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Electronic structure of CuGeO3: Charge excitations between zero and one dimension
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We present a joint experimental and theoretical investigation of the electronic structure of CuGeO3. The
momentum dependent loss function was measured using electron energy-loss spectroscopy in transmission. For
momentum transfers parallel to the crystallographicc direction ~along the CuO2 chains! the loss function
agrees well with calculations based upon a Cu5O12 cluster model. The detailed analysis of the origin of the
features below 7 eV in the calculated spectra reveals two distinct energy ranges in which transitions occur
either into localized or delocalized states. A shift of spectral weight towards the low energy region can be
observed when the coupling between adjacent CuO4 plaquettes is increased in our model. Above 2 eV the
optical conductivity derived from the experimental loss function agrees well with results from optical mea-
surements as well as with those from calculations based on our cluster model. The small spectral weight
observed at 1.8 eV in the experiment has no counterpart in the theoretical loss function and thus cannot be
assigned to charge transfer transitions involving Cu and O states. The loss functions with momentum transfers
parallel to the crystallographicb direction show spectral weight at 6.5 eV that shifts to higher energies with
increasing momentum transfer. This can probably be ascribed to transitions involving unoccupied Ge 4s and
4p states.

DOI: 10.1103/PhysRevB.64.075112 PACS number~s!: 71.27.1a
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I. INTRODUCTION

In 1993 the discovery of the spin-Peierls~SP! transition in
CuGeO3 by Haseet al.1 began a huge number of physic
investigations of this compound. The SP transition
CuGeO3 is the consequence of a dimerization of the Cu21

ions aligned in CuO2 chains below the transition temperatu
and has been intensively studied using neutron and x
diffraction.2 The linear arrangement of the antiferromagne
cally coupled Cu21 ions provides an ideal system for th
experimental examination of theoretical predictions made
a spin-1/2 Heisenberg chain.3 Furthermore, CuGeO3 belongs
to the big group of low-dimensional cuprates which are u
der lively discussion due to their outstanding properties. T
common structural unit of these materials is the squa
planar CuO4 plaquette, and it is interesting to see how t
properties of the cuprates depend on the arrangement o
plaquettes in the crystal. As in the ‘‘zero-dimensional’’ com
pound Li2CuO2, in CuGeO3 the CuO4 plaquettes build edge
sharing CuO2 chains. However, in contrast to Li2CuO2, the
plaquettes show a more distinct rectangular distortion wh
gives rise to the assumption that the character of the e
tronic states in CuGeO3 is rather one dimensional, due to th
more pronounced superexchange path between adjacen
3d orbitals. An estimation of the exchange interactions
tween the holes on the plaquettes4 shows that such an elon
gation of the plaquettes along the CuO2 chain direction is
0163-1829/2001/64~7!/075112~9!/$20.00 64 0751
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insufficient to transform the spin system from a ferroma
netic coupling to an antiferromagnetic coupling as describ
by the Goodenough-Kanamori-Anderson rules.5 This is in
contrast the experimental results, which found an antifer
magnetic alignment of the hole spins along the chain dir
tion. As a solution of this discrepancy Geertsma a
Khomskii4 proposed an additional superexchange pathw
via the Ge orbitals which hybridize with the 2p orbitals of
the chain oxygens.

The electronic structure of CuGeO3 has been intensively
studied theoretically by means of band structure6–8 and clus-
ter calculations9 as well as experimentally using differen
spectroscopic methods.10–14 Even though the results of th
band structure calculations show contributions of the
states to the conduction band, the influence of these state
regards the dynamics of the 3d holes in CuGeO3 could not
yet be determined experimentally. In this respect, the inv
tigation of the valence band excitations should be able
provide more information. However, contradictory resu
from optical measurements10–12 have made a reliable inter
pretation of the charge excitations in the visible energy ra
difficult.

In order to overcome this weakness, we present a jo
experimental and theoretical investigation of the valen
band excitations and their momentum dependence
CuGeO3 using high resolution electron energy-loss spectr
copy ~EELS! in transmission and Cu5O12 cluster calculations
©2001 The American Physical Society12-1
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S. ATZKERN et al. PHYSICAL REVIEW B 64 075112
based on a multiband Hubbard model. The comparison of
experimental and theoretical data allows us to distingu
between transitions into localized and delocalized final sta
which provides us with detailed information about the ele
tronic structure in this compound. In a more general w
from the variation of the interplaquette coupling in our th
oretical model we can draw conclusions regarding
change of the dynamics of the holes in a CuO2 chain with the
transition from zero to one dimension. The differences
tween the theoretical and the experimental results determ
with momentum transfer parallel to the crystallographicb
direction gives us useful information about the possible c
tributions of the Ge states to the conduction band.

II. EXPERIMENT

A. Samples

For the growth of the CuGeO3 single crystals, a CuGeO3
melt with an excess of 20 wt. % CuO was slowly cool
down from 1200 ° C at a rate of 2 C/h in a Pt crucible. T
single crystals—blue platelets with dimensions of 1.5 m
35 mm34 mm along thea, b, and c axis—respectively,
could easily be separated from the remaining CuO flux. T
quality of the single crystals was investigated by means
susceptibility measurements using a commercial SQU
~MPMS! system. A well-defined spin-Peierls transition
14.6 K as well as a negligible Curie contribution at lo
temperatures indicated the high quality of these flux-gro
single crystals.

Figure 1 shows the crystal structure of CuGeO3.15 The Cu
atoms and their four neighboring O atoms build chains
edge-sharing CuO4 plaquettes along the crystallographicc
direction with a Cu-O-Cu-bond angle of almost 98°. Alon
theb direction the plaquettes of adjacent chains are tilted
of theac plane in such a way as their perpendiculars inters
with an angle of around 112°. The Ge atoms are tetrahedr
surrounded by O atoms. In theb direction these tetrahedr

FIG. 1. Crystal structure of CuGeO3. Copper atoms are show
as black spheres, oxygen atoms as light grey spheres, and ge
nium atoms as dark grey spheres.
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connect adjacent chains leading to a wavelike CuGeO3 net-
work as illustrated in Fig. 1. These networks are stack
along thea direction. The weak interactions between the
are the reason for the excellent cleavage behavior paralle
the bc plane. The distance between the Cu atom and th
atoms of a plaquette is 1.94 Å, while the distance betw
the Ge atoms and the nearest neighbor O atoms of
plaquettes is much smaller (1.72 Å).

For the measurements using electron energy-loss s
troscopy in transmission, a thin slice was peeled off
single crystal using an adhesive tape. This slice was fur
cleaved by repeated peeling with tape stripes, providin
final thin film thickness of about 1000 Å. The remainin
tape glue was subsequently dissolved in chloroform. T
high quality and orientation of the single crystalline samp
were checked byin situ electron diffraction.

B. EELS in transmission

EELS in transmission with a primary beam energy of 1
keV was performed on free standing films at room tempe
ture ~for experimental details see Ref. 16!. The energy and
momentum transfer~q! resolution were chosen to be 20
meV and 0.03 Å21 for q , 0.4 Å21, and 300 meV and
0.05 Å21 for q>0.4 Å21, in order to compensate for th
decrease of the cross section at higher momentum trans

EELS in transmission provides us with the momentu
and energy dependent loss function Im@21/«(q,v)#, from
which, by means of the Kramers-Kronig relations, the r
part of the negative inverse dielectric function and thus
the optical properties such as, for example, the optical c
ductivity s(q,v) can be calculated. For small momentu
transfer only dipole transitions are allowed, and for the lim
q50 the transition matrix elements are the same as in op
For the Kramers-Kronig analysis~KKA !, a loss spectrum
close to the optical limit was used in order to derive t
optical conductivity. The measured data have been corre
for contributions from the quasielastic line and multiple sc
tering processes.16 The KKA was normalized using the re
fractive index~see below!.

III. THEORY

The loss functionL(q,v) measured in EELS experimen
is given by

L~q,v![ImF 21

e~q,v!G; 1

q2
Im xr~q,v!,

where the prefactor 1/q2 is due to the Coulomb interactio
between the scattered electrons and the electrons of
sample.16,17 xr(q,v) is the q- and v-dependent dynamic
density-density correlation function of the sample includi
long-range Coulomb interactions. By treating the lat
within the random-phase approximation~RPA!, one finds for
the loss function~see also Ref. 18!

a-
2-2
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ELECTRONIC STRUCTURE OF CuGeO3: CHARGE . . . PHYSICAL REVIEW B 64 075112
L~q,v!;ImF 21

11vqxr
0~q,v!

G , ~1!

where

xr
0~q,v!5

i

\E0

`

dt^0u@rq~ t !,r2q#u0&eivt ~2!

is the response function at zero temperature for a short-ra
interaction model.u0& is the ground state,rq denotes the
Fourier transform of the hole occupation number opera
andvq5e2N/(e0e rvq2) is the long-range Coulomb potentia
with unit cell volumev. Furthermore,N is the number of
holes per unit cell,e0 is the permittivity, ande r is the static
dielectric constant, i.e., the zero-frequency limit ofe1(v).
We note that the inclusion of the long-range Coulomb int
action means that the Coulomb interaction used in the sh
range model below represents the unscreened value.
effect however is negligible in the case of the on-site C
lomb interactionU, which is considered below only.19

We evaluated Eqs.~1! and ~2! by direct diagonalization
using the standard Lanczos algorithm and a continued f
tion expansion.20 As the Lanczos method is limited to sma
clusters, we studied a system consisting of five edge-sha
CuO4 plaquettes illustrated in Fig. 2 using open bounda
conditions. We have checked the convergence of the ca
lated spectra with respect to the system size by compai
them with results from calculations based on a smaller s
tem consisting of four plaquettes. In the undoped case, e
of the CuO4 plaquettes is occupied by a single hole with
antiferromagnetic spin alignment along the chain. Ba
structure calculations6–8 provide us with the information tha
the bands straddling the chemical potential are mainly co
posed of Cu 3dx22y2 and O 2px(y) states with predominantly
Cu 3dx22y2 character of the highest occupied band. Hen
our model is restricted to these orbitals. For reasons wh
will become clear in the following we divided the Cu5O12
cluster into two sublattices. The first of them contains th
Cu sites and those O 2p orbitals which show the stronges
overlap with the three Cu 3dx22y2 orbitals~these orbitals are
shaded gray in Fig. 2!. The second sub-lattice contains tw
Cu sites and the remaining O 2p orbitals ~unshaded orbitals
in Fig. 2!. Therefore, the studied Cu5O12 cluster shown in
Fig. 2 contains five holes, and consists of five Cu 3dx22y2

FIG. 2. Cu5O12 cluster used in the calculations of the loss fun
tions and the optical conductivity of CuGeO3. In the model only the
Cu 3dx22y2 and O 2px(y) orbitals are taken into account. The clust
is divided into two sublattices each marked by either shaded
unshaded orbitals. The definition of the hopping amplitudestpd

s , tpd
p

and tpp is symbolically given by the double arrows. See text f
details.
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orbitals and twelve O sites with two 2p orbitals per site. This
leads to a Hilbert space with 1 483 524 basis states. For
calculation of the loss functions we used a one-dimensio
extended multiband Hubbard model at half-filling~one hole
per Cu site!. In the hole picture the corresponding Ham
tonian reads

H5U(
ia

ni↑
dani↓

da1D(
jsa

njs
pa1tpd

s (
^ i j &sa

fpd
i j ~pjs

a†dis
a 1H.c.!

1tpd
p (

^ i j &s
aÞb

fpd
i j ~pjs

a†dis
b 1H.c.!

1tpp (
^ j j 8&sa

fpp
j j 8~pjs

a†pj 8s
a

1H.c.!. ~3!

The operatorsdis
† (pjs

† ) create a hole with spins in the i th
Cu 3d orbital (j th O 2p orbital!. Thenis

d (njs
pa) are the cor-

responding number operators. The operators for the diffe
sublattices are labeled by the superscriptsa andb. The pref-

actorsfpd
i j andfpp

j j 8 provide the correct sign for the hoppin
processes, and̂i j & denotes the summation over neare
neighbor pairs.

The hopping parameterst are defined in Fig. 2. In order to
minimize the number of model parameters we chose on
single hopping parametertpp to describe the hopping be
tween neighboring O 2p orbitals belonging to the same sub
lattice. Thus we neglect the hopping between neighborin
2p orbitals belonging to different sublattices. As a furth
simplification, we use the sametpp value for the hopping in
the chain direction as well as perpendicular to it. This a
proximation is justified by additional calculations whic
showed that an anisotropy in the O-O hopping would o
cause a shift of the energy scale and thus can be abso
into a renormalized charge-transfer energyD without affect-
ing the spectra.

As for the hopping between the copper and the oxyg
orbitals, we distinguish between two hopping paramete
The hopping amplitudetpd

s describes the intraplaquette ho
ping between a Cu 3dx22y2 and an adjacent O 2p orbital of
the same sublattice. For Cu-O-Cu bond angles with a sm
deviation from 90° the bond between these orbitals
mainly s character. The parametertpd

p denotes the hopping
between the predominantlyp bonding Cu 3dx22y2 and O 2p
orbitals of different sublattices. We would like to emphasi
that in our model only a finite value oftpd

p allows the hop-
ping between the two sublattices and consequently descr
the charge transfer to the nearest neighbor~NN! plaquette.

Each of the hopping amplitudestpd
s and tpd

p can be ex-
pressed by a linear combination of the two-center integ
(pds) and (pdp), given by Slater and Koster.21 The corre-
sponding coefficients are a function of the directi
cosines of the vector that points from the Cu atom to
O atom. If we apply the common approximation (pdp).
20.5(pds),22 the Slater-Koster integrals provide us with th
simple relationtpd

p 52x•tpd
s with the interplaquette coupling

constantx being determined by the geometry. For our clus

or
2-3
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S. ATZKERN et al. PHYSICAL REVIEW B 64 075112
as shown in Fig. 2,x is a function of the Cu-O-Cu-bond
angle and thus represents an additional parameter whic
lows us to study in a more general way the influence on
theoretical spectra of an increase in the rectangular distor
(x→1) of the square (x50) CuO4 plaquettes. In CuGeO3
the Cu-O-Cu-bond angle is 98° which corresponds tox
50.17.

Consequently, there remain four independent parame
in our theoretical model whose values we chose as follo
For U we took 8.8 eV, a typical value for the on-site Co
lomb interaction in cuprates.23 The hopping parametertpd

s

51.1 eV we calculated by means of the Slater-Koster re
tions using the two-center integrals determined for CuGe3
in Ref. 9. Finally, there are two free parameters: the cha
transfer energyD55.3 eV and the hopping parametertpp
50.4 eV, which have been adjusted to obtain the corr
peak position with respect to the experimental loss functio
The value ofD is significantly larger than in other cuprate
and can be explained by the larger difference in the Ma
lung site potential between the Cu and O sites in CuGeO3.9

As the normalization parameter for the RPA and the KKA
used a value ofe r54 ~see also below!.

IV. RESULTS AND DISCUSSION

A. Loss function with qic

In Fig. 3~a! we show the EELS loss function of CuGeO3
recorded for different values ofq parallel to the crystallo-

FIG. 3. The loss functions of CuGeO3 ~a! measured using EELS
in transmission with momentum transfer aligned along the crys
lographic c direction and~b! calculated using a one-dimension
extended multiband Hubbard model at half filling. The inset sho
the fivefold magnified experimental spectrum below 4.5 eV m
sured withq50.06 Å21.
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graphic c direction. The spectra are normalized at high
energy~around 12 eV! where the shape of the spectra do
not change with the value of the momentum transfer. F
clarity the spectra are incrementally off-set in they direction.

The loss functions are dominated by two features: an
tense peak with triangularlike shape at 6.2 eV and a fea
with much lower intensity at 3.5 eV. The peak positions
both features do not change with increasing moment
transfer, whereas their intensity decreases at higherq. In con-
trast, the intensity of a shoulder at 7.5 eV increases w
increasingq, passes through a maximum at 0.4 Å21 and
vanishes above 0.5 Å21. A second shoulder at 8 eV shows
quite similar behavior with a maximum at 0.5 Å21. Since in
electron energy-loss spectroscopy the cross section for di
transitions decreases and that for dipole-forbidden transit
increases with increasing momentum transfer, we can in
that the main features at 3.5 and 6.2 eV are related to dip
transitions whereas the shoulders above 7 eV have their
gin in monopole or quadrupole transitions. As the inset
Fig. 3~a! shows, an additional peak—whose weak intens
does not change significantly with increasingq ~not
shown!—is seen in the loss function of CuGeO3 at about 1.7
eV. This peak can most probably be assigned to the s
transitions which are responsible for the peak at;1.8 eV in
the optical conductivity derived from optica
measurements10–12and a peak at 1.7 eV observed in EELS
reflection measurements.24 In the literature the origin of
these low-energy transitions is discussed controversially.
the one hand they are assigned to charge transfer excita
between O 2p and Cu 3d states10,12while, on the other hand
they were attributed to phonon-assistedd-d transitions be-
tween crystal field split Cu 3d levels.11,24

In order to find out which excitations contribute to th
observed features we have calculated the loss function
described in Sec. III. In Fig. 3~b! the results of our cluste
calculations forq parallel to the chain direction are show
To allow a direct comparison with the experimental spec
@Fig. 3~a!#, the calculated data were broadened with a Gau
ian function of 0.4 eV width. The broadened theoretic
curves in Fig. 3~b! have been scaled to match the maximu
of the intensity of the 6.2 eV feature forq50.4 Å21 in the
experimental data. However, the differences in intensity
cluster results for higher and lowerq are a valid result of the
calculations. The unbroadened spectrum forq50.06 Å21 is
also shown as vertical lines in Fig. 3~b!.

The comparison of the experimental and theoretical l
functions in Fig. 3 shows that the energy positions as wel
the shapes of the two main features at 3.5 and 6.2 eV
well reproduced by the calculations. Furthermore, the int
sity ratio of these two features is also well described ev
though at high momentum transfer (q.0.5 Å21) the inten-
sity of the 6.2 eV feature seems to be smaller in the exp
mental loss functions. This stronger decrease of the p
height with increasingq in the experimental spectra probab
can be ascribed to multiple scattering processes becom
more important at high momentum transfers. As genera
observed in EELS spectra, the occurence of multiple sca
ing leads to an additional unstructured, decreasing ba
ground resulting in a decrease of the absolute maximum
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ELECTRONIC STRUCTURE OF CuGeO3: CHARGE . . . PHYSICAL REVIEW B 64 075112
the peaks. The fact that below 7 eV the loss function
CuGeO3 with momentum transfer parallel to thec direction
can be fully described by interband excitations~i.e., inter-
band plasmons16! which are related to transitions betwee
hybridized Cu 3dx22y2 and O 2px(y) states confirms our ini-
tial assumption that other states contribute only weakly to
band structure along the chain direction in this energy ran
However, as Fig. 3 shows, this assumption does not hold
higher energies. It is clearly visible that in the theoretical lo
functions the spectral weight at energy losses above 7
quickly drops to zero whereas in the experimental spe
several weak features can be observed. Thus the fea
above 7 eV can be assigned to transitions that involve st
which are not contained in our model@e.g., Cu 4s, Ge
4s(p)#. In addition, below 2 eV no spectral weight appea
in the theoretical loss functions. The absence of a peak in
energy region is compatible with the interpretation of t
origin of the 1.8 eV feature in the experimental loss functi
@see inset of Fig. 3~a!# as phonon-assisted, intra-atomic C
d-d transitions,11,24 which are also not taken into account b
our model.

The unbroadened spectrum in Fig. 3~b! illustrates that
each of the two main peaks in the loss function is formed
a superposition of contributions from more than one exc
tion. In order to gain a deeper insight into the origin of t
transitions contributing to the spectra we have analyzed
electronic states involved. The analysis of the ground s
shows that about 72% of the hole density resides on the
site while the remaining 28% are spread over the nea
neighbor O 2p states. With respect to the final states, for t
sake of clarity, we restrict ourselves to a mere qualitat
description of the hopping of a single hole in a Cu3O8 cluster
~Fig. 4! for which we have analyzed the excited stat
Within this description, we single out one hole which in t
ground state we suppose to be located on the cen
plaquette. The three different shades of the orbitals in Fig
represent the probabilities for the considered hole to occ
the neighboring sites in the final states. Black color sta
for high, gray color for medium, and white color for low ho
density after the hopping process. For the calculation of
shown probabilities we have assumed that the Cu site of
central plaquette is unoccupied.

First, we focus on the three final states contributing to
6.2 eV feature in the loss function@see the vertical lines A
B, and C in Fig. 3~b!#. The contribution with the highes
intensity at 6.2 eV~peak A! has its origin in a charge transfe
transition from the ground state into a localized final st
with almost pure oxygen character@Fig. 4~a!#. This transition
is the equivalent to the intraplaquette transition observed
the quasi-zero-dimensional compound Li2CuO2 at 4.8 eV.9,25

In CuGeO3 the corresponding plasmon is centred at 1.5
higher in energy due to the larger charge transfer energ
the germanium cuprate than in Li2CuO2. The plasmon at 6.8
eV ~peak B! is related to a transition into a state which d
fers from A mainly by the presence of additional hole dens
on the O 2px(y) orbitals of the neighboring plaquette, whic
belongs to the second sublattice@Fig. 4~b!#. As was the case
for final state A, final state B is also strongly localized due
the attractive interaction between the hole and the remain
07511
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electron on the central plaquette. In contrast, the shoulde
5.6 eV~peak C! can be assigned to the hopping of the hole
the oxygen orbitals of the next nearest neighbor~NNN!
plaquette within the same sublattice@Fig. 4~c!# and thus can
be regarded as a rather delocalized transition.

Finally, we turn to the feature between 3 and 5 eV~D!.
This feature is a superposition of plasmons related to tra
tions into delocalized states with enhanced occupation of
bitals on the NN and the NNN plaquettes. Since it is n
possible to ascribe each peak in the unbroadened spectru
a single transition, a characteristic final state hole distribut
for the NN hopping is depicted schematically in Fig. 4~d!.
This state is characterized by a high hole density on
nearest neighbor plaquettes. The final state D correspond
the formation of a spin singlet state on the neighbor
plaquette—often called Zhang-Rice singlet26—which leads
to the significantly lower excitation energy observed in t
experimental spectra.

In order to distinguish the different contributions to th
spectral weight of the low energy feature coming either fro
the NN or from the NNN hopping we varied the inte
plaquette coupling parameterx in the model. As the degree
of delocalization is determined byx, its variation gives us
information about the dependence of the theoretical l
function on the dynamics of the holes in the CuO2 chain.
From the geometrical point of view, by increasingx from 0

FIG. 4. Qualitative description of the four different final stat
A, B, C, and D@see Fig. 3~b!# of a single hole in a Cu3O8 cluster.
The shades of the Cu 3dx22y2 and O 2px(y) orbitals represent the
probabilities^nj

pa(12ni↑
d )(12ni↓

d )& and ^ni 8
d (12ni↑

d )(12ni↓
d )& of

hole occupations at orbitala of O site j and at Cu sitei 8 in the
neighborhood of the central Cu sitei which is assumed to be unoc
cupied (ni 8

d
5ni 8↑

d
1ni 8↓

d ,nj
pa5nj↑

pa1nj↓
pa). The black, grey and

white color stands for high, medium, and low hole density, resp
tively.
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S. ATZKERN et al. PHYSICAL REVIEW B 64 075112
to 1 we increase the Cu-O-Cu-bond angle from 90° to 18
thus simulating the gradual transition from a zero- to a o
dimensional system. In Fig. 5 the calculated loss functi
with q50.06 Å21 using three different values ofx are
shown. The on-site Coulomb interactionU, the charge trans
fer energyD as well as the hopping parameterstpd

s and tpp

were taken as described above. Starting from the loss fu
tion calculated withx50.17, which corresponds to the spe
trum of CuGeO3 @see Fig. 5~b!#, we have changed the pa
rameterx in two opposite directions. On the one hand, w
switched off the NN hopping by settingx50, i.e., tpd

p 50.
The response seen in the loss function is a decrease o
spectral weight of the low energy peak@see Fig. 5~a!#. This
behavior of the spectral weight below 4 eV allows two ad
tional conclusions. First, the higher spectral weight atx
50.17 confirms that already with small deviations of t
Cu-O-Cu-bond angle from 90° the NN hopping begins
contribute visibly to the loss function. Secondly, the nonv
nishing spectral weight in the loss function withx50 shows
that the NNN hopping is not completely suppressed as
would expect for a ferromagnetic alignment of NNN spins
an antiferromagnetic spin-1/2 chain. This is a consequenc
the deviations of the ground state spin structure from
simple antiferromagnetic arrangement forx50. In this case
the system decouples into two penetrated independent
lattices where every second Cu site belongs to the same
lattice ~see Fig. 2!. For each sublattice, in the ground sta
the holes are almost perfectly located on the Cu sites, and
antiferromagnetically ordered (↑-↓-↑). The nesting of the

FIG. 5. The lines in~a!, ~b!, and ~c! show the calculated los
functions withq50.06 Å21ic for the three different couplingsx
50, x50.17, andx50.3 between the sublattices of the clust
respectively. The cluster model and the definition of the coupl
parameterx are described in the text.
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two sublattices shown in Fig. 2 results in antiferromagne
aligned pairs of ferromagnetically coupled spins (↑↑↓↓↑).
Only with increasing interaction between the sublatticesx
→1) do the hole spins of the chain tend to align antifer
magnetically (↑↓↑↓↑). However, the rather weak inter
plaquette coupling in CuGeO3 is not able to realign the spin
completely leading to a strong frustration of the hole spin

On the other hand, we increased the value ofx up to 0.3
which corresponds to a Cu-O-Cu bond angle of about 10
The result is shown in Fig. 5~c!. It is striking that, in contrast
to x50, already such a small tilt of the Cu-O bond towar
the chain axis substantially shifts the spectral weight fr
the energy range above 6 eV~dominated by transitions into
localized states! to the feature around 3.5 eV~originating
from transitions into delocalized states!.

In order to complete our study as regards the variation
the interplaquette coupling parameterx we refer to similar
experimental investigations of two compounds whose cry
structures allow a qualitative comparison with our finding
First, Li2CuO2 is a representative of a zero-dimensional s
tem which also contains edge-sharing CuO4 chains with a
Cu-O-Cu-bond angle of 94°. Since the charge transfer
ergy in this compound (D52.7 eV) is much smaller than in
CuGeO3 a more quantitative comparison with our theoretic
data can be made by shifting the energy scale in Fig. 5~a! by
around 1.5 eV. In fact, EELS studies25 as well as optical
measurements9 of Li2CuO2 show a single feature at abou
4.5 eV which can be ascribed to intraplaquette excitatio
However, no spectral weight can be observed around 2
where small but nonetheless visible contributions from tr
sitions into delocalized states~NNN hopping! would be ex-
pected in this compound. The reason for this discrepa
most probably lies in the coupling of the hole spins along
chains. As explained above, in CuGeO3 the spins are coupled
antiferromagnetically along the chains with a strong frust
tion of the NNN spins. In contrast, in Li2CuO2 the ferromag-
netic alignment of the spins due to the strong Hund’s r
coupling5 additionally suppresses the NN as well as the NN
hopping. Therefore, the loss function of Li2CuO2 is more
comparable with that of an isolated plaquette. Secondly
typical representative of a one-dimensional system withx
51 is Sr2CuO3 containing linear chains of corner-sharin
plaquettes. Though in this case also only a qualitative co
parison of the experimental data with the loss function
Fig. 5~c! is possible, the predicted shift of spectral weight
lower energies is confirmed by a feature with high intens
around 2 eV in the experimental loss function of Sr2CuO3.19

For a comparison of our data with the spectra obtained
optical measurements we have calculated the optical con
tivity sc(q,v) from the experimental loss function with mo
mentum transferq50.08 Å21 by means of a KKA. The
result of this analysis is shown in Fig. 6~a!. In sc(q,v) de-
rived from the EELS spectrum the spectral weight below
eV is also very weak (e2,331022). This is in contrast to
the much higher intensity (e2.10) visible around 1.3 eV in
reflectivity measurements10 but coincides well with results
from optical absorption measurements.11 The discrepancy in
the strength of this feature might either be related to
different kinds of interference characteristics for each m

,
g

2-6



d

th
O
th

tio

ho

o
r

ity

ge
d

in
ic
on

y
e

n-
th
d
ou
be

e
e
es
-
.

d the

r to
ave

w-

O
lo-

in

tum

ned
,

tte

ea-
n of

ELECTRONIC STRUCTURE OF CuGeO3: CHARGE . . . PHYSICAL REVIEW B 64 075112
suring technique~e.g., multiple reflection, surface effects! or
can be ascribed to different qualities of the specimens un
investigation~e.g., defects, impurities!. However, the nonva-
nishing absorption in this energy range is responsible for
light blue gleam of the transparent single crystals of CuGe3
and thus its existence is beyond controversy. Above 2 eV,
energy position of the feature insc derived from the KKA
agree well with those from the optical measurements.

Furthermore, we calculated the current-current correla
function ~which is proportional to the optical conductivity!
with the polarization vector parallel to thec direction using
the same model parameters as above. The results are s
in Fig. 6~b!. The comparison withsc obtained from the ex-
perimental data illustrates the overall agreement and c
firms the validity of the simplifying assumptions within ou
model described above.

Thus, our investigation of the loss functions (qic) ands
of CuGeO3 below 7 eV can be summarized as follows.

~a! the EELS spectra as well as the optical conductiv
can be described within a (Cu3dx22y2)5(O2px(y))12 cluster
model with a charge transfer energyD55.3 eV, which is
significantly higher than in other cuprates due to the lar
difference in the Madelung potentials between the Cu an
sites.

~b! The features of the loss function have their origin
transitions into localized and delocalized final states wh
contribute to the signal in two well seperated energy regi
above and below 4 eV, respectively.

~c! The increase of the NN coupling constantx leads to a
shift of spectral weight from the high- to the low-energ
region, as see experimentally for typical quasi-on
dimensional cuprates, such as Sr2CuO3.

~d! The intensity of the 1.8 eV feature in the optical co
ductivity derived from the loss function agrees well wi
results from optical absorption measurements describe
Ref. 11. The analysis of our calculated loss function rules
the relation of this feature to charge transfer excitations
tween O 2p and Cu 3d states.

Having discussed the effects on the electronic structur
a chain of edge-sharing CuO4 plaquettes generated by th
variation of the interplaquette coupling we turn to the qu
tion whether thed electrons in CuGeO3 actually possess ei
ther a quasi-one- or even higher-dimensional character

FIG. 6. The optical conductivity of CuGeO3 ~a! derived from
the experimental loss function withqic using the Kramers-Kronig
relations and~b! calculated within the Cu5O12 cluster model.
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this regard, the small distances between the Ge atoms an
O atoms of the CuO2 chains~see Sec. II A! could provide an
additional hopping path between adjacent chains. In orde
study the mobility of the electrons along these paths we h
carried out EELS measurements of CuGeO3 with q parallel
to theb direction. These results are discussed in the follo
ing section.

B. Loss function with qib

In Fig. 7 the energy dependent loss functions of CuGe3
for different momentum transfers parallel to the crystal
graphicb direction are shown. The spectra are normalized

FIG. 7. Electron energy-loss spectra measured with momen
transfer parallel to the crystallographicb direction. For a compari-
son the dashed line and the solid vertical lines show the broade
~Gaussian function of 0.4 eV width! and unbroadened spectrum
respectively, forqy50.1 Å21 whereqy is that component ofqib
which is aligned perpendicular to the chain axis in the plaque
plane. In the calculation we used the same Cu5O12 cluster and the
same parameter values as for thec direction. The vertical dotted
lines illustrate the constant positions of the two shoulderlike f
tures at 5.5 and 7.3 eV, while the arrows point out the dispersio
the 6.5 eV feature.
2-7
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S. ATZKERN et al. PHYSICAL REVIEW B 64 075112
the manner described forqic. This allows a direct compari
son between the absolute intensities of the spectra meas
with the two different directions of the momentum transfe

The shape of the loss functions withqib differs strongly
from those withqic, reflecting the anisotropy of the elec
tronic structure in CuGeO3. It is striking that below 4.5 eV
almost no spectral weight is visible in the spectra. Due
dipole selection rules the NN and NNN hopping proces
along the chain are strongly suppressed when the momen
transfer is aligned along theb direction. Thus, the lack o
spectral weight forqib in this energy range confirms th
interpretation of the 3.5 eV peak in the spectra withqic as
coming from transitions into delocalized states as discus
in Sec. IV A. At first sight, the feature between 4.5 and 8
would seem to be composed of three interband plasm
The plasmon excitation with the highest intensity at 6.5 eV
located between two shoulderlike features at 5.5 and 7.3
The three plasmons show an interesting behavior with
creasing momentum transfer. While the peak positions of
two shoulders remain constant~emphasized by the vertica
dotted lines in Fig. 7! the plasmon at 6.5 eV appears
disperse by 0.5 eV between 0.1 and 0.5 Å21 ~marked by
arrows in Fig. 7!. Above 0.5 Å21 it becomes rather difficult
to distinguish between the dispersing feature and the p
mon at 7.3 eV as, with increasingq, the intensity of the first
decreases faster than that of the latter.

With respect to the origin of the observed features, a t
oretical analysis of the loss functions withqib based on a
cluster model is rather complicated because in this case
momentum transfer and the bonds between the atoms ar
aligned within the same plane~see Fig. 1!. If we assume that
the interchain coupling along theb direction is negligible,
then only intrachain excitations withqy should contribute to
the loss function, wherebyqy is the component ofqib
aligned perpendicular to the chain axis in the plaquette pla
In this case a qualitative description of the loss funct
should be possible if we compare our experimental data w
the loss functions calculated for different values ofqy . The
theoretical loss function using the same Cu5O12 cluster and
the same parameters as for thec direction is shown forqy
50.1 Å21 by the dashed curve in Fig. 7. The theoretic
spectrum is composed of four plasmons whose positions
in the energy range straddled by the experimental feat
illustrated by the corresponding unbroadened curve~vertical
solid lines shown at the bottom of Fig. 7!. However, it is
clear that the distribution of the peak intensities does
reproduce the intensities observed in the experimental
function. Furthermore, the ratios of the peak intensities in
theoretical spectra do not change significantly with incre
ing q ~not shown!, in contrast to the shift of spectral weigh
from 6.5 to 7 eV in the EELS spectra.

Figure 7 clearly indicates that our cluster model whi
yielded an excellent basis for the analysis of the vale
band excitations in CuGeO3 along thec direction, essentially
fails to describe the loss functions in theb direction. This
discrepancy leads to the conclusion that the interchain c
pling via the Ge atoms is not negligible. Calculations of t
band structure of CuGeO3 show6–8 that at around 3 eV abov
the chemical potential the Ge 4s and 4p states also contrib
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ute to a small extent to the DOS. Taking into account
strong overlap between the Ge orbitals and the 2p orbitals of
the chain oxygens in theb direction, as well as the sma
angle of only about 35° between the Ge-O bonds and
direction of the momentum transfer forqib, presumably di-
pole transitions between the O 2p states—3 eV below the
chemical potential—into the Ge 4s(p) states are the origin
of additional spectral weight around 6–7 eV in the loss fun
tion. The strong dispersion of the Ge 4s final states would
then explain the significant shift of the spectral weight
higher energies in the EELS spectra.

Consequently, a more detailed investigation of the lo
function in theb direction requires a model which addition
ally takes into account the O-Ge-O paths between neigh
ing CuO2 chains. Unfortunately, in suitable cluster mode
the cluster size for such an approach is currently too large
an exact diagonalization of the corresponding Hamilton
matrix.

V. SUMMARY

In conclusion, we have presented a joint experimental
theoretical investigation of the valence band excitations
CuGeO3. The momentum dependent loss functions
CuGeO3 measured by means of EELS in transmission ag
well with those obtained using a one-dimensional exten
multiband Hubbard model at half filling. For the calculatio
we have used a cluster of five edge-sharing CuO4 plaquettes.
This model allowed us to determine the various transitio
with qic which contribute to the loss function below 7 e
We found that the hole excitations contribute to the spectr
two well seperated energy regions each of them domina
by transitions into either localized~4–7 eV! or delocalized
states~2–4 eV!. With increasing interplaquette coupling, th
spectral weight shifts from the high energy range to the l
energy range as experimentally observed on going fr
quasi-zero-dimensional systems such as Li2CuO2 to one- or
two-dimensional systems such as Sr2CuO3 and Sr2CuO2Cl2.
This shift of spectral weight to lower excitation energies
the materials with a more delocalized electronic structure
also connected to the spin interaction along the Cu-O ch
~or in the Cu-O planes! which is ferromagnetic in Li2CuO2

and antiferromagnetic in CuGeO3, Sr2CuO3, and
Sr2CuO2Cl2. In addition, from the EELS spectrum withq
50.08 Å21 parallel to thec direction we have calculated
the optical conductivitysc(q,v) using the Kramers-Kronig
relations. Above 2 eVsc agrees well with results from opti
cal measurements. A peak with small intensity around 1.8
in the experimental spectrum is not reproduced by the ca
lated spectrum ruling out the assignment of this feature
charge transfer excitations between O 2p and Cu 3d states.
We found an only qualitative agreement between the l
functions of CuGeO3 with qib and those calculated with
momentum transfer perpendicular to the Cu5O12 cluster
2-8
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within the plaquette plane. However, an additonal dispers
feature which cannot be described within our cluster mo
can be observed between 6 and 7 eV. This feature ca
most probably ascribed to transitions into Ge 4s and 4p final
states and thus suggests the existence of an interchain
ping path mediated by the Ge atoms along theb direction.
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