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Copper-related information from the oxygen 1s resonant x-ray emission
in low-dimensional cuprates
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Incident- and outgoing-photon polarization dependences of O 1s x-ray emission spectrum~XES! in low-
dimensional cuprate systems are investigated through model calculations using finite-size cluster models which
include several copper sites. It is shown that the O 1s resonant XES provides information on the Cu-related
excitations such as the Cudd excitations and the charge-transfer~CT! excitations, in addition to the oxygen
proper excitations. In particular, the lowest-energy CT between the neighboring CuO4 plaquettes accompanies
Zhang-Rice singlet formation. Even the Cu 3d spin flip can be observed as an inelastic scattering peak. Thus
the O 1s resonant XES can be a nice tool to investigate metal-ion-related excitations in oxides.
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I. INTRODUCTION

Core-level resonant x-ray emission spectroscopy~RXES!
is one of the most powerful tools to obtain site-, elemen
and orbital-selective information on the electronic states
strongly correlated electron systems, such as 3d, 4f , and 5f
electron systems.1 Combined analyses of core-level RXES
the cation and anion sites provide full information on t
electronic structure of compounds. However, so far
RXES at the anion site has not been investigated so m
both experimentally and theoretically, compared with tha
the cation site. In the present study, we discuss what ca
obtained from the RXES at the oxygen site in layered
prates.

The resonant O 1s XES process under consideration
schematically shown in Fig. 1. An electron absorbing an
coming x ray is first excited to the so-called upper Hubb
band~UHB! which is a hybridized state of the Cu 3d and O
2p states. In the subsequent x-ray emission process, on
the O 2p electrons falls into the O 1s core hole. Roughly
speaking, the emission intensity is expected to be pro
tional to the number of O 2p electrons. Indeed, it was con
firmed in the study of layered cuprates,2–4 where the ob-
tained spectra were compared with the partial density
states obtained by energy-band calculations. Note that
chemical shift of the O 1s levels was utilized to distinguish
the contributions from nonequivalent oxygen sites in th
studies.

In more detail, however, RXES does not coincide with t
O 2p partial density of states owing to the selection rule
the RXES process, as shown later from a group-theore
point of view. Moreover, we would like to stress that O 1s
RXES will also provide information on Cu-related electron
states, since the O 2p and Cu 3d states are well hybridized
owing to the strongpd hybridization. The first attempt to
observe Cu-related excitations in CuGeO3 by means of O 1s
RXES has been done by Dudaet al.5 They have shown tha
O 1s RXES could provide information on the Cu 3d states,
0163-1829/2002/65~14!/144530~7!/$20.00 65 1445
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such as thedd excitations and Zhang-Rice singlet~ZRS!
formation.5,6 In other words, O 1s RXES can be a tool to
investigate the many-body states in cuprate systems.

To the present authors’ knowledge, on the other ha
there are only a few many-body theoretical studies of the
1s RXES in cuprates, which were given by the prese
authors.7,8As for so-called edge-sharing-type structures, su
as CuGeO3 and Li2CuO2, we predicted a novel inter
CuO4-plaquette charge-transfer~CT! mechanism via a core
hole state.7 As for corner-sharing-type structures, such
La2CuO4 and Sr2CuO2Cl2, we predicted, as a short report,
remarkable polarization dependence of O 1s RXES.8 In the
present study, we show, in more detail, how to underst
the characteristic features in O 1s RXES, paying attention to
undoped corner-sharing cuprates. This is a first step to
derstand the O 1s RXES in cuprates and is a basis to exte
the analysis to doped cuprates and noncuprate system
particular, we concentrate on the cuprates with no ap
oxygen, such as Sr2CuO2Cl2, since all oxygen sites are
equivalent. This can be helpful and important when we co
pare the theory and experiments in the future.

The rest of the present paper is organized as follows
Sec. II, we describe our model Hamiltonian which is a mu
band Hubbard model Hamiltonian combined with a co

FIG. 1. Resonant x-ray emission at the O site in cuprates
©2002 The American Physical Society30-1
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hole potential term. In Sec. III, we first show the analy
results for CuO4 clusters, which give the fundamentals
understanding the O 1s RXES both for corner- and edge
sharing systems. For instance, it will be shown that the
dd excitations in O 1s RXES can be explained by means
CuO4 clusters. In multi-Cu-site clusters, such as Cu2O7 and
Cu4O12, on the other hand, it will be shown that a ZR
excitation can be formed in the RXES final state. In Cu4O12,
an inelastic scattering peak due to the two-Cu-spin flip~or
two-spin exchange! is also predicted. In Sec. IV, we discus
the points in comparing with the experiments and summa
our results.

II. MODEL

The Hamiltonian consists of a conventionaldp Hamil-
tonian and a core-related one:

H5Hpd1Hcore. ~1!

The former is given in the hole picture by

Hpd5 (
i ,g,s

«d,gnd,igs1 (
j ,as

«pnp, j as

1 (
^ i , j &g,a,s

Vpd,i j ~digs
† pj as1pj as

† digs!

1 (
^ j , j 8&,a,a8,s

Vpp, j a j 8a8~pj as
† pj 8a8s1pj 8a8s

† pj as!

1 (
i ,(gs.g8s8)

Uddnd,ig↑nd,ig8↓ , ~2!

wheredigs
† (pj as

† ) creates a hole on thei th Cu site~the j th O
site!. Hereg and a are orbital indexes ands specifies the
spin state. The first and second terms on the right-hand
of Eq. ~2! represent the one-body energies, wherend,igs

(np, j gs) is the number operator for the Cu 3d (O 2p) hole.
In the present paper, we define the CT energy asD5«p
2«d,x22y2. The third term represents the hybridization of t
Cu 3d and O 2p orbits, wherê i , j & denotes the summatio
over the nearest-neighbor pairs. The fourth term repres
the hybridization of the neighboring O 2p orbits. The last
term represents the Coulomb repulsion between Cu 3d holes.

The core-related Hamiltonian is given by

Hcore5(
j ,s

«cnc, j s1 (
j ,a,s,s8

Upcnp, j as8nc, j s , ~3!

wherenc is the number operator for the O 1s core hole. For
simplicity the first term on the right-hand side of Eq.~3! is
the one-body energy of the O 1s core state. The second ter
describes the Coulomb interaction between the O 1s and 2p
holes.

The relevant part of the RXES spectral function is giv
by the following expression:1
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I nm~vout ,v in!5(
f
U(

m,s

^ f uHnum&^muHmug&
Eg1v in2Em1 iGm

U2

3d~Eg1v in2Ef2vout!, ~4!

wherev in andvout are the incident and emitted photon e
ergies andm andn are their polarization directions, respe
tively. ug&, um&, andu f & represent the ground~initial!, inter-
mediate, and final states of the system, respectively, and
corresponding energies areEg , Em , andEf . The core-hole
lifetime broadening effect in the intermediate state is tak
into account by a constant parameterGm ~50.5 eV!. The
dipole transition is caused by

Hm5(
j ,s

sj s
† pj ms1pj ms

† sj s . ~5!

In numerical calculations for (Cu2O7)102 and (Cu4O12)
162

clusters, we adopt the Lanczos method10 to diagonalizeH in
order to treat the electron correlation as exactly as we c
The RXES spectrum is obtained by the numerical integrat
of the generating function.11

III. RESULTS OF NUMERICAL CALCULATIONS

A. CuO4 cluster

Since a square-planar (CuO4)26 cluster with D4h point
symmetry, which is shown in Fig. 2, has only a single v
lence hole in the ground state, we can obtain analytic res
easily. On the basis of configuration-interaction~CI! picture,9

the ground state is a linear combination ofd9(x22y2) and
d10L(x22y2) electron configurations, whereL(x22y2) de-
notes a ligand hole~O 2p hole! with x2-y2 symmetry (B1g
irreducible representation inD4h point symmetry!.

X-ray absorption occurs in the present CuO4 cluster, when
the electric field vector of the x-ray is in thexy plane. Since
B1g3Eu5Eu , the symmetry of the resultant O 1s core-hole
state~molecular orbit state! is Eu .

In the subsequent x-ray emission process, one of th
2px,y,z electrons falls into the core-hole state. In the case
the x-ray emission withz polarization, the symmetry of the
resultant valence-hole states isEg , sinceEu3A1u5Eg . In
the case of thex or y polarization, the symmetry of the re
sultant valence-hole states is given as follows:Eu3Eu
5A1g1A2g1B1g1B2g . The O 2p molecular-orbit state
with A2g symmetry does not mix with the Cu 3d states. For
instance, the XES process which givesI xx is shown in Fig. 3,

FIG. 2. Cluster models used in the present study are sho
where the open and solid circles represent O and Cu sites, res
tively.
0-2
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COPPER-RELATED INFORMATION FROM THE OXYGEN . . . PHYSICAL REVIEW B65 144530
where the symmetry of the hole state in the final states isA1g
or B1g .

For G5A1g , B1g , B2g , andEg , the wave functions are
described by linear combinations ofd9(G) andd10L(G) as

u f G&5sinuGud9~G!&1cosuGud10L~G!&, ~6!

whereuG is to be determined by diagonalizing the Ham
tonian

HG5«d,Gud9~G!&^d9~G!u1«p,Gud10L~G!&^d10L~G!u

1Vpd,G$ud9~G!&^d10L~G!u1H. c.%. ~7!

In Eq. ~7!, the origin of the energy levels is taken at thed10

state. The hybridization matix elementVpd,G is given by
A3(pds), 2(pds), 2(pdp), and A2(pdp) for G5B1g ,
A1g , B2g , andEg , respectively. This anisotropy in hybrid
ization is the origin of the crystal field~CF! splitting of Cu
3d levels in the present calculation.

In the present case, since«d,G,«p,G , the lower-energy
eigenstate is mainlyd9(G). For G5B1g , it is equivalent to
the ground state and, accordingly, gives the elastic scatte
peak. The other final states give inelastic scattering~IS!
peaks. The XES intensity is proportional to thed10L(G)
weight in each final state, which is sensitive toD, (pds),
and (pdp). If one introduces the electrostatic crystal fie
splitting, such as 10Dq, it also affects the XES intensity, a
shown later. The O 1s RXES thus calculated are plotted a
bars in Fig. 4. The abscissa is the x-ray energy shiftDv
([vout2vin). The parameter values used are as followsD
52 eV, (pds)521.5 eV, (pdp)50.7 eV, (pps)
50.4 eV, and (ppp)50.12 eV.

For instance,I xx consists of the elastic peak and three
peaks. TheA1g peak at21.25 eV is mainlyd9. In other
words, thisA1g peak corresponds to thedd excitation from
x22y2 to 3z22r 2. The magnitude of the excitation energy
due to the anisotropicpd hybridization. On the other hand
two IS peaks located at around25.5 eV correspond to the
CT excitations. The CT excitation withB1g symmetry is also
observed in the Cu 1s RXES.

In the case ofI yx , there are three IS peaks. TheB2g peak
at 21.33 eV is thedd excitation and that at25.3 eV is due

FIG. 3. O 1s resonant XES process which givesI xx for CuO4 is
schematically shown.
14453
ng

to CT. The energy difference between theA1g and B2g dd
excitation peaks is also due to the anisotropic hybridizati

For G5A2g , the hybridization of the O 2p and Cu 3d
wave functions does not occur. However, the position of t
A2g IS peak depends on thepd hybridization, since it is
given by E(A2g)5D22tpp2Eg , whereEg is the ground-
state energy which is obtained by diagonalizing Eq.~7! for
G5B1g .

In Fig. 4, only five peaks located in between25.5 eV
and23.5 eV contribute to the O 1s RXES. Note that their
intensity distribution does not coincide with the O 2p partial
density of states which is obtained by the energy-band
culations. This is because, as mentioned above, the Op
molecular orbit~MO! states which can fall into the O 1s hole
state are limited to those withA1g , A2g , B1g , B2g , or Eg
symmetry. The O 2p MO states withA2u , B2u , or Eu do not
contribute to the O 1s RXES. We also note that, in the cas
of the NXES where a photoexcited electron in the interm
diate state enters a~non-UHB! continuum state and does no
interact with the other electrons, all the O 2p electrons can
fall into the core hole. Since the O 2p MO states withA2u ,
B2u , andEu symmetry are of nonbonding-type, they contri
ute to the energy region close toA2g and accordingly the
intensity of the nonbonding O 2p band becomes large. Th
spectral features characteristic of RXES, such as thedd ex-

FIG. 4. O 1s resonant XES (I xx , I yx , and I zx! in (CuO4)62

~bars!, (Cu2O7)102 ~solid curves!, and (Cu4O12)
162 ~dashed

curves!. The abscissa is the x-ray energy shiftDv ([vout2v in).
For the latter two cases, the spectrum is convoluted with a Lore
function of width 0.5 eV, neglecting the elastic component.
0-3
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KOZO OKADA AND AKIO KOTANI PHYSICAL REVIEW B 65 144530
citation peaks and theB1g CT peak, are likely to be hidden
under the nonbonding O 2p band.

Hereafter the peaks ranging from26 eV to 23 eV are
called ‘‘O2p main band,’’ while those ranging from
23 eV to 21 eV ‘‘dd peaks.’’

B. Multisite clusters

In order to make our model more realistic, we must e
tend the cluster size. In this subsection, we show the ca
lated results for multi-Cu-site cluster models (Cu2O7)102

and (Cu4O12)
162.

There are two and four valence holes in (Cu2O7)102 and
(Cu4O12)

162, respectively. The eigenstates for the pres
Hamiltonian are classified by thez component of the tota
spinSz . In the present Hamiltonian, the ground state is giv
by the lowest-energy state in theSz50 subspace for both
(Cu2O7)102 and (Cu4O12)

162. This is often explained by the
superexchange coupling mechanism between the loca
Cu 3d spins.

The O 1s XAS (x polarization! calculated for
(Cu2O7)102 and (Cu4O12)

162 are plotted in Fig. 5. In addi-
tion to the parameter values used for CuO4, Udd58 eV,
Upp54 eV, andUpc55 eV are also used. The O 1s core-
hole lifetime is assumed to be 0.5 eV. Since the calcula
spectral width is about 1 eV, half the width is caused by
upper Hubbard bandwidth. Although a fairly large O 1s core
potential (Upc) is used, its effect on the XAS is quite sma
This is because the average O 2p hole number is too small
It is less than 0.1 per O site and per spin. We note that
difference in the integrated intensity of XAS for (Cu2O7)102

and (Cu4O12)
162 is due to the fact that thex andy directions

are equivalent on the latter cluster, while not on the form
This difference is also reflected in the integrated intensity
I xx , I yx , or I zx shown in Fig. 4.

In Fig. 4, we showI xx , I yx , and I zx in (Cu2O7)102 and
(Cu4O12)

162 at v in54.2 eV ~on resonance!, where the
spectra are convoluted with a Lorentz function of width 0
eV, neglecting the elastic component. As for the spectral
tribution, we can see a rough correspondence between C4
and the other two at a glance. With increasing the clus
size, the peaks which form the O2p main band are split. In
particular on going from CuO4 to Cu2O7, the effect onI xx

FIG. 5. O 1s XAS in (Cu2O7)102 ~solid curve! and
(Cu4O12)

162 ~dashed curve!. The origin ofv in is taken at«c . The
total intensity reflects the average O 2p hole number. Half the spec
tral width comes from the O 1s core-hole lifetime.
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appears to be very large. Therefore the CuO4 single-site clus-
ter model analysis cannot be used for discussing the
shape quantitatively. We note, on the other hand, that thedd
peaks inI yx and I zx do not split. This is quite reasonabl
since the dd excitation occurs within a single CuO4
plaquette.

As a result of extending the cluster size, there appea
new structure at around29 eV in I xx . From itsUdd depen-
dence, we can easily see that it is caused by thed8 final state.

As for I xx , a peak close to theA1g dd peak at around
22.5 eV is to be noted as a new one, though the posi
differs slightly for Cu2O7 and Cu4O12. In order to clarify its
origin, the effects of the Cu 3d orbital degeneracy and th
spin symmetry of the initial state are examined in Fig. 6. T
solid curve in Fig. 6~A-a! is the same as that in Fig. 4. If w
disregard the Cu 3d orbital degeneracy, only the peak d
noted as ‘‘dd’’ disappears, as seen in Fig. 6~A-b!. It is evi-
dent that the peak at22.3 eV, which is denoted as ‘‘ZRS’
~Zhang-Rice singlet! is not due to theA1g dd excitation. We
note here that the ZRS anddd excitations are coupled with
each other to some extent owing to the symmetry of Cu2O7
cluster. This is the reason for the weak ZRS peak in F
6~A-a!, compared with that in Fig. 6~A-b!.

If we use the lowest energy state in theSz51 subspace as
the initial state of the XES process, the ZRS peak also
appears, as shown in Fig. 6~A-b!. It means that theSz50
spin configuration in the initial state is essential in giving t
ZRS peak. The XES process which gives the ZRS pea

FIG. 6. ~A! I xx is calculated for (Cu2O7)102 with and without
orbital degeneracy. In each case, the solid and dashed curve
obtained by using theSz50 andSz51 initial states, respectively
The former is the same as that shown in Fig. 4.~B! I xx in
(Cu4O12)

162 without orbital degeneracy is calculated for variousSz

values.
0-4
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COPPER-RELATED INFORMATION FROM THE OXYGEN . . . PHYSICAL REVIEW B65 144530
illustrated in Fig. 7, where the up- and down-spin holes
localized on the left- and right-hand-side~RHS! plaquette,
respectively, and the XES process is assumed to occur
at the O site which connects two Cu sites for simplicity.
the up-spin valence hole is annihilated in the x-ray abso
tion, the ZRS can be formed in the RHS plaquette for
x-ray emission withx polarization. In the case of the x-ra
emission withy polarization, the energy of the resultant fin
state is higher than the ZRS. From this figure, it is obvio
that the ZRS can be observed inI xx .

We note that the ‘‘ZRS’’ state in the present case does
mean the one introduced by hole doping, since the total h
number is conserved through the XES process. The ‘‘ZR
excitation in the present case is the interplaquette CT exc
tion from ud9;d9& to ud9L(ZRS);d10&.

In Fig. 6~B!, I xx in (Cu4O12)
162 without orbital degen-

eracy is calculated for variousSz values. In the case with
Sz52, which means that all valence holes take the same
direction, there is no peak in thedd peak region. On the
other hand, in the cases withSz50 and 1, the ZRS peak
appears, though the energy position differs slightly forSz
50 and 1. One reason for the difference may be a ‘‘fini
cluster-size’’ effect, and the other may be the intrinsic ZR
bandwidth effect.

In Fig. 6~B! ~as well as in Fig. 4!, we note that there is a
new peak at around20.3 eV in theSz50 case. The mag
nitude of the excitation energy suggests that the excitatio
caused by the superexchange interaction between neigh
ing Cu 3d spins. The result that it is seen in (Cu4O12)

162 and
not in (Cu2O7)102 indicates that it can be understood as t
transition in the Cu spin configuration from↑↓↑↓ to ↑↑↓↓
for instance.

C. Polarized and depolarized configurations

In actual experiments, outgoing x rays are usually
tected in the direction perpendicular to the wave vector

FIG. 7. XES process which causes interplaquette CT is ill
trated. In the x-ray emission withx polarization, the ZRS is create
in the right-hand-side CuO4 plaquette.
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incident x rays. The experimental configuration is call
‘‘polarized’’ when the electric field vector of incoming x ray
is normal to the scattering plane, while it is called ‘‘depola
ized’’ when the electric field vector is in the scattering plan
The XES at the polarized and depolarized configuration
x-polarized incident x rays can be obtained by taking line
combinations ofI xx , I yx , and I zx . In the normal incidence
which means that incident x rays come along thez axis in the
present case, the XES at the polarized configuration~hereaf-
ter called the ‘‘polarized spectrum’’! is given byI xx1I zx and
that at the depolarized configuration~hereafter called the
‘‘depolarized spectrum’’! is given by I yx1I zx . In grazing
incidence, which means that incident x rays come along
xy plane in the present case, the polarized spectrum is g
by I xx1I yx and the depolarized one is the same as that in
normal incidence (5I yx1I zx).

The polarized and depolarized spectra for (Cu4O12)
162

shown in Fig. 8 are obtained fromI xx , I yx , andI zx shown in
Fig. 4. The characteristic features can be interpreted
means ofI xx , I yx , andI zx . We note that both in the norma
and grazing incidences the structure at around 6 eV is
ways conspicuous in the polarized spectrum, which is cau
by theB1g andA1g CT peaks inI xx .

Since the ZRS peak is seen only inI xx , it can be observed
only in the polarized configuration for both the normal a
grazing incidences. In the former, for instance~solid curve in
Fig. 8!, a weak peak at22.8 eV is due to the ZRS. On th
other hand, a structure centered at21.5 eV consists of the
A1g and Eg dd excitations. In the latter, the ZRS peak
hidden under the tail of theA2g peak centered at23.5 eV.

In Fig. 8, the spectra calculated with an additional ele
trostatic CF (10Dq) are also shown for comparison. In th
present calculation, 10Dq is introduced as an additional one
body energy for Cu 3d(Eg) and 3d(B2g) orbits, which
means that the CT energy forEg ~andB2g) is decreased by
10Dq. Accordingly, in the polarized spectrum for the norm
incidence, 10Dq does not affect the position of theA1g dd

-

FIG. 8. O 1s RXES for polarized and depolarized configur
tions in (Cu4O12)

162. The depolarized spectrum is the same for t
normal and grazing incidence. The solid curves are obtained f
I xx , I yx , and I zx shown in Fig. 4. The dashed curves are obtain
for 10Dq51 eV.
0-5
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KOZO OKADA AND AKIO KOTANI PHYSICAL REVIEW B 65 144530
peak and only theEg dd peak moves to the lower-energ
side with increasing the intensity. Thus the intensity distrib
tion in thedd peak region is sensitive to 10Dq for instance.
This point can be important in discussing the details of
experiment in future.

IV. DISCUSSION AND SUMMARY

In the present paper, we have clarified the origin of t
characteristic features in O 1s RXES. As mentioned above
the details of the line shape depend on various paramete

As mentioned above, the position of the O 2p main band
as a whole is determined byD andpd hybridization. More-
over, the position ofB1g CT peak is also sensitive to thes
parameters. For instance, we show theD dependence of the
O 1s RXES in Fig. 9, where an additional electrostatic CF
D4h type is introduced. The O 2p main band shifts mono-
tonically with D, while the CF splittings decrease slight
owing to the decreased hybridization effect. It is to be no
that the intensity ofdd peaks decreases withD. This is be-
cause thed10L weight in the final-state wave function fo
eachdd peak decreases withD. Thus O 1s RXES provides
direct information onD.

We have shown that O 1s RXES is a nice tool to inves-
tigate Cu-related electronic excitations, such as ZRS,dd, and

FIG. 9. D dependence of the O 1s RXES in (Cu4O12)
162 for

normal incidence. In these calculations, the electrostatic CF
0.8 eV is applied to the 3d states withA1g , B2g , or Eg symmetry.
n

Y
B

o
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two-spin-flip excitations. We emphasize the importance
the polarization-dependent experiments. The polarization
pendence of the ZRS anddd peaks is summarized in Table
A detailed experiment in future will enable us to discrimina
these excitations. TheB1g CT excitation, which can be ob
served in the polarized configuration, also provides imp
tant information in determining the relevant physical para
eters.

In principle, these excitations can also be detected in
RXES at a Cu site. For instance, ZRS and CT excitations
be observed in Cu 1s (3s) RXES ~Refs. 12 and 13! anddd
excitations can be observed in Cu 2p (3p) RXES.14,15

Therefore O 1s RXES can be used to check the RXES at
Cu site. It is also to be noted that O 1s RXES is almost free
from the core-hole effects which include multiplet and sp
orbit coupling effects, which are often important in the cor
level spectra at a Cu site and which often make the spec
analysis difficult and complicated. It may be also importa
that the excitation energy of the O 1s level is much smaller
than the Cu 1s and 2p levels, since it affects the experimen
tal resolution. Furthermore, the intensity of the elastic pe
of the O 1s RXES is much weaker than that of Cu 1s, 2p,
and 3p RXES, so that O 1s RXES is more appropriate to
observe inelastic excitations with small energy. For the
reasons, O 1s RXES should be utilized more and more in th
study of correlated electron systems.
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TABLE I. Polarization dependence of ZRS anddd excitations.

Incidence Geometry Detectable excitations

Normal Polarized ZRS,A1g , Eg

Depolarized Eg , B2g

Grazing Polarized ZRS,A1g , B2g

Depolaized Eg , B2g
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