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Character of charge transfer excitons in Sr2CuO2Cl2
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High resolution electron energy loss spectroscopy~EELS! measurements of the insulating, layered cuprate
compound Sr2CuO2Cl2 have been performed with a transferred momentum neark50 and in a wide energy
range up to 20 eV. To interpret the data a semiquantitative embedded cluster approach is applied to describe the
electron-hole excitations in insulating cuprates. The theory includes the complete set of Cu 3d and O 2p
orbitals and predicts a rather wide (2413 eV) spectral range of the main dipole-allowed one- and two-center
charge transfer~CT! transitions whose positions are in good quantitative agreement with the experimental
spectra. Both, theory and the experimental data show that the CT gap is determined by a superposition of
nearly degenerate one-center, localized CT excitations and two-center CT excitons with sizable dispersion.
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The nature of the electron-hole excitations in par
quasi-2D cuprates such as La2CuO4, Sr2CuO2Cl2 ,
YBa2Cu3O6, and their 1D counterparts like Sr2CuO3,
Sr2CuO2, Li2CuO2 represents one of the most importan
challenging issues both for the highTc problem and, in gen-
eral, for strongly correlated oxides. It is now believed th
the most intense low-energy electron-hole excitations in
sulating copper oxides correspond to the transfer of elect
from O to Cu in the CuO2 layer, hence these materials a
charge transfer~CT! insulators.1 However, there is much am
biguity concerning the nature of this spectral feature. Som
times, only the intense band near 2 to 3 eV is connected w
the O 2p - Cu 3d charge transfer, and higher-lying structur
are assigned to Cu 4s, Cu 4d, Sr 5d or La 5d/4f states
depending on the actual chemical structure. The band st
ture calculations, including LDA1U, fail to clarify the situ-
ation since they cannot reproduce the important effects
intra-atomic correlations which are important both for t
ground and the excited state. Moreover, the electron-h
excitations of Mott insulators cannot be treated as indep
dent excitations of single-particle states.

One of the most ideal model compounds of a 2D C
insulator is Sr2CuO2Cl2 on which we will concentrate the
following discussion. Studying this compound using an
resolved photoemission spectroscopy~ARPES! it was found
that the lowest excitation consists of a Zhang-Rice~ZR! sin-
glet with a small dispersion of the order of 2J (J being the
in-plane exchange integral!, i.e., with a high effective mass.2

Different from ARPES where an electron is emitted, the e
citations in electron energy-loss spectroscopy~EELS! repre-
sent electron-hole pairs. The first analysis3 of excitons in
Sr2CuO2Cl2 revealed a surprisingly large energy dispers
of about 1.5 eV along@110# which was interpreted in term
of a small exciton moving freely through the lattice witho
disturbing the antiferromagnetic spin background, in contr
to the single hole motion. This model of Zhang and Ng~ZN!
is restricted to the Cu 3dx22y2 and O 2ps orbitals and the
elementary excitation consists of a Cu1 and a neighboring
Zhang-Rice singlet-like excitation in Cu and O orbitals.4 Al-
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ready a shorthand inspection of the original experimen
data,3 and especially of the high-resolution EELS spect5

for this system point to some essential shortcomings of
ZN-model. In particular, the nature of several dispersionl
narrow bands~one of them with a small binding energy o
only about 2 eV! is not explained. Moreover, the high
resolution measurements reveal a very rich multi-excito
nature of the EELS spectra.

In order to get a better experimental basis of electron-h
excitations in Sr2CuO2Cl2 we present here high resolutio
EELS data in a wide energy range up to 20 eV and
restricted to 8 eV as in Refs. 3 and 5. We limit ourselves t
momentum transfer near zero where only dipole allow
transitions are visible. For its interpretation an embedd
cluster method is applied which extends the ZN-theory w
respect to two points. It includes the complete set of Cud
and O 2p orbitals of the CuO4 plaquette and it distinguishe
two types of excitons, namely localized one-center exc
tions and two-center excitons extending over two Cu4
plaquettes.

For the EELS measurements, films of about 100 nm thi
ness were cut from a Sr2CuO2Cl2 single crystal using an
ultramicrotome equipped with a diamond knife. EELS spe
tra were recorded in transmission using a spectrometer
scribed in detail elsewhere.6 The energy and momentum
resolution were chosen to be 115 meV and 0.05 Å21, re-
spectively. Prior to the measurements, the crystal struc
and the orientation of the films were characterized by el
tron diffraction.

In Fig. 1 we show the imaginary part of the dielectr
function,e2, for a small momentum transfer in the a-b pla
of 0.1 Å21 which corresponds to the optical limit. The d
electric function has been derived from the measured
function via a Kramers-Kronig analysis. Also shown in Fi
1 is an assignment of the individual features ine2 which will
be presented in detail below.

To analyze the data we apply the embedded molec
cluster method. It is an effective method to describe ex
tonic states in strongly correlated Mott-Hubbard insulat
©2002 The American Physical Society12-1
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especially with small effective electron-hole separation.
the present context we use one or two neighboring Cu4
plaquettes embedded into the CuO2 plane.

One-center excitons. Beginning from 5 Cu 3d and 12 O
2p atomic orbitals for a CuO4 cluster withD4h symmetry, it
is straightforward to form 17 symmetrized evena1g , a2g ,
b1g , b2g , eg and odda2u , b2u , eu(s), eu(p) orbitals. The
even Cu 3d a1g (3dz2), b1g (3dx22y2), b2g (3dxy), andeg
(3dxz ,3dyz) orbitals hybridize due to strong Cu 3d–O 2p
covalency with the even O 2p orbitals of the same symme
try, thus forming appropriate bondinggb and antibondingga

states.
Fig. 2 represents a realistic single-hole energy spect

for a CuO4 plaquette embedded into an insulating cupr
like Sr2CuO2Cl2. For illustration we show also a step-by
step formation of the cluster energy levels from the bare
3d and O 2p levels with the successive inclusion of th
crystalline field~CF! effects, the O 2p–O 2p and the Cu
3d–O 2p covalency. We used typical values for the diffe

FIG. 1. The spectral dependence of the imaginary part of die
tric function e(v) for Sr2CuO2Cl2. Arrows mark the predicted en
ergy position of one-center, two-centerb1g

2 channel, andb1geu

channel CT transitions.

FIG. 2. Model single-hole energy spectra for a CuO4 plaquette
based on simple cluster model with parameters relevant
Sr2CuO2Cl2 and a number of other insulating cuprates. Only t
ground state and the nonbonding orbitals that are final state
dipole-allowed CT transitions are denoted and transitions mar
by arrows. The other orbitals from bottom to top are given asb2g

b ,
a2g , a1g

b , eg
b , b2g

a , a2u , eg
a , b1g

a , anda1g
a .
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ent energy parameters in accordance with several estim
in the literature that can be summarized as follows~in eV!:
ep2ed'2 – 3, Dp5eps2epp'1 – 3(epp,epz,eps), tpd

'1.0– 1.5, andtpps'0.8, 2tppp'0.2– 0.4, wheree i denote
on-site energies of the corresponding orbitals andt i denote
the special transfer integrals.7,8 The energiesed and ep are
the centers of gravity for the Cu 3d and O 2p manifolds,
respectively.

Among the numerous one-center electron-hole CT exc
tions the first candidates for dipole-active excitons are
transitions from the ground stateb1g

b to the purely oxygen
doublet O 2pp –O 2ps hybrid stateseu

a,b , which are al-

lowed in ‘‘in-plane’’ polarizationEW'C4(x,y). The transition
to a purely oxygen O 2pz-like stateb2u is allowed in ‘‘out-

of-plane’’ polarizationEW iC4(z) which is however not mea
sured in Fig. 1. The two excitations toeu

b andeu
a differ by the

oxygen hole density distribution: the former has predom
nantly O 2pp character, while the latter is O 2ps dominated.
Discussing shortly the dipole inactive excitons one sho
note thea2g excitation with purely oxygen O 2pp holes. In
accordance with the model energy spectrum~see Fig. 2! its
energy should be of the order of 1.5– 1.8 eV, or in oth
words appears to be lower than the optical gap. This circu
stance draws specific attention to this exciton, despite i
dipole forbidden.

Consequently, we predict two one-center excitons to
visible in the experimental spectra shown of Fig. 1: nam
the eu(p) andeu(s) excitons with predominantly 2pp and
2ps orbital weight, respectively. Its energy separation a
also its relative intensity are determined by the level of
pp-ps mixing characterized by the mixing angleae
'2(tpps1tppp)/Dp . The respective one-center exciton
may be represented rather simply as a hole rotating on
four nearest oxygens around an electron dominantly lo
ized in the Cu 3dx22y2 state with a minimal electron-hole
separationReh'RCuO'4 a.u.@see Fig. 3~a!#. This low dis-
tance leads to a considerable Coulomb attraction such
we estimate the energy of theeu(p) exciton to be about 2
eV. The finaleu(p) andeu(s) states are unstable with rega
to the formation of Jahn-Teller~or pseudo-Jahn-Teller! cen-
ters with a resulting self-localization of the appropriate C
excitation. This effect is especially important for theeu(p)
exciton due to the predominantly O 2pp nature of the hole
state resulting in small transfer integrals and relatively la
effective mass for the exciton.

For the relative intensities of theeu(p) and eu(s) exci-
tons it is easy to obtainI @eu(p)#/I @eu(s)#5tan2ae with the
mixing angleae . We find this ratio to be about 0.1 resultin
in small but nonzero intensity for theeu(p) exciton. The
high-energyeu(s) exciton is expected to manifest significa
higher intensity both in optical and EELS spectra.

Two-center excitons. The local two-atomic O 2p–Cu 3d
charge transfer generates not only intra-center excitat
within one CuO4 plaquette but also inter-center exciton
These inter-center transitions between two CuO4 plaquettes
may be considered as quanta of the disproportionation r
tion
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CuO4
621CuO4

62→CuO4
721CuO4

52

with the creation of electron CuO4
72 and hole CuO4

52 cen-
ters. The former correspond to completely filled Cu 3d and
O 2p shells, or the vacuum state for holes, while the lat
may be found in different two-hole states.

All the two-center excitons may be classified by the tw
hole configuration of the CuO4

52 center. Restricting to charg
transfer processes which are governed by the stronges
bond, one has to distinguish three different chann
b1g

2 ,b1ga1g ,b1geu , respectively, in accordance with th
symmetry of the final two-hole state. Theb1ga1g channel has
zero matrix elements at theG point and can be neglected
The b1g

2 channel consists of 3 wave functions with differe
Cu or O character. The lowest one is the famous Zhang-R
~ZR! singlet

ub1g
2 ~dp!&5uZR&520.25ud2&10.95udp&20.19up2&,

with an energyE153.6 eV on the CuO4 cluster. For the
estimate we used standard parameters~in eV!: Ud58.5, Up
54.0, Vpd51.2, ed50, ep53.0, tpd51.3.7 The two excited
states are 5.2 and 6.7 eV higher in energy and are desc
by the wave functions

ub1g
2 ~dd!&50.95ud2&10.21udp&20.22up2&,

ub1g
2 ~pp!&520.17ud2&20.24udp&20.96up2&.

Due to the smallness of our cluster we expect the ZR-sin
energy~3.6 eV! to be overestimated, larger clusters give 2
3 eV. Nevertheless, the energy separation to the excited s
is expected to be of the right order of magnitude. In a sim
way one can also estimate theb1geu channel. As it was men
tioned above, we have two types of purely oxygeneu orbit-
als: eu(s) andeu(p) with s andp directions of the O 2p
lobes, respectively. These orbitals hybridize with each ot

FIG. 3. ~a! Simplified illustration of the one-center exciton an
~b! the two-center exciton ofb1g

2 (pd), i.e., ZR-singlet type.~c!
Classification of the important two-center excitons together with
energy scheme.
18051
r

ls

ce

ed

et

tes
r

r

due to the oxygen transfer. As a result we obtain four1Eu

terms for theb1geu-like two-hole configurations, namely
b1g

b eu(p) which can also be denoted asb1geu(dpp), and
further b1geu(dps), b1geu(ppp), and b1geu(pps). They
form the final states of theb1g

b eu channel of the two-cente
CT transitions. An overview about all two-center excitons
given in Fig. 3~c!.

All the two-center excitons could be divided into eve
and odd excitons. For 2D cuprates these excitons gene
four A1g ,B1g ,Eu plane modes (S,D,Px,y modes!4 that are
visible in the EELS spectra away from theG-point. The tran-
sition matrix elements have a rather complicatedk depen-
dence and the simple dipole approximation is not sufficie
In the matrix element analysis which shall be presented
forthcoming publication9 we find at G for the b1g

2 channel
two important excitons with an energy separation'7 eV in
between, and a less intense exciton, blue-shifted to'5 eV
with regard to the first one. The low-lying exciton with ZR
singlet character has a rather unusualk dependence of inten
sity along the@110# direction with a sharp decrease, or ev
a compensation point, when going to the BZ boundary. T
high-energy exciton with the final ZR-singlet-like1A1g state
of predominantly O 2p nature, is likely to manifest the larg
est intensity for theb1g

2 channel. Within theb1geu channel
we predict four important excitons, generated by CT
eu(p) andeu(s) orbitals with smaller and larger weight o
O 2ps orbitals, respectively. These weights would determ
the relative intensity of the appropriate excitons. The pho
emission data10,8 predict the energy separation between t
low-lying b1geu(dpp) andb1g

2 (dp) excitations to be of the
order of 1.5 eV. Theb1geu excitons manifest a rather simpl
dispersion of intensity along both main directions in the B
zone with gradual interchange between dipole allowed
forbidden modes.

Interpretation of the excitation spectrum. Having classi-
fied all the dipole-allowed one- and two-center excitons, o
can assign the significant peaks of Fig. 1. The lowest on
around 2 eV has clearly a double peak structure which w
not resolved in Ref. 3. Furthermore, inspecting thek depen-
dent spectra of Ref. 5, one observes that the lower peak
no dispersion and loses intensity away fromG. The other one
has a strong dispersion in agreement with the data and
analysis of Ref. 3. Therefore, we assign that double p
structure to the one-centereu(p) and the two-center~ZR-
singlet! b1g

2 (pd) exciton, respectively. This interpretation
also supported by an angle-resolved EELS study of the
cuprate Sr2CuO3.11 Such chain materials provide an uniqu
opportunity to separate one- and two-center excitons, ther
to verify our main proposal. This is possible due to differe
polarization properties for both excitons. Indeed, the o
center CT transitions are allowed both in longitudinal (EW i
chain direction! and in transversal (EW' chain direction! po-
larizations, whereas the two-center CT transitions app
only in the former. Therefore, the weak dispersionless pe
in transversal polarization11 can be attributed to one-cente
excitons, whereas the EELS spectra in longitudin
polarization11,12can be understood as a superposition of o

n
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and two-center excitations. The one-center excitons prov
small additional peaks on the dominant structures given
the two-center excitons.

Having positioned the lowest one- and two-center ex
tons, the higher states are fixed by the chosen param
values ~see Fig. 1!. Remarkably, all the excitations whic
were analyzed before correspond to visible features ine2.
The highest intensity is found at about 9 eV and it is co
nected with the two-center excitonsb2g

2 (pp) and
b1geu(ppp) of dominantly oxygen character. This show
that important spectral information is contained in the reg
above 8 eV. The highest excitation at about 12 eV is in
preted to beb1geu(pps), and then the spectral intensity d
creases. The peak at about 18 eV is likely to be attribute
transitions with O 2s initial state.

A close examination of other materials shows that
two-component structure of the CT gap appears to be a c
monplace for many parent cuprates.13–15The dipole-allowed
localizedb1g→eu

b excitation within the CuO4 plaquette re-
lated essentially to theeu(p) state is distinctly seen in opti
cal and EELS spectra for different insulating cuprates a
separate weak feature or a low-energy shoulder of the m
intense band near 2.5 eV assigned to the inter-center
transition associated with the Zhang-Rice singlet-like exc
tion b1g

2 (dp).9 The small intensity of the one-centereu(p)
exciton is explained by the dominantly O 2pp nature of the
final state and by the strong tendency to self-localizat
~trapping!.

One may wonder why such a double-peak structure of
lowest excitation is not seen in the corresponding ARP
spectra of Sr2CuO2Cl2. There, the lowest excitation is clear
r,

.

on

o

.J
dt
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connected with the ZR-quasiparticle,2 and the nonbonding
oxygenpp orbitals appear with 1.5 eV higher binding energ
~see Refs. 8 and 10!. The reason is that EELS~or optical
absorption! creates electron-hole pairs and the smaller ext
of the one-center exciton leads to a Coulomb contribution
the exciton binding energy which compensates the Z
singlet binding energy. On the other hand, comparing
different two-center excitons, the energy difference betwe
ZR-singlet and nonbonding oxygens is seen in the differe
betweenb1g

2 (pd) and b1geu(dpp) ~roughly 1.7 eV in Fig.
1!.

In conclusion, we measured and interpreted the electr
hole excitations of Sr2CuO2Cl2. We extended the Zhang-N
model by considering the complete set of Cu 3d and O 2p
orbitals and by introducing one-center and two-center ex
tons. Instead of oned2ps CT transition of the ZN-model
with an energy'2.5 eV (G point! we arrive at a set of one
and two-center excitons generated byd2ps charge transfer,
and occupying a very broad energy range from'2 up to
'13 eV. The EELS data shows a double-peak structure
the CT gap which is determined by nearly degenerate in
center and inter-center excitons.
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