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Valence-band spectra and electronic structure of CuFe®
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The delafossite-type CuFg@ingle crystal was studied by means of x-ray emission and x-ray photoelectron
spectroscopy. The valence state of Cu ions was found tothewlhereas Fe ions were found to be trivalent in
the high-spinS=5/2 state. The x-ray emissiq€u L,, FeL,, and OK,) and photoelectron spectra were
compared to the results of the local spin density approximati®@DA) (full-potential linearized augmented
plane wave method and linearized muffin-tin orbitals in atomic sphere approximation meimdd SDA
+U calculations. It is found that the maximum of the Cd &tate distribution is localized closer to the Fermi
level than that of the Fe@states. The LSDA calculations contradict the experimental results and do not give
a correct description of the Cu and Fd fositions relative to the Fermi level, and incorrectly predict metallic
behaviors(semiconductor observidind give qualitatively incorrect magnetic properties of CufeThe
LSDA+ U calculations give a much better agreement with the observed valence-band structure, the measured
electrical, and the magnetic properti€S0163-18207)03732-9

. INTRODUCTION WiedersicH? found that CuFe@undergoes a magnetic tran-
sition at about 19 K into an antiferromagnetic phase with a
Complex 3-transition metal oxides with the chemical structure consisting of stacked ferromagnetic triangular
formula ABO, (A=Li, Na,...,B=Cr, Mn, Fe, Co, Niand planes with a collinear spin configuration along thexis.
the a-NaFeQ crystal structure are of great interest as modelDoumerc et al*®* found the Nel temperature to bely
compounds for an analysis of the rearrangement of the elec= 13K. At temperatures much higher than thegNeempera-
tronic structure of monoxides when monoval@it ions are
introduced into the crystal lattice of monoxides. In this case
the formation ofB3" ions (with invariable @) or O' ions
(with invariableB?") is possible. Many high-energy spectral
measurements oABO, compounds were undertaken during
the past six years which showed that Bansition metal ions
in LiCrO,, LiFe0,, or LiCoG, are trivalent, whereas Ni ions
in LiNiO, are divalent™’ In this respect CuFeQcan be
considered as a related compound because its delafossite-
type structure is indeed close to that@fNaFeQ.%°
The crystal structure of CuFgCbelongs to the space
groupR3m with a,=3.03 A andc,,=17.09 A in the hexago-
nal descriptiort® The structure, shown in Fig. 1, consists of
hexagonal layers of Cu, O, and Fe with a stacking sequence
of A-B-C along thec axis to form a layered triangular
lattice antiferromagnet, where the triangular lattices of mag-
netic Fé" are separated by nonmagnetic ion layers of Cu
and G.10
Magnetic properties of CuFeChave been intensively
studied. Apostolot* performed Mssbauer effect and neu-
tron diffraction measurements of CuFg@nd proposed an  FIG. 1. Crystal structure of CuFgOCu atoms are denoted by

anti-ferromagnetic, noncollinear magnetic structure with &arge gray circles, Fe atom are denoted by dark circles, while O
rhombohedral magnetic unit cell at 4.2 K. Muir and atoms are denoted by small empty circles.
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ture, the paramagnetic susceptibility is found to obey thd~ermi level of an Au-foil was approximately 0.4 eV.
Curie-Weiss law? Later, successive magnetic transitions at The Cu La (3d4s—2ps, transition, Fe L,
Tn1=16K andTy,=11K were found from powder neutron (3d4s—2ps, transition, and O Ka (2p—1s transition
diffraction measurementé:'®> The magnetic structure was x-ray emission spectréXES) were measured on an RSM-
determined to be orthorhombic beldly,. As the tempera- 500 x-ray spectrometer with electron excitation. ThelLke
ture is increased abov&y,, CuFeQ shows a first-order and CuL« spectra were obtained in the second-order reflec-
transition to a monoclinic phasé.The effective magnetic tion with a broadening of approximately 0.4 and 0.8 eV,
moment deduced from magnetic susceptibility amounts taespectively.
5.64ug '’ whereas the powder neutron diffraction gives only  The OK« spectrum was measured in first-order reflection
4.4 of the FE' ion moment’ which is smaller than the with a broadening of 0.6 eV. To calibrate the Qu,
expected value of ag for °S state of F&* ions. FeLa, and OKa spectra we used thiea spectra of pure
The optoelectronic and electrical properties of CufeO Cu, Fe, and V(929.7, 705.0, and 511.3 eV, respectiyely
were investigated by Benko and Koffyb&?d®and Dordor The x-ray tube was operated ¥t=4 keV andi=0.3 mA.
et al?® CuFeQ is a semiconductor. In contrast to other The x-ray emission spectra were brought to the scale of
delafossites, it can be made eithep &r n type by suitable the binding energies with respect to the Fermi level using the
doping. The carrier mobility of th@-type samples is much binding energies of relevant initi&tore level states of the
higher than that of the-type ones®%It was proposed that x-ray transitions as measured by the X-ray photoelectron
in the p-type material the polarons are localized on the CuspectroscopyXPS) technique. Corresponding binding ener-
sites (forming C* ions), whereas imn-type samples they gies areEg(Cu 2pz,) =932.4 eV, Eg(Fe 23, =711.5¢eV,
are localized on the Fe sites leading to®Féons!® The  andEg(O 1s)=530.05eV.
indirect allowed band gap for @-type polycrystalline
CuFeQ sample was found to be 1.15 &t IIl. COMPUTATIONAL DETAILS
Up to now, spectral measurements and band structure cal- ) )
culations are absent for this compound. Its electronic prop- Calculations of the electronic structure of Cuhefere
erties have been discussed only on the basis of simplifieBerformed using two approximations for the interelectron
bonding scheme¥ 2! Recently, a great success wasCoulomb interaction: conventional local spin den5|lty ap-
. . . . P i 32
achieved in crystal growth of this material, and “perfect’ Proximation (LSDA), and an LSDA-U approack*?
large-size single crystalgs—8 mm in diameter and 10-30 ITSDA_ calculations were performed using the full-potential
mm in length are now available for the study of their physi- linearized augmented plane wave methGtP-LAPW) as
cal propertie€? In connection with this, we have performed well as the linearized muffin-tin orbitals in the atomic sphere
XPS measurements of valence-band and core level spect@@proximation(LMTO-ASA) method. LSDA+-U calcula-
and the x-ray emission measurements of the valence specti@ns were carried out using the LMTO-ASA method.

for all componentCulL,, FeL,, OK,) on the specially For CuFeQ we used a cell dimension af,=3.03 A and
grown single crystals of CuFeOAlso, self-consistent band ch=17.09 A. The unit cellone formula unit contains four
structure calculations have been performed. atoms: in terms of the primitive translation vectors, the Cu

atom sits in the(0,0,0 position, the Fe and two O atoms
occupy the positionsy(,3,3), (3,5,3) and ¢,%,%), respec-
tively (Fig. 1). In this configuration, the copper has a linear
Crystal growth of CuFe®was carried out by a floating- twofold oxygen coordination, the iron is coordinated to six
zone method in an infrared radiation furna@g/pe SC-48, oxygen atoms in a distorted octahedron, and the oxygen
Nichiden Machinery Ltd. The feed rod was suspended from atom is surrounded by a tetrahedron of three Fe atoms and
the upper holder by a platinum wire and the lower seedpne Cu atom.
made from a sintered rod, was fixed by a chuck. Growth was We calculated the electronic structures of Cuke®ing
started by melting the tips of the two rods which were thenthe LSDA (Ref. 23 based FP-LAPW method:?°in which
brought together to form a molten zone. The feed and theve used the spin-polarized version of the exchange-
seed were rotated at 30 and 15 rpm separately in oppositrrelation potential of Ceperley and Aldér,as param-
directions in order to promote the stirring of the melt and toetrized by Perdew and Zung&rThe core states were treated
equalize the heat inflow. Crystal growth was carried out by dully relativistically, while the valence states were treated
flow (300 miI/min of argon gas and at a growth rate in the semirelativistically (without spin-orbit interaction, which
range 0.5-1 mm/h. The hexagonal lattice constants of thplays a relatively minor role hereNo shape approximation
crystals were determined from the x-ray diffraction patternsvas made for either the potential or the charge density. The
[a,=3.036(1) A andc,,=17.169(3) Al. chosen muffin-tin sphere radii are 1.111, 1.191, and 0.794 A
For comparison of properties we have used single crystalfor Cu, Fe, and O, respectively. The nonspherical charge
of FeO and CuO and a pressed tablet of LizeDhe pre- density and potential were expanded in terms of lattice har-
paring of the latter was described earfier. monics of angular momenturh=<8 inside the muffin-tin
The x-ray photoelectron spectra were measured on aspheres and were expanded in more than 7900 plane waves
ESCA spectrometer from Physical Electron{&dl 5600 c) in the interstitial region. A basis set of about190 FP-
using monochromatic AK « radiation. The single crystal of LAPW'’s/atom were used. During the self-consistency cycle,
CuFeQ was investigated after having broken vacuum. Thethe Brillouin zone(BZ) integration was performed using 28
spectra were calibrated using an Au fojlEg(4f;5) specialk points® in the irreducible BZ. The total density of
=84.0eV]. The energy resolution as determined at thestategDOS) and site-decomposed local DQIDOS, within

Il. EXPERIMENT
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the muffin-tin spherewere calculated using the tetrahedron

method?®3° and the extrapolation of the energy eigenvalues (m.m"|Vee|m',m'">:; a(mm’,m’,m”")Fk,  (5)
in 189k points were directly calculated using the FP-LAPW
method. where O<k<2l, and,
The electronic structure of CuFg@as also calculated by
the LMTO-ASA method in the LSDA U approximation, in 4

a(m,m’,m",m"”)=

order to take into account Coulomb correlations between

k
2k+1 q;k (Im[YiggIm*)
electrons of transition metal ions. The LMTO-ASA method

was also used in the LSDA approach and gave results very X (I YiIm"™).
*"We toed LSDAU fomct: If the |Im’) basis consists of complex spherical harmonics
We used LSDA-U functional as follows3? plex sp ’

k
amm’,m’,m")= 3 (2+1)2(—1mrar
q=—k

Ik 1\2 1 k |
0 0 0O0\-m g m

ELSDA+ U[p"(r),{n"}] — ELSDA[pU(r)] + EU[{I’IU}]
- Edc[{na}]v 1)

X

where p?(r) is the charge density for spim-electrons and

ELSPA po(r)] is the standard LSDA functional. Equati¢h) I k1

asserts that the LSDA is a sufficient approximation in the X -m’" —q m") (6)
absence of orbital polarizations, while the latter are described

by a theory of a mean-fiel(Hartree-Fock type: For d electrons, one need?’, F?, andF* and these can

be linked to the Coulomb and Stoner parameters obtained
from the LSDA-supercell procedures vidJ=F° and

EV[{n}]=% > {(mm"|Vedm' ,m")n? n_ 7 J=(F?+F%/14, while the ratio F¥/F? is constant
{m}o (~0.625) to a good accuracy ford3elements>3® For
+({(m,m’|Vedm’,m”) CuFeQ we findU=8.0 eV,J=0.9 eV for Fe and Cu. The
ASA radii were chosen as follows: 1.11 A for O and 1.59 A
—(m,m"[Vedm”,m'y)n7 n-, ok, (20  for Cu and Fe.

Historically the cluster configuration interaction
method’3° was the first to be used in attempts to include
rétrong Coulomb interactions in electronic structure calcula-
tions. While being superior to our one-electron LSBRA
method as a fully many-electron approach, the cluster
method is too oversimplified in the sense that it models a
crystal by a nearest neighbors cluster of atoms, while the

where V., are the screened Coulomb interactions betwee
thenl electrons. Finally, the last term in E®) corrects for
double countindin the absence of orbital polarizations, Eqg.
(2) should reduce to thE-SPA] and is given by

1 1 LSDA+U method properly takes into account all interac-
Eqd{n?]= 5 Un(n-1)-> JIn'(n"=1)+nt(nt=1)], tions between all atoms in crystal.
3
@ IV. RESULTS AND DISCUSSION
where n°=Tr(n’ ) and n=n'+n’. U and J are the A. Core level spectra
screened Coulomb and exchange paraméfers. It is well known that x-ray photoelectron core level spec-

~In addition to the usual LSDA potential, the effective tra give important information on the electronic states of the
single-particle potentials used in the effective single-particlanaterials under considerations. It is generally accepted that
HamiltonianH (LSDA+U potential correctionwere the simplecharge-transfemodel described by van der Laan

et al?® and Zaaneret al*! is a good approximation for the
interpretation of P x-ray photoelectron spectra of transition
VI =S mm[Vedm',m™n =2, metal compounds.
mm ¢ mm The Cu D x-ray photoelectron spectra of CuFe@nd

CuO are shown in Fig. 2. The spectrum of CuO exhibits an
intense satellite on the high binding energy side at about 9
—(m,m"|Vedm”, m')Hn%, 4 eV above the main peak. The satellite line corresponds to the

F((m, Vo’ m”)

" 2p~13d? final state, while the main line corresponds to the
1 . 2p 13d'% ! final state. HereL ~! denotes a hole on a
—U{n- 2 +J{n7— IR (4) ligand atom after the so-called charge-transfer process. The

structure seen in the satellite line is due to the multiplet
splitting in the 2°3d° final state.
The matrix elementd/.. can be expressed in terms of  The Cu 23, spectrum of CuFe®has only one peak at
complex spherical harmonics and effective Slater integral©32.5 eV which is significantly narrower than the main peak
Fkas? of CuO. Note that the Cu® spectrum of CuFeQis similar
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FIG. 2. Cu 2 x-ray photoelectron spectra of CuFeénd CuO. s FeO

to that of CyO (Ref. 42 where copper ions have a formal
valency+ 1. The Cu 2 spectrum of CuFe©shows no mul-
tiplet splitting as expected for a full Cud3shell. Therefore,
the ground state of the copper ions in Cuke€dnsists . ‘ . .
mainly of the configuration 8'°, resulting in a single core 85 90 95 100 105
level peak with the configurationp2 *3d*°. Binding energy (eV)

The energy difference between the Cp Binding ener-
gies of CuO and CuFe{ndicates the presence of different
valence states of these oxides. It is known thatCeom-
pounds exhibit a Cu |2 spectra with lesser binding energies
than C4" compounds. This is a further proof of thel®
ground state configuration of Cu in CuF£O

Figure 3 shows the Fe@x-ray photoelectron spectra of
CuFeQ, LiFeO,, and FeO. In accordance with our work,
the ground state configuration of the Fe cation in LiFé&O
3d°. On §t1r31e45 other hand, as indicated by other
investigators;”™™ the ground state configuration of Fe in .
FeO is 315, The Fe D3s2.1/2 Spectra for all oxides of this CuFeQ are broader than those of I__|_F§©nd FeO.
work show strong satellite structure which corresponds to a Thg 35 core levels Of. the 8 transition _metals are knoyvp
shake-up satellite. Whereas the Fps2y, main lines for f[o exh|b|t'exchange splitting. The .magnltude of t.he. splitting
FeO correspond to well screeneg 23d’L ! final states, ' proportional to (5+1), whereSis a local 31 spin in the
the satellites are described as poorly screengd-ad® final ground state. In addition to the exchange interaction between
statels. 6Forl LiFe@ the main lines are assigned to the ;rgni?gr g“;oség;i&%r: %CJ:OOL;(?(; en;u?:tgg rgaeli(te; ﬁgfg?\;;ggt.
2p "3d’L"" final states, and the satellites are assigned tdominates the multiplet effect in thes3spectrd’® As the
number ofd electrons decreases, the role of charge-transfer
processes becomes less important and in Mn compounds the
3s splitting is mainly determined by exchange proce$$é8.

/™
Fi V«/\_\ In Fig. 4, the Fe 3 core level spectra of CuFgQ
, LiFeO,, and FeO are shown. The magnitude of the Be 3

FIG. 4. Fe 3 x-ray photoelectron spectra of CuFgQ.iFeO,,
and FeO.

the 2p~13d° final states. The energy separation between the
main lines and the satellites for CuF£® closer to that of
LiFeO, than to FeO. This shows that Fe ions in Cub&@e
trivalent, as they are in LiFeQ

The Fe 2 spectra of CuFe@are partly distorted as a
result of the superposition with CuU ,M,M,; and
L3M; M, 3 Auger spectra. This is why the FgZpectra of

T T T T T T | T T T T | T T T T
Fe 2p3/2 Fe 2p1 2

CuFeO2

/ splitting in CuFeQ is equal to 6.5 eV. The same splitting

was found for LiFe®, with the high-spin 8° configuration
(S=3) of Fe*' ions in the ground state. For FeO with
S=2, the exchange splitting is less. Therefore we can con-
clude that the high-spin stag-= 3 for Fe" ions is realized in
CuFeQ.

LiFeO,

Intensity (arb. units)

B. Band structure calculations
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The results of the LSDA calculation are presented in Figs.
5(a@) and 3b) (FP-LAPW and LMTO-ASA, respectively
One can see that the pdand is centered approximately at
6 eV below the Fermi level with a bandwidth of approxi-

FIG. 3. Fe 2 xray photoelectron spectra of CuFgO mately 5eV. The completely filled CudBband is centered at
LiFeO,, and FeO. approximately—2 eV. The narrow band formed by the Fe

Binding energy (eV)
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FIG. 6. Total and partial densities of states calculated using the
LSDA+U approximation. Total DOS is given in states/eV spin
cell.

approximately 1 and 2 eV above the Fermi level, respec-
tively. Therefore, the Cu@band is located 1 eV lower than
the Fe 3 band.

According to the LSDA calculations, CuFe@ a metal
where Fe ions are in the low-spin state and the magnetic
moment is equal to 0.965 (FP-LAPW methogl The
LMTO-ASA calculation gives a magnetic moment of
0.91ug.

These results contradict the experimental results which
show that CuFe®is a semiconductor with a gap of 1.15
eV 1819 From the neutron diffraction study, the Feon mo-
ment in CuFeQis equal to 4.4ug” which corresponds to a
high-spin state of the P& ions. The experiment also shows
that the Fe 8 states are situated deeper relative to the Fermi
level than the Cu 8 states.

We believe that these incorrect theoretical results arise
from the failure of LSDA to properly take into account the
on-site Coulomb correlation betweehelectrons of transi-
tion metal ions. Therefore, we must take into account the
Coulomb correlation functiot and calculate the electronic
structure of CuFe@using the LSDA-U approach.

Figure 6 shows the partial densities of state for Cuf-eO

FIG. 5. (a) Total and partial densities of states calculated usmgcalculated in the LSDA U approach. As a result of the

the LSDA approximation(FP-LAPW methogt (b) densities of
states calculated using the LSDA approximatidetMTO-ASA

method. Total DOS is given in states/eV spin cell.

LSDA+U calculation we have obtained the result that
CuFeQ is a semiconductor with the band gap of 2.0 eV
which corresponds closer to the measured one. The broad O
2p band is centered at approximately 5 eV below the Fermi

tgm electrons is placed at about 1 eV below the Fermi enievel. The Cu & band is filled completely and located in the
ergy. The Fet,q, band crosses the Fermi level and is two-same energy area. The Fed@(t%m and eST) states are
thirds filled (it is for this reason that the magnetic moment is placed at about 9 eV belo®. The Fe 3l band is nearly
small. The Feey; andey, bands are empty and are placed atempty and thus Fe ions are mostly in the majority spin state.
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' T main maximum of the XPS valence-band spectrum. The gen-
CuFe02 = eral width and shape of the XPS spectrum agrees well with
- the calculated Cu @ density of states. The states near the
Fermi level are represented both in the XPS valence band
spectrum and in the Cud3partial density of states. Accord-
ing to the LSDA+ U calculation, these states are determined
as the Cu 8-0 2p hybridized states.

Fe 3 states are given in the Hex spectrum. There is a
discrepancy between the location of the calculated and mea-
sured Fe 8 states. In accordance with the LSBAJ calcu-
lations, the Fe @ states are formed mainly in the energy area

AN between—8 and—10 eV, whereas the measured ones have
o '-., a maximum at-5.3 eV. It is known that one-particidand
Fe 3d || M-~ ~, Felo structure calculations are unable to give a correct descrip-
L W tion of the 3 electronic states because of electron-electron
* correlations. For Fe @ electrons, the electron-electron cor-
., relations are rather strong, as one can see from the high
K "\"O Ko intensity of the Fe P satellite (see Fig. 3 Perhaps, the
S 02p ™ Coulomb parameter U calculated in the supercell
I N approximatiori® is actually too large and leads to deepening
. % —J , Fe 3 states relative to the measured ones. A smaller value
-15 -10 -5 0 of U would give better agreement with the spectral data.
Energy (eV) Note that the relative positions of the Cd and O 2 bands
are reproduced well by the LSDAU method but not by the

FIG. 7. X-ray photoelectron spectrum of the valence bands and-SDA method.

Cula, FelLa, and OKa x-ray emission spectra of CuFe@s The LSDA+ U method takes into account electron corre-
compared with partial densities of states calculated using théation on the simplest possible mean-field level, and being a
LSDA+U approximation. X-ray emission spectra are brought to aone-electron approximation, it cannot properly describe com-
common energy scale using the core level electron binding eneplicated many-electron effects caused by the presence of the

DOS / Intensity (arb. units)

gies. core hole in x-ray spectroscopy. In such a case the cluster
configuration interaction methdd3%is more appropriate.
The magnetic moment is equal to 3w [in accordance The Fe 2l states are substantially hybridized with the O

with uer=4.65ug determined asu.z=2vS(S+1)]. It is  2p states which follows from energy overlapping of the Fe
also seen that the Cuddand is placed 5 eV higher than the 3d and O 2 states. The O R states are concentrated at
Fe 3d one. 1-10 eV with the maximum at 5.4 eV, as one can see from
the position of the OKa x-ray emission spectrum in the
binding energy scale. The component @ DOS is also
shown here. The O2states are strongly hybridized with the
Figure 7 shows the valence-band x-ray photoemissioiFe 3d states, as one sees from the coincidence of th€aO
spectrum and the Clua, FeLa, and OKa x-ray emission  and FelL « x-ray spectra in the common energy scale. Note
spectra of CuFePtogether with the partial densities of oc- that the similar effect was found for the LiFe@xides® In
cupied (spin up plus spin downstates from the LSDAU  contrast to LiFe@, the Fe 3l and O 2 states lie deeper
calculations. The x-ray emission spectra are arranged Wwitkelative to the Fermi level and probably do not affect the
respect to the Fermi level, taking into account the @42  conduction properties of the CuFg@xide. A similar con-
Fe 2p3,, and O X core level binding energies measured by clusion was made by Benko and Koffyb&tgince substitu-
means of x-ray photoelectron spectroscoPyPS). For tions of a Fé" ion by other 3+ ions do not change the value
CuFeQ the CuL @ emission band lies at about3.6 eV and  of the band gap.
this value agrees well with the main peak of the XPS

C. Valence-band spectra

valence-band spectrum situated near the Fermi level with the V. CONCLUSION
maximum at—3 eV. It is interesting, that the shape of the
XPS spectrum of CuFeQis similar to that of CyO and In summary, we have presented x-ray photoemission and

consistent with our interpretation that copper is in the 1 soft x-ray emission spectra of all the components of CyFeO

state. The valence band XPS spectrum can be found in tha combination with the results ofib initio LSDA and

work by Ghijsenet al*? LSDA+U calculations. Using the spectral measurements we
For the Al Ka excitation, the cross section ratio have shown that Cu ions are in the-1valence state and

o(Cu 3d): o(Fe 3):0(0 2p) is equal to 1:0.18:0.0Ref.  Fe** ions are in the high-spin configuraticB=5/2. It is

49) and as a consequence, the main XPS peak at the bindirfgund, that the experimental maxima of the Cd, Fe 3,

energy of—3 eV results from Cu 8 states. This is why we and O 2 bands lie at-3.0, —5.3, —5.4 eV relative to the

compare the x-ray photoelectron and Ca: spectra with the  Fermi level, respectively.

Cu 3d partial density of states. We bring the Cd Bartial The LSDA calculations contradict the experimental re-

density of states into coincidence with the position of thesults and do not correctly describe the component band po-
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sitions for CuFe@on the energy scale relative to the Fermi ones found by the XPS and XES methods. For the complete
level. Moreover, according to the LSDA calculations, Cu 3d shell, the agreement between the experiments and the
CuFeQ is a metal with the conducting electronstat being  one-particle theory is very good, although some discrepancy
Fe-like ions in the low-spin state and a magnetic moment ofemains for the positions of the Fel&and O 2 states.

about 0.91-0.96.5, which is also in contradiction with the For the highly correlated Fed3electrons, there is a con-
experimental data whereby CuFg(® a semiconductor with  tradiction between the theoretically predicted Fe@sition

a band gap of 1.15 eV and a magnetic moment ofid.4lt  and the experimentally measured one. Many body effects
is shown that this contradiction arises from the failure ofmust be taken into account.

LSDA to take into account the on-site Coulomb correlations

betweend electrons of the transition metal ions.
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