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Valence states of copper ions and electronic structure of LiCu2O2
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The electronic structure of LiCu2O2 was studied using x-ray emission~Cu La , O Ka) and photoelectron
spectroscopy~valence band and core levels! as well as band-structure calculations in terms of local spin-
density approximation~LSDA! and LSDA1U approaches. According to the x-ray-emission and photoelectron
spectra the valence states of the Cu atoms are found to be mixed, i.e., 21 and 11. The LSDA calculations are
contradictory to the experimental data and cannot reproduce the band gap and magnetic properties of LiCu2O2.
The LSDA1U calculations describe the insulator and antiferromagnetic properties much better but the over-
estimation of the screened Coulomb parameterU leads to a binding-energy shift of the CuII 3d states and this
distorts the proper modeling of the valence-band structure. The magnetic structure of LiCu2O2 is discussed,
taking our LSDA1U band-structure calculations into account.@S0163-1829~98!04108-3#
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I. INTRODUCTION

LiCu 2O2 is a compound with mixed-valence copper sy
thesized recently.1,2 It was found that LiCu2O2 is ortho-
rhombic, described by the space groupPnma~62! with the
unit-cell parametersa55.72 Å, b52.86 Å, andc512.41 Å
within a certain homogeneity range.3,4 The structure was de
scribed in Ref. 3 and contains equal amounts of CuI and CuII

atoms, ordered on distinct crystallographic sites. An ana
gous sodium oxocuprate has also been characterized.5 The
CuI atoms coordinate two oxygen atoms whereas the CII

atoms have 411 neighbors. CuII has basically a square en
vironment, and CuO4 units are connected by chains as
CuO. However, two chains run parallel and are connecte
such a way that a fifth~apex! oxygen atom is shared with th
adjacent chain. These double chains are connected by L5

double chains where Li has more even distances, i.e., in
trast to the CuII atoms the Li lies centered within its O5
pyramid. Thus, alternating double parallel chains, contain
either Li or Cu atoms, form the sheets which are interc
nected by CuI in O-Cu-O pillars.

LiCu 2O2 is an antiferromagnetic insulator with a Ne´el
temperature of 40 K above which the susceptibility obeys
Curie-Weiss law withmeff51.93mB/formula unit.1 The type
of the magnetic arrangement of the copper atoms was
established, and the electronic structure of LiCu2O2 was
also unknown up to now.

In this paper, a study of the electronic structure
LiCu2O2 is presented that includesab initio band-structure
calculations in terms of LSDA and LSDA1U approaches
together with x-ray emission~Cu La , O Ka) and photoelec-
tron ~valence band and core levels! measurements. The tw
local magnetic structures of LiCu2O2 are discussed in com
parison to the band-structure calculations.
570163-1829/98/57~8!/4377~5!/$15.00
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Sample preparation and experimental details

LiCu 2O2 was prepared by heating mixtures of CuO a
Li 2CO3 according to the appropriate stoichiometry, grou
together and compacted. The two compounds react with e
other at temperatures above 900 °C.2 X-ray powder diffrac-
tion phase analysis was used for the identification of
products. In early stages, before full homogeneity w
achieved, other phases such as LiCu3O3 and Li2CuO2 were
present. A final heat treatment at 960 °C gave a single-ph
specimen except for traces of Li2CuO2, which were com-
pletely removed by treating the powder with aqueous amm
nia in which it decomposes into soluble products.

The cell parameters were determined using a Guin
Hägg focusing camera with strictly monochromatic CuKa1

radiation. Silicon was used as an internal standarda
55.431065 Å at 25 °C!. The resulting cell parameters o
LiCu 2O2 were a55.7260(4) Å, b52.8587(2) Å, and
c512.4137~7! Å.4

The x-ray photoelectron spectra~XPS! were measured
with a PHI 5600 ci Multitechnique System using monochr
matic Al Ka radiation. The sintered specimen of LiCu2O2
was investigated after breaking it in vacuum. An Au foil w
used for calibrating the spectra, takingEB~Au 4f 7/2)584.0
eV as a reference. The representative energy resolutio
approximately 0.4 eV was determined at the Fermi level
the Au foil.

The CuLa and OKa emission spectra~XES! were ob-
tained with a JCXA-733 electron-probe microanalyzer, op
ating the x-ray tube at 5 kV and 100 nA. We used theLa
spectrum of pure Cu~929.7 eV! and OKa spectrum of MgO
~525.4 eV! for calibrating the instrument. The instrument
broadening of the CuLa and OKa spectra was about 0.8 eV
and 0.5 eV, respectively.
4377 © 1998 The American Physical Society
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B. Computational details

We used two approaches for investigating the electro
structure of LiCu2O2. The first one is conventional LSDA
~local-spin-density approximation! using the linear muffin-
tin orbital ~LMTO! method in the atomic sphere approac
and the second one is the basis-set independent LSDA1U
approach6 using the same LMTO method. The second a
proach includes correlation effects in the calculation sche
The values of radii~in a.u.! were chosen asr (Cu)52.7,
r (O)52.2, r (Li) 52.198. Four empty spheres~es’s! per unit
cell were introduced withr (es)52.2 a.u. to simulate CuI-es
planes. For the Cu atoms, the parameters for the scre
Coulomb potentialU and exchange potentialJ were found to
be U57.87 eV, J50.9 eV. The tetrahedron method wa
used with 36k points for the integration over the Brillouin
zone during the course of the self-consistency. All calcu
tions were performed for the triclinic Bravais lattice witho
inversion to allow the system to choose an appropriate s
order by itself during the self-consistency loops.

III. RESULTS AND DISCUSSION

A. X-ray photoelectron core-level spectra

Figure 1 shows the Cu 2p x-ray photoelectron spectrum
of LiCu 2O2 in comparison with those of CuO~Ref. 7! and
CuFeO2.8 The difference between the XPS LiCu2O2 and
CuO spectra, normalized to the intensity of the satellite
also given.

The XPS CuO spectrum exhibits the main lines at 93
eV and 953.2 eV and intense satellites on the high-bindi
energy side~939–945 eV and 959–964 eV!. The XPS spec-
trum of LiCu2O2 is characterized by similar spectral fe
tures. However, one can see a substantial energy shift o
main lines to lower binding energies~932.5 eV and 952.4
eV, respectively! and these bands are significantly narrow
As for CuO a shoulder clearly manifests itself within th
energy range from 933–939 eV, near the main line. Ad
tionally, both satellite energy positions coincide with tho
of CuO, but their intensity ratioI s /I m is smaller by a factor
of about 2~hereI s denotes the satellite intensity andI m the
intensity of the corresponding 2p3/2 main line!.

FIG. 1. XPS Cu 2p spectra of LiCu2O2, CuO and their differ-
ence in comparison with the Cu 2p spectrum of CuFeO2. The first
two spectra are normalized to the intensity of satellite.
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The XPS Cu 2p spectra were interpreted within th
simple charge-transfermodel described by van der Laa
et al.9 and Zaanen, Westra, and Sawatzky.10 In their ap-
proach, the main peaks correspond to 2p53d10L final states,
whereas the satellite structures correspond to 2p53d9 final
states~hereL denotes a hole on the ligand after the so-cal
charge-transfer processes!.

Since Cu11 compounds exhibit XPS Cu 2p spectra with
distinctly smaller binding energies than Cu21 compounds,11

the energy shifts of the XPS main lines of LiCu2O2 can
reflect the presence of Cu11 valence states in this oxide. Th
positions of the XPS Cu 2p main lines of CuFeO2 ~932.4 eV
and 952.2 eV, respectively! agree well with those of
LiCu2O2. In CuFeO2 the Cu atoms are also in the valen
state 11.8 Thus, coexistence of Cu11 ~CuI) and Cu21

~CuII) ions in LiCu2O2 can be concluded, and is strong
supported by the difference spectrum shown in Fig. 1.
spectral feature seen at about 935 eV in the XPS LiCu2O2
and the difference spectrum is apparently caused
Cu~OH!2 impurities.11 These were not noticed in x-ray dif
fraction and were probably created in the final washing st

The XPS Cu 3s core-level spectra of the investigated o
ides are given in Fig. 2. The exchange splitting of CII

3s13d9 states~featuresC andD) can be seen, whereas th
feature A is not split because it originates from the 3d10

states, namely, the CuI 3s13d10 and CuII 3s13d10L states.
The magnitude of theC-D splitting is determined by the
expression

DE3s5
2S11

5
G2~3s,3d!,

where S is the local 3d spin in the ground state an
G2(3s,3d) is the Slater exchange integral between 3s and
3d electrons. The meaning ofDE3s is approximately the

FIG. 2. XPS Cu 3s spectra of LiCu2O2, CuO and their differ-
ence in comparison with the Cu 3s spectra of CuFeO2. The first
two spectra are normalized to the intensity of the satellite.
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FIG. 3. ~a! Densities of states calculated usin
the LSDA approximation;~b! densities of states
calculated using the LSDA1U approximation.
The partial DOS is given in states/~eV spin atom!
and the total one is given in states/~eV spin cell!.
OI and OII denote oxygen atoms at different cry
tallographic sites.3,4
.
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same in both CuO and LiCu2O2 and is about 2.6 eV. As
before we have obtained the difference spectrum in Fig
and compared it with the Cu 3s spectrum of CuFeO2. The
shoulder seen in the difference spectrum at about 126 e
probably connected with the presence of Cu~OH! 2 impurities
as discussed before.

As a matter of fact, all the reported results prove the pr
ence of both Cu11 and Cu21 ions in LiCu2O2.

B. Band-structure calculations

Although the type of the magnetic arrangement of the
atoms in LiCu2O2 is unknown, one may assume that copp
atoms forming the CuIO2 dumbbells are nonmagnetic~this
is confirmed by further calculations!, and that only the CuII

atoms, forming double sheets of chains of CuIIO4 squares,
carry the magnetic moments. Based on this assumption
possible to consider the two simplest types of magn
structure: first, an antiferromagnetic arrangement of
sheets with parallel spins on the CuII atoms within every
sheet, and second, an antiferromagnetic arrangement of
netic moments within the sheets. Both types of magn
structure were checked in the present work.

The LSDA densities of states~DOS! for ferromagnetic
LiCu 2O2 exhibit a ‘‘half-metal’’ character in the energ
spectrum: the majority spin density is located just below
Fermi level whereas the minority spin density is crossed
the Fermi level@see Fig. 3~a!#. The states in the energy rang
from 28 to 24 eV are mainly formed by oxygen 2p states.
The Cud states are found in the energy range from24 to
21 eV. A strong mixture ofp and d states occurs61 eV
around the Fermi level. The DOS at about 4 eV above
Fermi level is an admixture of Cud and Op states to the
states of Li and es.

An unexpected result was obtained with respect to
magnetic order in this compound. Independent of the ini
spin arrangement of the CuII atoms~see discussion above!,
the final spin order after a self-consistency course was fe
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magnetic. The value of the CuI spin moment appears to b
negligibly small. Simultaneously, an essential polarization
the oxygenp states occurs: the value of the spin magne
moment on the oxygenp shell is only two times smaller than
that of thed shell of CuII.

The LSDA1U approach led to another picture of the e
ergy bands of ferromagnetic LiCu2O2 @Fig. 3~b!#. Here, an
insulator with an energy gap of 0.66 eV was obtained. T
energy gap is opened between mainly oxygenp states on the
low-energy side and hybridizedd-p states of CuII and oxy-
gen. Now the DOS in the low-energy range is formed
CuII d states with an admixture ofp states. The DOS of
CuII exhibits sharp bands split into lower and upper Hubb
bands~in the model Hamiltonian approach! whereas the CuI

DOS does not form a wide band. The DOS of oxygen
distributed rather uniformly along the whole energy interv
The values of the calculated magnetic moments~all values in
mB) are 0.01 for CuI, 0.53 for CuII, 0.25 for OI, 0.20 for
OII, 0.01 for Li, and20.01 for es atoms.

The spin magnetic moment per formula unit is found to
1.0 mB . In the paramagnetic regime, this value correspo
to meff51.73 mB @in the ‘‘spin-only’’ approximation, often
valid for 3d metals,meff52AS(S11), whereS is a total
spin# and is comparable with the experimental value of 1.
mB evaluated from the high-temperature part of the magn
susceptibility curve.1 Taking the results of the calculation
and common copper crystal chemistry into account, one
associate the copper atoms in the dumbbells with Cu11 ions
~formal configurationd10) and the state of the copper atom
in squares with Cu21 ions ~formal configurationd9).

C. Valence-band spectra

XPS valence-band spectra provide information about
total DOS distribution when also considering the cross s
tions of states, whereas XES CuLa and OKa spectra reflect
the contributions of the partial densities of the occupied
3d and O 2p states, respectively.



re
v

d

c-

h
n

he

h
a

m
he

of

o

f the

-
-

t so

ted
can

the

ex-

i-

to

the

ned
f
ce

g

the

etic

and
3

aft
-
e-

ctr
rg
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The XPS valence-band as well as the XES CuLa
(3d4s→2p3/2 electron transition! and OKa (2p→1s elec-
tron transition! spectra of LiCu2O2 are given in Fig. 4. The
latter were brought to the scale of binding energies with
spect to the Fermi level using the respective XPS core-le
binding energies@EB(Cu 2p3/2)5932.560.1 eV andEB(O
1s)5530.160.1 eV#.

The XPS valence-band spectrum of LiCu2O2 contains
five main features labeledA2E: the shoulderA at 1 eV, the
main line B at 3.5 eV, the shoulderC at 6 eV, and the
satellite bandsD andE with the maxima at about 11 eV an
13 eV. The ratio of cross sectionss~Cu 3d):s~O 2p) equals
1:0.02 for AlKa excitation.12 This means that the XPS spe
trum results mainly from Cu 3d states. While the satellite
band is due to CuII d8 final states,13 it remains to discuss the
origin of the XPS main line and the shoulders.

The coincidence of the XPS main peak with the CuLa
x-ray emission band also proves the Cu 3d character of the
XPS spectrum. However, the XES CuLa is narrower than
the Cu 3d states in the XPS valence-band spectra. Suc
discrepancy can be associated with differences in the tra
tion probabilities from the top and the bottom part of t
valence band (3d4s→2p3/2 electron transition!. For ex-
ample, it is well known that in the FeLa x-ray emission
band, the transition from the top part of the valence band
a higher probability than that from the bottom part by
factor of 1.8.14,15 This results in a decrease of the botto
band intensity at the bottom of the valence band, which t
appears to be narrower.

According to the LSDA1U calculations the shoulderC at
6 eV can be associated mainly with the CuII 3d states
whereas the main lineB corresponds mainly to CuI 3d states
@Fig. 3~b! and Fig. 4#. The XPS valence-band spectrum

FIG. 4. The XPS valence band and CuLa , O Ka x-ray emission
spectra of LiCu2O2. The XPS valence-band spectra of Cu2O ~taken
from Ref. 13! and CuO are added for comparison. The XES spe
were brought to a common energy scale using the binding ene
of core levels.
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CuO ~featuresA,B,C in the binding-energy range from 0 t
7 eV! is related to the 3d9L final states.13 The features
A,B,C are of singlet1A1, triplet 3B1, and triplet 3A1 sym-
metries, respectively. Next, one can see a coincidence o
shape and energy position of the satellitesD and E in the
XPS spectra of both CuO and LiCu2O2. This means that the
Coulomb interaction energyU and the charge transfer pa
rameterD for LiCu 2O2 are equal to those of CuO. There
fore, the 3d9L final states of LiCu2O2 must be located at the
same energy region as for CuO. Conceptually this is no
~Fig. 4!.

From the aforesaid it might be assumed that the calcula
data are at variance with the experimental ones. Thus we
interpret the latter on the basis of the CuO and Cu2O XPS
valence-band spectra. In terms of such an approach,
shoulderA at 1 eV is of singletA1g character~antibonding
states! while the origin of the main lineB is associated with
the partial contributions of CuII 3d and CuI 3d states. Such
a conclusion was made after a closer inspection of the
perimental data.

As for the calculated O 2p states there is a good coinc
dence with the XES OKa spectrum~see Fig. 4!. In this case,
the shoulder at 1 eV reflects the admixture of antibondingp-
d states while the region from 4 eV up to 10 eV belongs
the bonding ones.

Therefore, we can say with reasonable confidence that
LSDA1U calculations interpret the occupied Cu 3d and O
2p states correctly, but the overestimation of the scree
Coulomb parameterU results in a binding energy shift o
CuII 3d states and this distorts the modeling of the valen
band structure.

IV. CONCLUSIONS

Taking all the aforesaid into consideration the followin
conclusions were made:~i! The valency state of CuI atoms in
dumbbells is associated with Cu11 ions ~formal configura-
tion d10) and that of CuII atoms in squares with Cu21 ions
~formal configurationd9). This idea agrees well with the
XPS ~core level, valence band! and XES ~Cu La , O Ka)
experimental data as well as with the experience from
copper-oxygen crystal chemistry.~ii ! The results of LSDA
calculations cannot reproduce the electric and magn
properties~the band gap and magnetic moments!. The latter
are much better described by LSDA1U calculations.~iii !
The structure of the valence band was studied by XPS
XES. It was established that there is a hybridization of Cud
and O 2p states.~iv! The CuI 3d and O 2p states are cor-
rectly reproduced by LSDA1U calculations. However, the
overestimation of screened Coulomb parameterU leads to
the binding-energy shift of the CuII 3d states.
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