our interpretation that copper is in the 11
state. The valence band XPS spectrum can be found in
work by Ghijsenet al.42

For the Al Ka excitation, the cross section rati
s(Cu 3d): s(Fe 3d):s(O 2p) is equal to 1:0.18:0.02~Ref.
49! and as a consequence, the main XPS peak at the bin
energy of23 eV results from Cu 3d states. This is why we
compare the x-ray photoelectron and CuLa spectra with the
Cu 3d partial density of states. We bring the Cu 3d partial
density of states into coincidence with the position of t

FIG. 7. X-ray photoelectron spectrum of the valence bands
Cu La, Fe La, and OKa x-ray emission spectra of CuFeO2 as
compared with partial densities of states calculated using
LSDA1U approximation. X-ray emission spectra are brought t
common energy scale using the core level electron binding e
gies.
n

th

e

he

ing

main maximum of the XPS valence-band spectrum. The g
eral width and shape of the XPS spectrum agrees well w
the calculated Cu 3d density of states. The states near t
Fermi level are represented both in the XPS valence b
spectrum and in the Cu 3d partial density of states. Accord
ing to the LSDA1U calculation, these states are determin
as the Cu 3d–O 2p hybridized states.

Fe 3d states are given in the FeLa spectrum. There is a
discrepancy between the location of the calculated and m
sured Fe 3d states. In accordance with the LSDA1U calcu-
lations, the Fe 3d states are formed mainly in the energy ar
between28 and210 eV, whereas the measured ones ha
a maximum at25.3 eV. It is known that one-particle~band
structure! calculations are unable to give a correct descr
tion of the 3d electronic states because of electron-elect
correlations. For Fe 3d electrons, the electron-electron co
relations are rather strong, as one can see from the
intensity of the Fe 2p satellite ~see Fig. 3!. Perhaps, the
Coulomb parameter U calculated in the superce
approximation33 is actually too large and leads to deepeni
Fe 3d states relative to the measured ones. A smaller va
of U would give better agreement with the spectral da
Note that the relative positions of the Cu 3d and O 2p bands
are reproduced well by the LSDA1U method but not by the
LSDA method.

The LSDA1U method takes into account electron corr
lation on the simplest possible mean-field level, and bein
one-electron approximation, it cannot properly describe co
plicated many-electron effects caused by the presence o
core hole in x-ray spectroscopy. In such a case the clu
configuration interaction method32–39 is more appropriate.

The Fe 3d states are substantially hybridized with the
2p states which follows from energy overlapping of the
3d and O 2p states. The O 2p states are concentrated
1–10 eV with the maximum at 5.4 eV, as one can see fr
the position of the OKa x-ray emission spectrum in th
binding energy scale. The component O 2p DOS is also
shown here. The O 2p states are strongly hybridized with th
Fe 3d states, as one sees from the coincidence of the OKa
and FeLa x-ray spectra in the common energy scale. No
that the similar effect was found for the LiFeO2 oxides.5 In
contrast to LiFeO2, the Fe 3d and O 2p states lie deepe
relative to the Fermi level and probably do not affect t
conduction properties of the CuFeO2 oxide. A similar con-
clusion was made by Benko and Koffyberg18 since substitu-
tions of a Fe31 ion by other 31 ions do not change the valu
of the band gap.

V. CONCLUSION

In summary, we have presented x-ray photoemission
soft x-ray emission spectra of all the components of CuFe2
in combination with the results ofab initio LSDA and
LSDA1U calculations. Using the spectral measurements
have shown that Cu ions are in the 11 valence state and
Fe31 ions are in the high-spin configurationS55/2. It is
found, that the experimental maxima of the Cu 3d, Fe 3d,
and O 2p bands lie at23.0, 25.3, 25.4 eV relative to the
Fermi level, respectively.

The LSDA calculations contradict the experimental r
sults and do not correctly describe the component band
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sitions for CuFeO2 on the energy scale relative to the Fer
level. Moreover, according to the LSDA calculation
CuFeO2 is a metal with the conducting electrons atEF being
Fe-like ions in the low-spin state and a magnetic momen
about 0.91– 0.96mB , which is also in contradiction with the
experimental data whereby CuFeO2 is a semiconductor with
a band gap of 1.15 eV and a magnetic moment of 4.4mB . It
is shown that this contradiction arises from the failure
LSDA to take into account the on-site Coulomb correlatio
betweend electrons of the transition metal ions.

Our LSDA1U calculations removed these contradictio
and showed that~a! CuFeO2 is a semiconductor~band gap of
2.0 eV! with Fe31 ions in the high-spin configurationS
55/2 with a magnetic moment of 3.76mB ; and ~b! the Cu
3d band is placed above the Fe 3d band with respect to the
Fermi level which is in accord with the XPS and XES me
surements. The energy positions of the components as
dicted by the LSDA1U method correspond closer to th
H

, F

e

1.
n,

n

-
M

m

P

P

ys

.

.

H.
i

f

f
s

-
re-

ones found by the XPS and XES methods. For the comp
Cu 3d shell, the agreement between the experiments and
one-particle theory is very good, although some discrepa
remains for the positions of the Fe 3d and O 2p states.

For the highly correlated Fe 3d electrons, there is a con
tradiction between the theoretically predicted Fe 3d position
and the experimentally measured one. Many body effe
must be taken into account.
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Hüfner, Y. Tezuka, and S. Shin~unpublished!.

49J. J. Yeh and I. Lindau, At. Data Nucl. Data Tables32, 1 ~1985!.


