
PHYSICAL REVIEW B 15 NOVEMBER 1999-IVOLUME 60, NUMBER 19
Unoccupied electronic structure of Li2CuO2
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We have investigated the unoccupied electronic structure of quasi-one-dimensional Li2CuO2 using
polarization-dependent x-ray absorption spectroscopy. Although an isotropic ‘‘in-plane’’ situation is expected
for the O 1s absorption edge, due to the single oxygen site in the edge-sharing chain geometry, we observe a
clear energy shift of peaks derived from the upper Hubbard band, dependent on the direction of the light
polarization. For the possible explanation of this observed shift, alternative scenarios are discussed, based upon
the electronic structure as obtained from calculations within the local-density approximation, the effects of
coupling to phonons during the core-level excitation process, as well as on the polarization-dependent charge
distribution in the final state resulting in varying contributions from intersite electron-electron interactions.
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Quasi-one-dimensional~1D! cuprates have become im
portant model systems for the study of electronic correlati
in low dimensions and represent a useful starting poin
which to obtain basic information relevant to the more co
plex behavior displayed by the related high-Tc superconduct-
ors and ladder systems. Among the large family of chain
ladder networks,1 the simple straight chains are essential
they appear as building blocks in all of these materials. T
can be classified structurally into two types, namely cha
formed by CuO4 plaquettes connected via shared corn
‘‘corner-sharing chain’’ or shared edges ‘‘edge-shari
chain.’’ The former is realized in Sr2CuO3, the unoccupied
electronic structure of which has been studied recently.2 The
edge-sharing chain occurs in other insulating cuprates s
as Li2CuO2, the spin-Peierls compound GeCuO3, and the
ladder-type material La6Ca8Cu24O41. The latter represent
the undoped parent compound of Sr0.4Ca13.6Cu24O41.84,
which exhibits superconductivity under high pressur3

Within the class of materials with edge-sharing chains,
first glance Li2CuO2 seems to be an ideal model substan
since in this case the CuO2 chain is the only building block
in the crystal structure apart from the Li counter ions, a
thus a direct access to properties connected with the c
geometry alone is possible. In contrast to the corner-sha
case, where a 180° Cu-O-Cu exchange path implies an
ferromagnetic ~AF! nearest-neighbor Cu spin interactio
(J1.0), the ideal edge-sharing geometry results in a 9
Cu-O-Cu interaction, which favors a ferromagnetic~FM!
spin interaction (J1,0) between the Cu sites.4 At the same
time, the exchange path Cu-O-O-Cu plays a more impor
role, leading to an AF next-nearest-neighbor interaction,J2,
and thus to frustration. For Li2CuO2, with an Cu-O-Cu angle
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of u594°, exchange constants ofJ152100 K and J2

562 K have been obtained from magnetic susceptibi
data and an analysis within a standardpd model.5 Besides
the magnetic order along the chain direction~crystallo-
graphic a direction!, Li2CuO2 shows a three-dimensiona
magnetic structure. Different chains in the~a,c! plane are FM
ordered, whereas in theb direction one finds an AF coupling
of the different layers of chains.6 A detailed knowledge of
the electronic structure of Li2CuO2 is necessary to under
stand the fundamentals of these magnetic properties.

In this contribution we study the unoccupied electron
structure of Li2CuO2 by means of polarization depende
x-ray absorption spectroscopy and discuss the results in
light of the predictions of LDA band-structure calculation

Single crystals were grown using the traveling-solve
floating-zone method. Li2CuO2 adopts an orthorhombic
crystal structure with lattice parametersa52.86 Å, b59.39
Å, c53.66 Å.6 Note that we have interchanged the notati
of the axes with respect to Ref. 6 for the convenience of
reader. Following our convention, thec direction is now per-
pendicular to the planar CuO4 plaquettes as in the layere
cuprates, and the chain direction lies along thea direction.
Depending on the coordinate system adopted in the~a,b!
plane, the orbitals relevant for the discussion below are
noted by O 2px8 , O 2py8 , Cu 3dx822y82in the case of (x8,y8)
axes along the Cu-O bonds as sketched in Fig. 1~a!, and O
2px , O 2py , Cu 3dxy for axes parallel to the crystallo
graphic directions@(x,y) axes, Fig. 1~b!#. The orientation of
the crystals with a typical size of 33231 mm3 was deter-
mined using x-ray diffraction. The x-ray absorption spectro
copy ~XAS! experiments were carried out at the SX700
13 413 ©1999 The American Physical Society
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beamline7 operated by the Freie Universita¨t Berlin at BESSY
with an energy resolution of the monochromator of 280 a
660 meV at the O 1s and Cu 2p absorption thresholds, re
spectively.

Li 2CuO2 is extremely hygroscopic. To ensure high su
face quality we have performed our measurements onin situ
cleaved samples at a base pressure of 5310210 mbar. For
the O 1s and Cu 2p absorption spectra we chose the flu
rescence yield~FY! and total electron yield~TEY! detection
mode, respectively.8 Energy calibration was performed b
comparison of the Cu 2p3/2 XAS signal of a CuO sample
with corresponding data in the literature.9 In all cases the
data were corrected for the energy-dependent incident p
ton flux and, in the case of O 1s, for self-absorption effects
following a procedure described elsewhere.10 The spectra for
different crystal orientations11 are normalized;80 eV
above the absorption threshold, where the final states
nearly free-electron-like and therefore essentially isotrop

XAS provides information on the character and symme
of the unoccupied electronic states of solids and has pla
an important role in the investigation of cuprate-bas
materials.12 Dipole selection rules and the localized initi
core states enable a site specific study of the hole distr
tion. In addition, by using linearly polarized synchrotron r
diation and single crystalline samples, orbitals with differe
symmetry can be probed by appropriately aligning
sample with respect to the electric field vectorE of the in-
coming radiation. For example, in the geometryEia one
selects only O 1s →O 2px transitions@Fig. 1~b!#.

To obtain some insight into the electronic structure fro
the theoretical point of view we have performed loc
density approximation~LDA ! calculations using the linea
combination of atomiclike orbitals. Due to the relative
open structure, two empty spheres per unit cell have b
introduced. The calculation was scalar relativistic and
have chosen a minimal basis set consisting of the
(4s,4p,3d), O (2s,2p), and Li (2s,2p) orbitals, the lower
lying states being treated as core states. To optimize the l
basis, a contraction potential has been used at each s13

The Coulomb part of the potential was constructed as a
of overlapping extended site potentials, while the excha

FIG. 1. A sketch of the edge-sharing chain in Li2CuO2. The
directionsa and b refer to the crystallographic axes. Cu and
orbitals are shown for two different coordinate systems:~a! axes of
coordinates along the Cu-O bonds (x8, y8 axes! with O 2px8 ,
O 2py8 , and Cu 3dx822y82 orbitals.~b! Axes of coordinates rotated
by 45° (x,y axes! with O 2px , O 2py , Cu 3dxy orbitals.
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and correlation part was treated in the atomic-sphere
proximation. The calculation of the orbital-projected net de
sities of states is described in detail elsewhere.14 The calcu-
lation shows a paramagnetic and metallic behavior, with o
isolated band crossing the Fermi level. Due to strong on-
electron correlations ignored in LDA, this antibonding ba
will split in an upper and a lower Hubbard band in acco
with the experimentally observed insulating behavior.

Figure 2 shows the polarization-dependent Cu 2p3/2 x-ray
absorption spectra of Li2CuO2. A narrow peak at
;931.8 eV~the so called ‘‘white line’’! is observed, which
can be ascribed to the Cu 3d contributions to the upper Hub
bard band~UHB!.12,15 As expected from the isotropic neigh
borhood of the Cu ion within the~a, b! plane~Fig. 1!, almost
identical spectra forEia andEib are observed. A completely
different variation in intensity is found for light polarizatio
perpendicular to the CuO4 units (Eic). The strong anisot-
ropy of the white line between the in-plane@Ei(a,b)# and
out-of plane (Eic) geometry implies that the low-lying Cu
3d derived unoccupied states have predominantly Cu 3dxy
character, with only less than 7% of the intrinsic hole dens
located in out-of-plane orbitals~Cu 3d3z22r 2).16

Besides the white line, a strongly polarization-depend
absorption feature is found at 936.8 eV. Features in this
ergy range in the out-of-plane geometry have been see
many other cuprates12 and can be attributed to transition
into Cu 3d3z22r 2 orbitals which become partly unoccupie
via hybridization with empty Cu 4s states.17

Turning to oxygen, we show in Fig. 3 the O 1s absorption
edges for Li2CuO2. These measurements probe O 2px
(Eia), O 2py (Eib), and O 2pz (Eic) unoccupied states
The unoccupied states in the ‘‘high’’ energy range abo
530.5 eV result from the hybridization of Li 2s/2p states
with previously occupied O bands. We will mainly conce
trate on the peak directly above the absorption onse
;530 eV, which is related to transitions into O 2p orbitals
hybridized with Cu 3d states forming the UHB.12 The polar-
ization dependence is expected to be similar to that found
the white line in the Cu 2p absorption spectra. Indeed, in th
out-of-plane geometry (Eic) the spectral weight of the UHB
is strongly suppressed, with less than;11% of the holes
with O 2p character located in orbitals perpendicular to t
~a,b! plane. From the observed anisotropy in the Cu 2p and
O 1s absorption edges one can conclude that the UHB

FIG. 2. Cu 2p3/2 absorption edges of Li2CuO2 for the electric-
field vectorE parallel to the three crystallographic axes.
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predominantly built up from the in-plane orbitals Cu 3dxy ,
O 2px , and O 2py . A similar result is found within our
LDA approach, in which states other than these three c
tribute jointly less than 1% to the band at the Fermi lev
Compared to the LDA result, the larger out-of-plane con
butions observed in experiment are most likely a result of
finite degree of linear polarization (.90%) of the mono-
chromatized synchrotron radiation. Although the relevant
bitals for the formation of the UHB have almost exclusive
in-plane character, the LDA band-structure shows a disp
sion of the corresponding antibonding band in thez direction
which is equivalent to the dispersion iny direction and com-
parable to that in chain directionx.18 From this we can con-
clude that there is a relatively large interchain coupling
oxygen orbitals, and that Li2CuO2 is not an ideal 1D mode
system as the crystal structure might suggest at the
glance. From the dispersion of the antibonding band of
effective one-band model in chain direction,

E~kW !522t1 cos~kxa!22t2 cos~kxa!

28t18 cosS kx

a

2D cosS ky

b

2D cosS kz

c

2D
28t28 cosS kx

3

2
aD cosS ky

3

2
bD cosS kz

3

2
cD , ~1!

wheret1,2 denote the intrachain transfer integrals andt1,28 the
corresponding interchain integrals, we estimate for the tra
fer integrals values oft15230 meV ~263 meV!, t25280
meV ~294 meV!, t185212 meV~216 meV!, t285244 meV
~244 meV!. The numbers in parantheses are the results
tained by Weht and Pickett.19 The nearest-neighbor intra
chain transfer integral is significantly smaller than the cor
sponding value of the corner-sharing chain in Sr2CuO3 @0.55
eV ~Ref. 20!#, reflecting the hindered hopping along th
chain direction due to the;90° Cu-O-Cu geometry in
Li2CuO2.

We will now focus on the O 1s absorption edges forEia
andEib near 530 eV, where the chain geometry would su
gest the expectation of identical spectra. As illustrated in F
1~a!, the alignment of the light polarization parallel to thea

FIG. 3. O 1s absorption edges of Li2CuO2 for the electric-field
vectorE parallel to the three crystallographic axes. The inset c
centrates on the upper Hubbard band derived features for the
in-plane light polarizations measured with smaller step size.
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axis is identical to the situation ofEib as far as the projec
tion of the unoccupied O 2px8/2py8 states along these tw
directions is concerned. Surprisingly, in our XAS measu
ments the UHB derived feature forEia andEib turn out not
to be identical. The hole density in the orbitals O 2px and O
2py is almost the same, but we observe a distinct shift
energy of 150 meV between the two polarization directio
Although an absolute energy calibration can hardly be p
formed to an accuracy of 0.1 eV, we can very sensitively a
significantly determine a relative shift between theEia and
Eib spectra by adopting the following scheme: the cor
sponding directions have been measured immediately
after another in a cycleEia, Eib, Eia. After a new fill of the
storage ring, the measurements were repeated but now s
ing the cycle withEib. Thus a jump in the monochromato
energy due to the mechanical drive of the grating and
instabilities of the electron beam in the storage ring can
excluded as an explanation of the shift. Moreover, meas
ments were performed on several samples with identical
sults.

To discuss a possible anisotropy between thea and b
direction we make use of the orbital representation shown
Fig. 1~b!, which corresponds to the experimental geome
probing O 2px and O 2py states. The Cu ions still have a
isotropic neighborhood consistent with the observations
the Cu 2p XAS, but now the O 2px and O 2py orbitals are
not a priori symmetrically equivalent. For example, the pre
ence of counterions strongly hybridized with the O 2py or-
bitals would lead to a sizeable anisotropy. The crystal str
ture of GeCuO3 is a good illustration for this situation, as th
Ge ions are located directly opposite the oxygen atoms of
edge-sharing chain. In Li2CuO2, however, the Li ions do no
reside opposite to the oxygen atoms, but are situated in
tween them with a O-Li-O bonding angle of approximate
90°. Thus in the present case the counterions do not giv
basis for a possible anisotropy.

In contrast to the corner-sharing chain in Sr2CuO3, where
one can naturally ascribe two different peak positions to t
symmetrically inequivalent oxygen sites,2 the crystal symme-
try in Li2CuO2 shows only one oxygen site. As the excitatio
into the two oxygen orbitals starts from thesamecore level,
one would consequently expect to observeone UHB at a
certain energy, provided that possible excitonic effects
tween the excited electron and the core hole do not dep
on the final state~O 2px , O 2py!.

In a first step we look for an explanation of the observ
energy shift in the framework of the LDA calculation whe
the partial, orbital resolved unoccupied DOS near the Fe
energy is expected to be reflected in our XAS data direc
above the absorption threshold. The character of the orb
building a dispersive band may change across the Brillo
zone, e.g., from predominantly O 2px to O 2py . Integrating
overk space in the XAS experiment one would then obse
a different energy position when probing O 2px and O 2py
orbitals, reaching in one case mainly the upper part of
band and in the other case mainly the lower part of the ba
respectively. Indeed some effect is visible in the O 2p net
density of states derived from our LDA band-structure c
culations shown in Fig. 4. In the lower part of the figure, t
calculated DOS has been broadend to account for lifet
effects of the core hole~0.2 eV Lorentzian! and energy reso-
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lution ~0.28 eV Gaussian!. To reproduce the experimentall
observed linewidth of'1 eV full width at half maximum,
an additional broadening of 0.6 eV~Gaussian! has been ap-
plied. The origin of this broadening is most likely related
phonons, whereby both the observed practically symme
lineshape and the large width indicate that we are in
strong coupling limit. One recognizes a small energetic s
between the calculated O 2px and O 2py density of states a
the Fermi energy, in the same direction as experiment
observed. However, the theoretically estimated shift of
meV turns out to be not sufficient to fully explain the expe
mental value of 150 meV. Therefore, there must be so
additional mechanism involved.

As the phonon contributions have significant influence
the actual linewidth, the chain structure of Li2CuO2 could
lead one to expect some anisotropy of the phonon proper
thus accounting for the experimentally observed energy s
For example, O 1s core-level excitations into the O 2px and
O 2py orbitals could result in coupling either to differin
numbers of phonons or to phonons of differing energi
However, considering the role of phonons in the excitat
process in terms of a simple Einstein model, one finds
the first moment~center of gravity! of the spectral function is
independent of the coupling strength.21,22 For an asymmetric
lineshape, an energy shift between the two polarization
rections could result from the different energy positions
the peak maximum with respect to the center of gravity
each case. However, as the peak maximum and the cent
gravity coincides in the strong coupling limit~symmetric
lineshape!, it would appear unlikely that, within this simpl

FIG. 4. O 2p net density of states of the LDA linear
combination of atomic orbitals band structure near the Fermi ene
(EF50). Upper curves: calculated DOS. Lower curves: calcula
DOS broadened to account for lifetime effects, phonons, and
perimental resolution. For the parameters used, see the text.
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framework, the observed energy shift is caused by pho
contributions. We cannot, however, exclude that a mu
more sophisticated theoretical model involving strong anh
monicity could account in part for the energy shift. Such
complex and technically difficult treatment is clearly beyo
the scope of the present paper.

As a final point we mention the possible role played
electronic correlation effects in the XAS final state. Sin
there are only 0.1 holes per O 2px,y orbital, the excited elec-
tron must be distributed over several surrounding ions. T
charge redistribution in the XAS final state depends se
tively on the transfer integrals between the orbitals involv
These are in turn influenced by geometric effects~the Cu-
O-Cu bond angle is 94°) and in the case of the oxyg
oxygen transfer integrals additionally by the proximity
cations in the immediate vicinity. Both of these effects cou
lead to a situation in which the final state charge distribut
is different for the two polarization conditions. Taking th
fact, in combination with the various intersite Coulomb i
teractions~both core-valence and valence-valence!, it is con-
ceivable that the final state energies forEia andEib result in
a shift of both the same magnitude and direction as obse
in experiment. Consequently, the direction and magnitude
the experimentally observed energy shift provide useful c
straints for the parameters involved in future model calcu
tions of edge-sharing CuO2 chains.

To summarize our results, direct experimental inform
tion on the character and symmetry of the intrinsic holes
the edge-sharing chain of Li2CuO2 has been obtained b
polarization-dependent x-ray absorption spectroscopy.
though for light polarization within the plane of the CuO4
plaquettes the chain geometry suggests isotropic oxygen
tributions to the UHB, we observe a shift in energy in d
pendence of the direction of the light polarization. This sh
has been discussed within the framework of band-struc
effects, the role of phonons in the excitation process, as w
as the impact of electronic correlations in the XAS fin
state.
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