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Charge and orbital excitations in Li2CuO2
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We report a resonant inelastic x-ray scattering study of electronic excitations in Li2CuO2, an insulating
compound comprised of ribbons of edge-sharing copper-oxygen chains. Three excitations, which show little
dependence on momentum transfer, are observed in our measurements. The lowest-energy excitation at
;2.1 eV is dispersionless and is attributed to a localizedd-d orbital excitation. We also observe two excita-
tions at;5.4 eV and;7.6 eV which we assign to charge-transfer excitations. These high-energy excitations
are also dispersionless along the copper-oxygen chain direction. However, in each case we observe a small
energy dispersion along the direction perpendicular to the copper-oxygen ribbons, suggesting a significant
interchain coupling in this system. We also discuss the possible implications of ferromagnetic nearest-neighbor
intrachain coupling on the charge excitation spectra.
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I. INTRODUCTION

The magnetic properties of insulating copper-oxide co
pounds have drawn much attention over the past dec
Such systems include quasi-one-dimensional~1D! spin
chains (Sr2CuO3,SrCuO2,CuGeO3), spin ladders
(SrCu2O3,Sr14Cu24O41), and quasi-two-dimensional~2D!
parent compounds of high-temperature superconduc
(La2CuO4,Sr2CuO2Cl2). Many of these systems can b
modeled by a simple Heisenberg spin Hamiltonian with o
one parameter, that is, the superexchange coupling betw
copper spins,J. Unfortunately, calculatingJ is a difficult
task, due to the strong electron correlations in these so-ca
Mott insulators. Part of the difficulty also lies in the fact th
there is limited information on the electronic structure
these copper-oxide compounds. Thus, spectroscopic stu
of the electronic structure and excitations can provide imp
tant information leading towards an improved microsco
understanding of magnetism in insulating copper oxides.

Li 2CuO2 has been frequently modeled as an edge-sha
chain compound,1–7 that is, the copper-oxygen plaquettes
this material are connected by their edges with the Cu-O
bond angle (u) close to 90°. Electronic properties o
Li2CuO2 have been studied with optical conductivity,4 x-ray
absorption spectroscopy~XAS!,6 and electron energy-los
spectroscopy.7 The consensus from these experiments is t
Li 2CuO2 is a charge-transfer~CT! insulator, with a CT gap
of 2.2–2.7 eV. Another important observation is that the
exist several exchange paths between the copper spins
that none of these exchange interactions dominate. As a
sult, Li2CuO2 cannot be described as a simple Heisenb
spin chain.6,7 This intricate nature of the magnetic intera
tions is most clearly demonstrated by the magnetic ph
transitions: Experimentally, the paramagnetic susceptib
of Li2CuO2 exhibits an antiferromagnetic Curie-Weiss b
0163-1829/2004/69~15!/155105~6!/$22.50 69 1551
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havior, with a transition temperatureTN'9 K. However, the
magnetic structure is composed of ferromagnetic cha
which are coupled antiferromagnetically. In addition, a s
ond transition to a canted ferromagnetic phase at'2.8 K has
been observed by magnetization8 and muon-spin rotation
studies.9

Due to this complexity of the underlying spin Hami
tonian, it is difficult to experimentally determine the ma
netic interactions in this system. Even the sign ofJ, that is,
whether the nearest-neighbor coupling along the chain is
romagnetic or antiferromagnetic, is controversial. Accord
to the Goodenough-Kanamori-Anderson rules,J is expected
to be small, unlike the large antiferromagnetic super
change coupling present in the case of au5180° bond. In
fact, calculations of Mizuno and co-workers4 show thatJ is
very sensitive tou for u close to 90°. In the case o
La6Ca8Cu24O41, u591° and J is ferromagnetic (J,0),
while for u599° in CuGeO3, J.0. For Li2CuO2, a powder
x-ray diffraction study foundu594°.1 A number of theoret-
ical studies4,10,11 suggest a ferromagnetic coupling betwe
nearest-neighbor copper spins, which is consistent with
magnetic structure determined by powder neutr
diffraction.2 On the other hand, Boehmet al.5 found thatJ is
antiferromagnetic from their inelastic neutron-scattering
periment. Clearly, further investigation of the electron ho
ping and the exchange interactions in this system is nee
to determine the spin Hamiltonian and elucidate the m
netic phase behavior.

In the present work, we have carried out resonant inela
x-ray scattering~RIXS! experiments to study the electron
excitations of Li2CuO2. This technique allows one to prob
the energy and momentum dependence of charge ne
electronic excitations, in particular focusing on those th
involve the copper orbitals.12–15We have observed two type
of excitations; one at 2.1 eV which we attribute to a localiz
©2004 The American Physical Society05-1
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d-d type orbital excitation, and two excitations, at 5.4 e
and 7.6 eV, which we believe arise from CT-type proces
in the Cu-O plaquettes. A small, but finite, dispersion of t
latter along the direction perpendicular to the chain direct
suggests that the interchain coupling is nonzero, suppor
the conclusions of previous studies of magne
interactions.5,6,10,11In addition, we compare our results wit
those of CuGeO3 and discuss the possible implication of
ferromagneticJ on our RIXS spectra.

In the following section, we describe the experimen
configurations used in the measurements. The incident
ergy dependence and the momentum dependence of th
served RIXS spectra are discussed in Secs. III A and II
respectively. Finally, we will discuss the possible implic
tions of the experimental results in Sec. IV.

II. EXPERIMENTAL DETAILS

The experiments were carried out at the Advanced Pho
Source on the undulator beamline 9ID-B. A double-boun
Si~333! monochromator and a spherical, diced, Ge~733! ana-
lyzer was used to obtain an overall energy resolution of
eV ~full width at half maximum!. The scattering plane wa
vertical and the polarization of the incident x ray was ke
close to thec direction for the data reported here. Note th
the edge-sharing CuO4 chain runs along the crystallograph
b direction, and the Cu-O plaquettes lie perpendicular to
a direction.1 A single crystal sample of Li2CuO2 (a
53.662 Å, b52.863 Å, andc59.393 Å) was grown using
the traveling solvent floating zone method. The crystal w
cleaved along the(101) plane and mounted on an aluminu
sample holder at room temperature. Since Li2CuO2 is hygro-
scopic, care was taken to cleave the sample immediately

FIG. 1. Scattered intensity atQ5(2.5 0.1 2.5) as a function o
energy transferv. For clarity, scans are shifted vertically, and th
incident energy for each scan can be read off from the vertical a
Error bars are omitted for clarity.
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fore the experiment. It was then kept in vacuum through
the experiment.

III. EXPERIMENTAL RESULTS

A. Incident Energy Dependence

In Fig. 1, we plot the incident energy (Ei) dependence of
the scattered intensity as a function of energy transfer (v) at
a fixed momentum transfer ofQ5(2.5 0.1 2.5). Since~2.5
0.1 2.5! is near the Brillouin zone boundary, the elastic sc
tering intensity~i.e., atv50) is not very large. Three reso
nant features are observed in Fig. 1. The strongest feature
an excitation energy of;5.4 eV, and shows a large resona
enhancement in the intensity as the incident energy is va
throughEi'9000 eV, becoming weaker as the incident e
ergy is tuned away from the resonance. A second featur
;7.6 eV shows slightly different resonance behavior. In a
dition, a third feature at 2.1 eV is very weak compared to
other two features, and resonates at much lower incident
ergy, aroundEi&8990 eV. Because of geometrical co
straints associated with the near backscattering angle of
Ge~733! analyzer crystal at these low incident energies
was not possible to scan the incident energy belowEi
58979 eV.

To illustrate the resonance profile of these peaks, we p
in Fig. 2~a!, the scattered intensity as a function ofEi , with
the energy transfer fixed at these excitation energies. Tha
the intensity as measured at the positions indicated by v

is. FIG. 2. ~a! Scattered intensity at the three energy transfers,
eV, 5.4 eV, and 7.6 eV, as a function ofEi ~raw data!. Also plotted
is the x-ray absorption, as measured by monitoring the fluoresce
yield from the sample in the same scattering geometry~solid line!.
~b! The fitted peak position of the 5.4 eV feature as a function
Ei . The dashed lines in both figures are the results from fitting
data of Fig. 1 to Eq.~1!, as described in the text.
5-2
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cal dotted lines in Fig. 1 is plotted as a function ofEi in Fig.
2~a!. The intensity of the 2.1-eV feature is multiplied by 2
order to show its resonance profile more clearly. Raw exp
mental data are plotted without any absorption correction
this figure. For the 5.4-eV feature, the observed energy-
spectra were also fitted to a Lorentzian squared line sh
The fitted intensity as a function ofEi ~not shown! is virtu-
ally identical to the raw data shown in Fig. 2~a!. The peak
position of the 5.4-eV feature, plotted in Fig. 2~b!, exhibits
an interestingEi dependence. Specifically, there is a line
shift of the peak position from 5.4 eV atEi58995 eV to 5.6
eV at Ei59000 eV. ForEi*9000 eV, the peak position re
mains roughly constant around 5.6 eV. An apparent p
position shift is also observed forEi&8995 eV. However,
the small intensity@shown in Fig. 2~a!# and the resultan
large error bars for these data points make it difficult to a
lyze in a quantitatively meaningful way. Thus, we will focu
on the peak position shift forEi*8995 eV in what follows.

Such an apparent shift at first sight appears surpris
The natural expectation is that a valence excitation—suc
this—would appear as a Raman shift in a RIXS spectra,
is, a peak at a fixed energy transfer, independent of the i
dent energy. However, in their RIXS study of La2CuO4, Ab-
bamonte and co-workers also observed an incident en
dependence of the peak position.13 They proposed an expres
sion based on a shakeup picture in third-order perturba
theory to explain the experimental results, following earl
theoretical work by Platzman and Isaacs.16 Specifically, the
scattered intensityW was argued to have the form

W5
SK~q,v!

@~Ei2EK!21gK
2 #@~Ef2EK!21gK

2 #
, ~1!

where EK and gK are adjustable parameters, andSK de-
scribes an electronic excitation spectrum of interest. The
ingredient of Eq.~1! is that both incoming and outgoin
resonances are included in the denominator. The shap
this function depends on the relative widths of the funct
SK(q,v) and the inverse lifetimegK . For a sharpSK(q,v),
W is peaked at constant energy transfer as a function ofEi .
For a small value ofgK , the peak exhibits characterist
dispersion. We have fitted all the data in the range of 3
,v,7 eV from Fig. 1 to Eq.~1!, using a Lorentzian
squared function of full width 1.1 eV forSK . We have ob-
tained a single set of parametersEK'8995 eV andgK
'2.5 eV. These parameter values are similar to those
tained in Ref. 13. By substituting the values of these para
eters back in Eq.~1!, we can reproduce the intensity and t
peak position, which is plotted as a dashed line in Fig. 2. T
fitting results indeed describe the observed peak shift
intensity on aqualitativelevel. However, it is not at all clea
that this is a unique description of the data and further
derstanding of the discrepancy between the fit and the
served data will require a detailed model calculation as w
as a microscopic theory of the RIXS cross section.17 We note
that in the soft x-ray regime, there exist detailed model c
culations to describe resonant emission spectrosc
experiments.18,19
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Also shown in Fig. 2~a! is the measured XAS spectrum
~solid line!. The final states of the XAS process are the
termediate states of the RIXS process. One can associat
peaks around 8986 eV and 8996 eV in the absorption sp
trum with the well-screened (1s3d10L4p) and poorly
screened (1s3d94p) core hole final states, respectivel
where1s and L denote holes in the core level and oxyg
ligands, respectively. This association is consistent with
XAS studies on other insulating cuprates, includi
CuGeO3.20 We also observe a small pre-edge feature aro
Ei58978 eV. Qualitatively similar results were obtained
the XAS study of CuGeO3 by Cruz et al.,20 in which the
pre-edge feature was assigned to electric dipole forbid
transitions from the Cu 1s level to unoccupied Cu orbitals
with 3d character. The possible channels suggested for s
transitions were~a! electric dipole transitions to Cu 4p char-
acter mixed with neighboring Cu 3d states, and~b! electric
quadrupole transitions to the Cu 3d states. In either case, th
pre-edge feature, which is the intermediate state for the p
at 2.1 eV, has a 3d character and will therefore have a larg
overlap with excitations involving 3d electrons.

The intermediate states responsible for the resonant
hancement of the high-energy features at 5.4 eV and 7.6
are the poorly screened states. This is consistent with pr
ous RIXS results obtained for quasi-2D cuprates La2CuO4
~Ref. 15! or Nd2CuO4.12 However, the association of RIXS
excitations with a particular intermediate states is not ab
lute. In Fig. 1, for example, the 5.4 eV feature seems
resonate at more than one intermediate state; that is, th
tensity increases again as the incident energy decrease
low ;8990 eV. This needs further investigation.

B. Momentum Dependence

To investigate the momentum dependence of these e
tations, we have measured the energy-loss spectra alon
high-symmetry directions@100#, @010#, and@001#, around the
~2 0 3! reciprocal lattice point. In Figs. 3 and 4, energy-lo
scans taken with the incident energy fixed atEi58997 eV
and Ei58987 eV, respectively, are plotted at various m
mentum transfers. The reduced wave vectorq is noted for
each scan. Vertical dashed lines are drawn to show the
most dispersionless behavior of the peaks at 5.4 eV and
eV in Fig. 3, and at 2.1 eV in Fig. 4. To obtain quantitativ
information on the dispersion of these excitations in Fig.
we fit the observed spectra with two peaks; both with
Lorentzian squared line shape. We note here that these p
are not resolution limited; the full widths of the 5.4-eV pea
and the 7.6-eV peak were fixed at 1.1 eV and 1.5 eV, resp
tively. The peak positions obtained from these fits are plot
in the upper two panels of Fig. 5. Due to its proximity to th
much stronger peak at 5.4 eV, the location of the peak at
eV has rather large error bars, and more or less follows
dispersion of the 5.4-eV feature. As evident in Fig. 3, t
energy dispersions of both excitations are very small alo
all high-symmetry directions. In particular, along the cha
direction,@0 1 0#, the 5.4-eV feature is virtually dispersion
less. On the other hand, there is a suggestion of some dis
5-3
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sion (;140 meV) along the@1 0 0# direction, which is per-
pendicular to the copper-oxygen ribbon.

We attribute the 5.4-eV feature to a charge-transfer-t
excitation on a single copper-oxygen plaquette; specifica
we believe that it represents the energy difference betwe
bonding state and an antibonding state. Due to the str
hybridization between the Cu 3d and O 2p orbitals, the
ground state for a half filled copper-oxygen plane is no

FIG. 3. Energy-loss spectra taken at fixedEi58997 eV at a
reduced wave vector@q[Q2(203)# as noted. Solid lines through
the data points are the fit results as described in the text. Da
lines show that the peak positions have very littleq-dependence.
Each spectrum is offset vertically for clarity. Error bars are sma
than the symbol size.

FIG. 4. Energy-loss spectra for the 2.1 eV feature is shown w
Ei58987 eV for a fixed reduced wave vector~q! as noted. Solid
lines through data points are fitting results as described in the
Dashes lines show that the peak positions have very littleq depen-
dence. Each spectrum is offset vertically for clarity.
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simple 3d9. Rather, according to the Anderson impuri
model,12 it is a bonding state with an admixture of 3d9 and
3d10L states. In the RIXS process at the CuK edge, a Cu 1s
electron is excited to the Cu 4p band, and this intermediat
state may then decay into the antibonding excited state,
ducing the 6 eV feature commonly found in cupra
systems.12,13,22This interpretation is also consistent with th
calculation by Weht and Pickett,23 in which they found a
splitting of ;5 eV between the bonding and the antibondi
states. Since this excitation is localized in a single plaqu
of one copper and four oxygens, its excitation energy
somewhat material independent and would also be expe
to have a very small momentum dependence. Recentl
small (;150 meV) dispersion along the chain direction h
been observed for the 6.4 eV excitation of CuGeO3.21 Since
this dispersion should depend critically on the angleu
formed by Cu-O-Cu bond,4 it is not surprising to observe
smaller dispersion in Li2CuO2 (u594°) compared to
CuGeO3 (u599°).

There are at least two possible interpretations for the
eV feature. First, the peak at 7.6 eV could arise from exc
tion of electrons from different bands than those for the
eV feature. Alternatively, in the localized excitation pictu
described above, and in Ref. 7, one can have different e
tation modes depending on the symmetry of the four oxyg
orbitals in the plaquette. In this scenario, the 7.6-eV feat
would involve the same bands, but differ from the 5.4-e
feature by the symmetry of the particle-hole pair. Furth
studies of polarization dependences might be able to dis
guish between these two possibilities.

We next discuss the momentum dependence of the 2.1
feature. In order to investigate this, the incident photon
ergy was held fixed atEi58987 eV and energy-loss scan
were taken at a number of momentum transfers~Fig. 4!. In

ed

r

h

xt.

FIG. 5. The peak positions of the three features obtained fr
fitting scans shown in Figs. 2 and 3 to a Lorentzian-squared
shape~5.4 eV and 7.6 eV! or a Gaussian line shape~2.1 eV!. Data
on the right panels are taken at the position withqi(100), and those
on the left panels withqi(010). The data taken atq5(0 0 20.5)
are shown as triangles.
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contrast to the higher-energy features, the 2.1-eV featur
found to be resolution limited at all momentum transfers a
is therefore fitted to a single Gaussian line shape. The p
position extracted in this way is plotted in the bottom pa
of Fig. 5. It is clear that the energy dispersion of this peak
negligibly small.

The two salient characteristics of the 2.1-eV feature
thus its lack of dispersion and its narrow peak width, wh
implies that this excitation is localized and has a long li
time. Another important point is that the intermediate sta
of this 2.1-eV feature are either 3d states, or states having
large overlap with the 3d states.

Based on these observations, we associate the 2.1-eV
ture with ad-d type orbital excitation; that is, an excitatio
corresponding to exciting holes from thedyz orbital to higher
energy d orbitals. Similar d-d excitations have been ob
served in CuGeO3 with RIXS21 and optical spectroscopies.24

According to the calculation of Tanakaet al.,25 the energy
splitting between the ground statedyz and excited levels of
dxy , dzx , d3x22r 2 in Li2CuO2 is ;2 eV, which is consisten
with our value 2.1 eV. We note that in their CuM2,3 edge
RIXS study of Sr2CuO2Cl2, Kuiper et al.26 were able to re-
solve differentd-d excitations using polarization analysi
and we believe further polarization analysis is required
resolve the threed-d excitations in Li2CuO2. However, we
cannot rule out the possibility that the energy splitting b
tween these three levels (dxy , dzx , and d3x22r 2) is simply
too small (;0.1 eV) to detect with the current energ
resolution.

IV. DISCUSSION

To summarize, we have observed energy-loss feature
2.1 eV, which we attribute to ad-d excitation, and at 5.4 eV
and 7.6 eV, which are attributed to localized charge-tran
excitations of copper-oxygen plaquettes. These obsevat
are generally consistent with the recent RIXS study o
similar edge-sharing chain compound CuGeO3, with only a
quantitative difference in the excitation energies. Howev
an additional excitation at 3.8 eV was observed
CuGeO3.21 This was assigned to a nonlocal CT exciton mo
formed by a particle and hole pair residing on neighbor
plaquettes. The particle in this case forms ad10 state on one
plaquette and the hole forms a Zhang-Rice singlet s
(d9L) on the neighboring plaquettes.27 The excitonic state
formed by this particle-hole pair can have a large dispers
of ;1 eV in corner-sharing geometries such as La2CuO4,15

Sr2CuO3,28 or SrCuO2.29 In these cuprate materials~includ-
ing CuGeO3), the RIXS peak corresponding to this CT e
citon was observed at energies slightly higher than the
gap energy as measured in optical conductivity@s(v)# stud-
ies. This trend is illustrated in Table I, where we list t
RIXS peak positions and the corresponding optical cond
tivity peak positions in selected cuprate compounds. T
difference presumably originates in the difference in
measured response functions. That is, the optical condu
ity is proportional to the imaginary part of complex dielectr
function, Im@e(q50,v)#, multiplied by v, while the RIXS
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cross section is expected to follow the dielectric loss fu
tion, Im@21/e(q,v)#.

In light of the above discussion, it seems clear that no
of the observed features in Li2CuO2 are such a nonlocal
excitonlike excitation. Consider first the case of the 2.1
feature, which we have previously argued as ad-d excita-
tion. Were this excitation to be in fact, a nonlocal CT ex
tation, then, as discussed above, one would expect to obs
a sharp feature in the optical conductivity just below th
value, say around 1.9 eV. No such feature is observed in
optical data.4 Rather, one observes a rapid increase of
optical conductivity above 2.6 eV which develops into pea
around 3.5 eV and 4.2 eV. In addition, as noted, the 2.1
feature is resolution limited, while CT exciton features a
characterized by broad peaks in other materials.15,21,29Con-
versely, the feature at 5.4 eV is too high in energy to
associated with such a nonlocal excitation in terms of th
retical expectations for such an excitation. Thus, we c
clude that such nonlocal CT excitonlike excitations are s
pressed in Li2CuO2.

This immediately raises the question as to why such
citations are suppressed in this material. One possible ex
nation for this apparent absence lies in the different magn
couplings of CuGeO3 and Li2CuO2. This nonlocal CT exci-
ton involves the movement of the hole on one copper
onto the oxygen orbitals of the neighboring plaquette wh
it forms a singlet state with the copper spin on that plaque
This hole necessarily preserves the spin of the original Cud
hole. If neighboring copper spins are ferromagnetica
coupled, as is the case for Li2CuO2, then a singlet state
cannot be formed and only triplet excitations are possib
Since a significant fraction of the exciton stabilization ener
comes from the binding energy of the Zhang-Rice single33

this excitation is likely to be significantly suppressed in su
cases. Conversely, for the case of antiferromagnetic coup
of neighboring coppers, as in the case of CuGeO3, the singlet
state may form naturally and the nonlocal excitation is s
bilized. This argument was first made in the context of
K-edge RIXS spectra by Okada and Kotani34 who showed
just such an effect theoretically in calculated spectra
edge-sharing geometries, and it seems plausible that it is
active in the present case. The absence of such an ex
would be consistent with the absence of a sharp feature
the CT gap in the optical conductivity data, and in fact,
cent cluster calculations of RIXS spectra for Li2CuO2 and
CuGeO3 seem to support these ideas.35 However, to test
these ideas, further measurements of optical conductivity
RIXS spectrum of other edge-sharing chain compoun
such as Ca2Y2Cu5O10, would be desirable.36

Finally, in order to describe the apparent dispersion alo
thea direction, one needs to go beyond the simple picture
a localized excitation. As shown in Fig. 5, the features at

TABLE I. RIXS peak position of CT exciton and correspondin
peak position in optical conductivitys(v).

RIXS ~eV! Reference s(v) ~eV! Reference

CuGeO3 3.8 21 3.4 30
La2CuO4 2.2 15 2.0 31
SrCuO2 2.5 29 1.8 32
5-5
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eV and 7.6 eV seem to exhibit nonzero dispersion along
a-direction, with a minimum located at the zone bounda
This is similar to the dispersion behavior of the 6.4 eV ex
tation of CuGeO3,21 although in that case dispersion w
observed along the chain direction. If confirmed, this obs
vation suggests that the interchain coupling along thea di-
rection is not negligible. However, according to the calcu
tion by de Graafet al.,11 the superexchange interaction via
and O orbitals is too small to account for the nonzero disp
sion behavior along this direction. A different exchan
mechanism, such as direct exchange between Cu orb
may need to be considered to understand this.6

In summary, we have observed three excitations
Li2CuO2 using resonant inelastic x-ray scattering. These
cur at 2.1, 5.4, and 7.6 eV and are attributed to ad-d exci-
tation and two CT-type excitations, respectively. None of
excitations exhibit measurable dispersion along the chain
rection, consistent with the Cu-O-Cu bond angle being cl
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to 90°. There is some evidence of dispersion perpendic
to the plane of the Cu-O ribbon for the CT-type excitation
This would suggest there is a nonzero interchain coupli
Finally, we find no evidence for a nonlocal~Zhang-Rice! CT
exciton in the vicinity of the gap. We associate the suppr
sion of such a feature with the ferromagnetic coupling b
tween the neighboring copper spins.
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