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The pre-edge structure of Cu ls excitations of high 7. cuprates reflects the lowest-lying unoccupied elec-
tronic states in these materials, and thus it is directly relevant to the interesting low-energy excitations and their
nonlocal characters. We have performed theoretical calculations of the Cu Ka resonant x-ray emission spec-
troscopy (RXES) in the pre-edge region of La,CuO, with a CusO 4 cluster model in order to analyze recent
experimental data. The Cu 1s to on-site Cu 3d excitation by the electric quadrupole transition and the Cu 1s to
off-site Cu 3d excitation by the electric dipole transition are taken into account, confirming that the off-site
transition is indeed visible but that it is split due to the effect of both the local and the nonlocal components of
screening. The calculated results of RXES spectra, as well as of x-ray absorption spectra by partial fluores-
cence yield method, are in reasonable agreement with the experimental data. The influence of the low-energy
tail of Cu 4p states and the effects of doping electrons and holes are also calculated and discussed. Calculations
are made for Cu Ka RXES of one-dimensional corner and edge sharing cuprates and compared to new

experimental results for Sr,CuO5; and GeCuOs.
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I. INTRODUCTION

Resonant x-ray emission spectroscopy (RXES) is a pow-
erful tool in the study of electronic states of various
materials."?> Recent experiments on the RXES of correlated
charge transfer insulators have made it possible to accurately
measure structures associated with the pre-edge region of the
absorption spectrum and with high resolution.

Shukla et al.? recently measured the Cu 1s x-ray absorp-
tion spectra (XAS) due to the partial fluorescence yield
method (XAS-PFY) and the CuKa RXES spectra of
La,CuO,, where a Cu ls electron is excited to a pre-edge
region and then a Cu 2p electron radiatively decays to the Ls
state. They also made a theoretical analysis of the experi-
mental data by combining calculations with ab initio energy
band model and a CuOy cluster model. They showed that the
Cu Ka RXES is an ultrafine probe of the Cu ls pre-edge
structures, which consist of the electric quadrupole (EQ)
transition of a Cu ls electron to the on-site Cu 3d states and
the electric dipole (ED) transition to the “off-site Cu 3d
states,” i.e., Cu 3d states on the different atomic sites from
the core excited site. The ED transition from Cu 1s to off-site
3d states is weakly allowed in the pre-edge region due to the
hybridization between Cu4p and the neighboring O 2p
states and that between the O 2p and the neighboring Cu 3d
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states, whereas the Cu 1s to 4p ED transition is strong and
forms the main absorption band. These pre-edge structures
are directly relevant to the low-energy excitations of the
highly correlated system, having bearings on important prop-
erties of the material, such as the nature of the charge trans-
fer bands or the insulator-metal transition on doping. It is
thus important to reach a more accurate theoretical descrip-
tion of the measured quantities and this is the main motiva-
tion of the present paper.

Before Shukla ez al.,? similar Cu 1s XAS-PFY and Cu K«
RXES measurements were made for CuO and
Nd,_,Ce,CuO,4 by Hayashi et al.*> and for CuO by Déring et
al.® For CuO, Hayashi et al.*® and Déring et al.® observed a
similar Cu Ka RXES structure to the off-site Cu 3d excita-
tion by Shukla et al.,’ but they did not discuss the micro-
scopic mechanism of the spectral structure. In order to estab-
lish the off-site Cu 3d excitation mechanism, it would be
necessary to perform a more detailed study from both experi-
mental and theoretical sides.

In the present paper, we develop the theoretical calcula-
tions by using a two-dimensional (2D) CusO,s cluster
model,”® instead of the previous CuO, cluster,® so that we
can treat the on-site Cu 3d and off-site Cu 3d states on equal
footing by fully taking the correlation effect into account.’
The Cu 1s XAS-PFY and Cu Ka RXES spectra are calcu-
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lated by exact diagonalization method.”® With the CusO¢
cluster model, it is shown that after the off-site Cu 3d exci-
tation, a core hole charge left behind is screened by the non-
local charge transfer (the charge transfer between the neigh-
boring CuQ, plaquettes), which cannot be treated with CuO,
model and only approximately treated in the previous paper.’

As another important object of this paper, the theory is
extended from La,CuQ, [square planer (2D) CusO ¢ cluster]
to other cuprate systems: one-dimensional (1D) Cus0 4 clus-
ter and electron-doped and hole-doped 2D CusO,4 clusters.
New experimental data for Sr,CuO; and GeCuOj; are shown
and compared to the theoretical calculation. We also study
the effect of the low-energy tail of the Cu 4p band (denoted
by the background) on the Cu ls XAS-PFY and CuKa
RXES spectra.

The organization of the present paper is as follows: In
Sec. II, we show the experimental results of XAS-PFY and
RXES for La,CuQO, and explain the single electron picture of
the EQ and ED transitions based on the ab initio band cal-
culation. In Sec. III, the results of the Cus0,4 cluster model
calculations for La,CuQ, is given, and in Sec. IV, it is shown
that the off-site 3d excitation is split into two components
due to the nonlocal and local screening effects and this situ-
ation is compared in 1D and 2D cuprate systems. We study
in Sec. V the effect of the low-energy tail of Cu 4p density of
states and, in Sec. VI, the effect of electron and hole doping
on the RXES spectrum with the 2D Cus0;¢ cluster model.
New experimental data are shown in Sec. VII for the Cu K«
RXES of Sr,CuOj; and GeCuO;, and compared to theoretical
calculations. Finally, Sec. VIII is devoted to discussions and
concluding remarks.

II. EXPERIMENTAL RESULTS AND SINGLE ELECTRON
PICTURE FOR ELECTRIC QUADRUPOLE AND
ELECTRIC DIPOLE TRANSITIONS

Experimental setups and procedures of the previous mea-
surements of Cu ls XAS-PFY and CuKa RXES for
La,CuO, were described in Ref. 3. The new experiments on
Sr,Cu0; and GeCuOj; (shown in Sec. VII) were performed at
beam line ID16 at the European Synchrotron Radiation Fa-
cility. The experimental setup was that of a Rowland circle
spectrometer with a horizontal scattering plane by using a
spherically focusing bent Si(444) analyzer. The absorption
spectra were obtained by measuring the total fluorescence
yield while the RXES spectra were obtained in the usual way
by using the spectrometer for inelastic scans in the region of
the Ka peak while varying the incident energy in the pre-
edge region as for an absorption measurement. The samples
used were single crystals grown with the traveling solvent
floating zone method. The use of single crystals made it pos-
sible to align the polarization direction parallel to the direc-
tion of the structural units of interest, that is, the Cu-O chains
and the ladders.

In Fig. 1, we show the experimental results® of XAS-PFY
of La,CuO, for o (dashed curve) and 7 (solid curve) polar-
izations, where the o and 7 polarizations, respectively, mean
the cases where the incident polarization is parallel and per-
pendicular to the CuO, plane. In the measurements of XAS-
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FIG. 1. (Color online) Experimental results of Cu 1s XAS-PFY.
The dashed and solid curves correspond, respectively, to the o and
7 polarizations. A small rectangle in the pre-edge region represents
the energy range where the Cu Ka RXES is measured.

PFY, the Cu Ka fluorescence intensity is observed by sweep-
ing the incident x-ray energy. The resolutions of incident and
emitted x-rays are both 1.0 eV. In Fig. 1, the o and = polar-
ized XAS-PFY spectra are normalized to their peak intensi-
ties. It is seen that the XAS-PFY spectrum with o polariza-
tion has a low-energy tail and a small structure at about
8.978 eV originating from the EQ transition, but the
m-polarized XAS-PFY spectrum does not exhibit the low-
energy tail. Shukla et al.®> measured the Cu Ka RXES spec-
tra with the o-polarized incident x-ray for the pre-edge re-
gion from 8.976 to 8.981 eV (shown with a rectangle in Fig.
1), and the results are shown in the right panel of Fig. 2. The
base line of each RXES spectrum corresponds to the incident
x-ray energy at which it was measured as seen on the XAS-
PFY spectrum, as shown in the left panel of Fig. 2. The
RXES spectra have been arbitrarily shifted such that the
lowest-energy transfer peak originating from the resonant
EQ excitation corresponds to the zero of the energy scale and
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D -30 -20 -10 0
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FIG. 2. (Color online) Cu Ka RXES spectra in the pre-edge
region of La,CuQy (right panel). The XAS-PFY spectrum for the o
polarization is also shown in the left panel.
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FIG. 3. Projected Cu 4p,,. (dashed curve) and 4p, (solid curve)
DOS calculated ab initio. The inset shows the low-energy region in
detail. The hatched peak is the lowest-energy structure in the
Cu 4p, DOS.

have been normalized to the most intense feature in each
spectrum.

The RXES spectra show twin features separated by 20 eV
due to spin-orbit splitting of the 2p core level, and we con-
fine ourselves into the region from 0 to —10 eV (the 2p;),
component). The Cu 2p5,, state will be written simply as the
Cu 2p state hereafter. It is to be noted that for three highest
incident energies an additional feature indicated by a vertical
bar occurs close to the 0 eV peak. This suggests the existence
of a lowest-lying ED excitation at these incident energies,
but the character of the ED excitation has not been known so
far.

In order to see the mechanism of the lowest-lying ED
excitation, Shukla et al.® investigated, by ab initio energy
band calculations, the p-symmetric unoccupied state, which
is allowed by the ED transition from the Cu ls state. Figure
3 shows the calculated results of the projected Cu 4p .. (solid
curve) and 4p,; (dashed curve) density of states (DOS), and
the inset shows the low-energy region in detail. It is seen that
the hatched peak is the lowest-energy structure in the Cu 4p,,
DOS, which is located just above the Fermi energy (origin of
the energy scale). The energy position of the hatched peak
corresponds to the upper Hubbard band, but the on-site
Cu 1s5-3d transition is the ED forbidden transition, and the
lowest ED transition is that from the Cu s state to the Cu 3d
states on the different Cu sites (so that these Cu 3d states are
denoted by “off-site Cu 3d states”).

In Fig. 4, we schematically illustrate the off-site Cu 3d
states with a CusO;4 cluster model. As shown on the right
side of Fig. 4, the wave function of the off-site 3d state (with
x symmetry) consists of the Cu 4p, state on the central Cu
site, O 2p, states on the nearest neighboring O sites, and
Cu 3d,>_> states on the next neighboring Cu sites (off-site
Cu), which are coupled to each other by the Cu 4p-O 2p and
O 2p-Cu 3d hybridization. The main weight of this wave
function is on the off-site Cu 3dxz_yz states, but this state is
weakly allowed by the ED transition due to a small weight of
the central Cu 4p, state. The left hand side of Fig. 4 is the
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FIG. 4. (Color online) Schematic illustration of intermediate
(and final) state of the Cu Ka RXES of cuprates with the CusO,¢
cluster model. The ED-allowed off-site 3d state and the EQ-allowed
on-site 3d state are shown, respectively, on the right and left hand
sides.

on-site 3d state, which is allowed for the EQ excitation and
mainly consists of the Cu 3d,2_2 state on the central Cu site
(the core hole site) but hybridized with the neighboring
O 2p states.

In order to calculate the Cu Ka RXES spectrum, it is
necessary to take into account the many-body effect beyond
the energy band calculation. As a preliminary approach,
Shukla et al.? calculated the RXES spectra with a CuO, clus-
ter model combined with the o-symmetric unoccupied states,
and the results (not shown here) are consistent with the ex-
perimental data, confirming the Cu ls to off-site 3d transi-
tion followed by the Cu 2p-1s x-ray emission as the mecha-
nism of the new RXES peak. However, the CuO, cluster
model is not sufficient in describing the many-body effects
on the off-site 3d transition, and we will give below the
results by CusO;¢4 cluster model calculations.

II1. Cus0,4 CLUSTER MODEL CALCULATIONS

We calculate the Cu Ka RXES spectra of La,CuO, with
the CusO,¢ cluster model shown in Fig. 5(a). The Hamil-
tonian describing Cu 3d and O 2p states of the system is
given, with the hole picture, by

H= 2 Gddzo—di,tr-" E Gpp},o-pj,a'i- 2 Vpd,ij(dj,opj,o
i,0 Jj.o (

iy

+P) i) ¥ 2 Vi (PLolt o Pir oPio)
G

+ Uddz dZTdi,Tdildi,L + U d(g,OdO,ofSCO’ (1)

where dzo(pT’U) creates a hole with spin o on the ith
Cu 3d,2_,» orbit (the jth O 2p orbit). The first and second
terms on the right hand side represent the one body energies,
the third and fourth terms the hybridizations of the Cu 3d
and O 2p orbits and of the neighboring O 2p orbits, respec-
tively, and the fifth and sixth terms are Coulomb repulsion
between Cu 3d holes and that between Cu 3d and core holes
on the central Cu site. The operator c;, creates a core hole (a
Cu 1s hole in the intermediate state and a Cu 2p hole in the
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FIG. 5. (Color online) (a) The model of CusO 4 cluster and (b)
the calculated result of the XAS-PFY spectra due to the EQ (dashed
line), ED (chain line) transitions, and their sum (solid line). A pos-
sible low-energy tail of Cu4p contribution is shown with the
shaded part but disregarded in this calculation.

final state), and we assume that the core hole potential U, is
the same for the Cu ls and 2p core holes. The core hole
creation energies [not written in Eq. (1)] are |€,,| (intermedi-
ate state) and |e,,| (final state), where €, and €,, are the core
electron energy levels.

The parameter values used are as follows: pdo=—-1.5 V,
ppo=0.5 eV, U,;=80 eV, U;,=70 eV, and A(=¢,—¢,)
=3.5 eV. The number of holes (Cu 3d and O 2p holes) in
our cluster is fixed to four down-spin and one up-spin holes,
corresponding to the undoped system with antiferromagnetic
order. The polarization of the incident photon is taken in the
x direction, while the polarization of the emitted photon is
not analyzed. In addition to the electronic states written in
Eq. (1), we take into account a Cu 4p state on the central Cu
site and the hybridization between the Cu 4p and neighbor-
ing O 2p states in order to treat the ED transition to the
off-site 3d states. The role of the Cu 4p state is limited to the
off-site 3d excitation, and its direct contribution to the
Cu Ka RXES is removed from our calculated results. The
relative intensity of the Cu ls to 3d EQ transition and of that
to the off-site Cu 3d ED transition is treated as an adjustable
parameter to reproduce the experimental spectra. More de-
tails on these parameters will be described in Sec. VIIIA
together with some discussions.

The Cu Ka RXES spectrum F(({), w) is calculated by the
coherent second order optical formula as

PHYSICAL REVIEW B 77, 205116 (2008)

Fo(Q,0) =
o) ; ~ E,+Q—E;+il,

sz/’n'
X 2. 12 °
(E;+ w-E,— ) +173,

(2)

where ) and w are, respectively, the incident and emitted
x-ray energies, |g), |i), and |j) are the initial, intermediate,
and final states of the material system, E,, E;, and E; are their
energies, Iy and I, are the Cu 1s and 2p core hole lifetime
broadenings in the intermediate and final states, respectively,
and 7 includes both ED and EQ transitions of the Cu ls
electron and T, represents the Cu 2p-1s ED transition. The
values of 2I';; and 2I',, are taken as 1.5 and 0.6 eV, respec-
tively. Since we assume that Uy, is the same for the Cu 1s
and 2p core holes, the states |i) and |j) of the transition
(j|T,|i)y are the same except for the core hole state, and E;
—EJ-Z 62[,— €.

In Eq. (2), the effect of the spectral resolution is not taken
into account. In our calculation, we consider the resolution of
incident and emitted x-rays by introducing the Gaussian
functions G; and G, and calculate the spectrum as

HQ@=JMJ®GM—m%wa@—@,($

where we use the experimental resolution of 1.0 eV (full
width at half maximum) for both incident and emitted x rays.
The XAS-PFY spectrum is calculated from Eq. (3) as a func-
tion of () by fixing @ at the Cu Ke fluorescence energy
€,,— €|, The numerical calculations are made by the exact
numerical diagonalization of the Hamiltonian (1).

The calculated Cu XAS-PFY spectra in the pre-edge re-
gion are depicted in Fig. 5(b), where the EQ and ED contri-
butions are shown with the dashed and chain curves, respec-
tively, and the sum of these contributions is shown with the
solid curve. Compared to the experimental XAS-PFY spec-
trum (in Figs. 1 and 2), the intensity of the calculated spec-
trum is much weaker on the high-energy side of the pre-
edge, but this is because the model of our calculation does
not include the effect of the low-energy tail of the Cu 4p
DOS. We denote the low-energy tail of the Cu 4p DOS as the
background, and the experimental result suggests that the
background contribution to the XAS-PFY would be sche-
matically given by the shaded area in Fig. 5(b). We will
discuss in more detail the background contribution to XAS-
PFY and RXES in Sec. V.

The Cu Ka RXES spectra are calculated for the incident
photon energies indicated with a—i in Fig. 2, which are also
shown in Fig. 5(b). As shown in Fig. 6, the calculated RXES
peaks due to the EQ and ED resonant excitations are in good
agreement with the experimental ones in Fig. 2. It is to be
emphasized that the XAS-PFY intensity by the ED transition
to the off-site 3d states is too weak (and overlapped with the
background) to be clearly seen in the experimental XAS-
PFY spectrum, but the signature of this ED excitation to the
off-site 3d states can be seen clearly as an additional peak in
the Cu Ka RXES. The relative energy positions of the ED
and EQ contributions in both XAS-PFY and RXES spectra
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FIG. 6. (Color online) The calculated Cu Ka RXES spectra for
the incident energy a to i indicated in Fig. 5(b).

are naturally reproduced in the present calculation, although
they were treated by introducing an adjustable parameter in
the previous CuQO, cluster model calculation.

In order to understand the electronic processes in the
Cu Ka RXES and to get a proper insight into the screening
effect accompanying the off-site 3d excitation, we calculate
the spin-dependent hole distribution (for holes in the Cu 3d
and O 2p states) over the five Cu sites and 16 O sites for the
ground state and the EQ and ED excited states. In Fig. 7(a),
the hole distribution in the ground state is shown for up-spin
(left side) and down-spin (right side) states. It is seen that the
up-spin hole is mainly located around the central Cu site and
four down-spin holes are mainly located around the Cu sites
in the neighboring CuO, plaquettes, corresponding to the
antiferromagnetic order. In Fig. 7(b), we show the hole dis-
tribution in the excited state by the 1s-3d EQ transition of
up-spin electron [excitation d and e in Fig. 5(b)]. By this
transition, the valence holes with up spin are filled, so that
almost no up-spin hole is left, while the distribution of down-
spin holes is almost the same as that in the ground state. It is
interesting to see the hole distribution in the excited state due
to the ED transition of a down-spin electron from Cu ls to
the off-site 3d states [excitation h in Fig. 5(b)], as shown in
Fig. 7(c). By the off-site ED transition due to the x polarized
incident photon, the Cu 3d hole population in the neighbor-
ing CuQO, plaquettes along the x direction is remarkably de-
creased. At the same time, the distribution of up-spin holes is
strongly changed; the holes on the central Cu site is trans-
ferred mainly to the neighboring plaquettes to screen the core
hole potential, which is denoted by the nonlocal screening
effect. The up-spin holes transferred to the neighboring
plaquette couple with the down-spin holes on the same
plaquette to form the so-called Zhang—Rice singlet state [see
Fig. 8(c)]. This nonlocal screening is very important to de-
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FIG. 7. (Color online) Spin-dependent hole distribution in the
(a) ground, (b) EQ, and (c) ED excited states.

termine the relative energy of the EQ and ED excited states.
It is to be noted that in the EQ excitation the core hole
potential is well screened by the Cu 3d electron excited from
the Cu 1s state, while in the ED excitation, it is screened by
the charge transfer effect (nonlocal screening), and the en-
ergy difference between the EQ and ED excited states origi-
nates from the difference in the screening mechanisms of the
core hole potential.

IV. NONLOCAL AND LOCAL SCREENINGS AND
COMPARISON OF TWO-DIMENSIONAL AND ONE-
DIMESIONAL SYSTEMS

In order to gain more insight into the spectral function
F(Q,w), we display the calculated result in the form of the
2D mapping, where we plot the spectral intensity as a con-
tour map on the 2D plane spanned by the incident energy ()
and the energy transfer {)—w. The result is shown in Fig.
8(a), where we also extended the highest limit of the incident
energy compared to that of Fig. 6. With this contour map, the
Cu Ka RXES spectrum (as in Fig. 6) is obtained by the cross
section along a constant incident energy line (as a function of
the energy transfer), and the XAS-PFY [as in Fig. 5(b)] is
obtained by the cross section along a diagonal line (a con-
stant emitted x-ray energy line) passing through the EQ
maximum point.

A new finding obtained from Fig. 8(a) is the existence of
another RXES peak on the higher energy side of the off-site
3d contribution so far discussed. The new peak occurs at
about 1.7 eV (transferred energy) above the previous off-site
3d peak with the incident energy tuned to about 1.7 eV
above h of Fig. 5(b). Then, we calculate the spin-dependent
hole distribution for this new peak, and the result is shown in
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FIG. 8. (Color online) (a) Two-dimensional contour map of
F(Q, ) obtained with the Cus04 cluster model calculation, (b) the
spin-dependent hole distribution for the high-energy peak (due to
the local screening effect) of the off-site 3d excitation, and (c) the
schematic illustration of the Zhang—Rice singlet state formation by
the nonlocal screening effect.

Fig. 8(b). Comparing Fig. 8(b) to Fig. 7(c), we find that for
Fig. 8(b) the up-spin hole distribution on the neighboring
oxygen sites (with respect to the central Cu site) is larger
than that on the Cu sites in the neighboring plaquette, which
is opposite to the situation in Fig. 7(c). Therefore, we con-
clude that the local screening occurs for this new peak and
that the off-site 3d excitation splits into two peaks depending
on the nonlocal and local screening around the core hole.
The excitation energy of the nonlocal screening state is lower
than that of the local screening state because of the formation
energy of the Zhang—Rice singlet state. The Zhang—Rice sin-
glet formation process is illustrated in Fig. 8(c), where the
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FIG. 9. (Color online) (a) Two-dimensional contour map of
F(Q, w) obtained with the 1D Cus0 4 cluster model calculation and
(b) the schematic illustration of the Zhang—Rice singlet state forma-
tion by the nonlocal screening effect.

arrow pointing right represents the excitation of the central
Cu s electron to the off-site 3d state, and the arrow pointing
downward stands for the nonlocal charge (hole) transfer from
the central Cu site to the neighboring CuO, plaquette. The
nonlocal screening results in the two holes bound as the
Zhang—Rice singlet state on the neighboring plaquette. In the
local screening state, on the other hand, the screening occurs
mainly inside of the central plaquette, so that the Zhang—
Rice singlet state cannot be formed. The nonlocal and local
screening effects mentioned here are similar to those in the
final state of Cu 2p x-ray photoemission spectroscopy (XPS)
of cuprates, but the situation is somewhat different. This will
be discussed in Sec. VIIB.

Stimulated by the novel many-body phenomena, such as
the off-site 3d excitation, local and nonlocal screening ef-
fects, and Zhang—Rice singlet formation, which are charac-
teristic of high T, related cuprates, we extend our calculation
of the Cu Ka RXES to the system of 1D cuprates, such as
Sr,CuOj; with the Cus04 cluster model shown in Fig. 9(b).
The model parameter values are taken to be the same as
those given in Sec. III for simplicity. The calculated spectra,
F(Q,w), is shown in Fig. 9(a) in the form of the 2D contour
map. The result is similar to Fig. 8(a) for the 2D cuprates
such as La,CuQy,, but it is found that the intensity of the
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nonlocal screening peak of the 1D system is weaker than that
of the 2D system, while the intensity of the local screening
peak is almost the same for the 1D and 2D systems. This
result can be understood simply from a consideration on the
dimensionality. If we compare Fig. 9(b) to Fig. 8(c), it is
seen that in the 1D system, there is only one channel of the
nonlocal screening to form the Zhang—Rice singlet state,
while in the 2D system, we have three channels (upward,
downward, and leftward hole-transfer channels). Therefore,
the intensity of the nonlocal screening peak in the 1D system
is about one-third of the 2D system. On the other hand, the
local screening occurs mainly within the central CuO,
plaquette, so that the intensity of the local screening peak is
almost independent of the system dimension.

So far, the experimental measurement of the off-site 3d
excitation has been made only for the nonlocal screening
state of La,CuQy,. It is very interesting to check the possibil-
ity of whether the nonlocal and local screening peaks can be
observed for other 2D or 1D cuprate systems. In this respect,
the influence of the low-lying Cu 4p states plays a key role,
and we discuss this in Sec. V.

V. EFFECT OF LOW-ENERGY TAIL OF Cu 4p DENSITY
OF STATES

Experimental result of the Cu ls XAS-PFY of La,CuO,
suggests that the low-lying Cu 4p states (denoted by back-
ground) starts above the EQ excitation and its onset is very
close to the off-site 3d excitation (see Figs. 1 and 2, and also
the shaded spectral part in Fig. 5.) According to the energy
band calculation (see Fig. 3), the onset of the off-site 3d state
is just above the Fermi level (the lowest empty state), while
the onset of the background is about 2 eV above the Fermi
level. Therefore, there is no doubt that the off-site 3d exci-
tation should be lower than the onset of the background, but
the onset energy of the background would actually be lower
than that of the band calculation.

In this section, we take into account the effect of the back-
ground with a simplified model. If we take only the one-
electron Cu ls-4p (background) and 2p-1ls transitions and
disregard all of the many-body effects, Eq. (2) is written as

FSBG>(Q,w)=fdep(e)t%t§

1 sz/W
>< 9
(Q-e+e€,)+ I‘%s (Q-€+e,- w)2+F%p
4)

where p(e€) is DOS of the background and 7, and ¢, are the
amplitudes of Cu ls-4p and 2p-1s dipole transitions. Actu-
ally, the many-body screening effect occurs after the
Cu ls-4p transition, but here we assume that p(e) is the ef-
fective DOS including such a many-body effect. Then, we
treat t%t%p(e) as an appropriate model function, which starts
from an appropriate onset energy and increases smoothly
with increasing €, so that the calculated XAS-PFY and
RXES spectra can be consistent with the experimental ones.
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FIG. 10. (Color online) Two-dimensional contour map originat-
ing from (a) only the background and (b) all of EQ off-site 3d (ED)
and background, calculated with the 2D Cu;0 4 cluster model. The
Cu ls XAS-PFY spectrum is shown in (c), where the EQ off-site
ED and background contributions are shown with dashed, chain,
and dotted curves, and the total sum is with the solid curve.

With this respect, the assumed function fip(e) is not
unique, and, in this paper, we show a typical example of the
effect of the background (actually we have tried various
types of t%t%p( €)). In Fig. 10(a), we show the 2D contour map
of F(Q),w) originating only from the background contribu-
tion, which is obtained by putting Eq. (4) with an appropriate
t2p(€) into Eq. (3). Then, we superpose the 2D contour map
of Fig. 8(a) with Fig. 10(a) and obtain the total 2D contour
map of Fig. 10(b) including the background contribution.

It is confirmed that the off-site 3d excitation with the
nonlocal screening can be well recognized even with the
background contribution, but the local screening peak cannot
be seen because of the overlap with the strong background
contribution. Taking the cross section of Fig. 10(b) along the
diagonal axis, we obtain the XAS-PFY spectrum, which is
shown in Fig. 10(c) with the solid curve. The background
contribution to XAS-PFY [the cross section of Fig. 10(a)] is
also shown in Fig. 10(c) with the dotted curve. So long as the
XAS-PFY spectrum is concerned, the separation of the off-
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FIG. 11. (Color online) Theoretical (right) and
experimental (left) results of the Cu Ka RXES
spectra for La,CuQy,. In the theoretical result, the
background contribution is also shown with the
dotted curves.
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site 3d and background contributions is not very clear. On
the other hand, the contribution of the off-site 3d excitation
can be seen more clearly in the Cu Ka RXES spectra, i.e., by
taking the cross section of Fig. 10(b) along the vertical axis
(constant incident energy axis). Figure 11 (right) is the cal-
culated Cu Ka RXES spectra (solid curves) for the incident
energies a—i, as well as the background contribution (dotted
curves), compared to the experimental results (left). It is seen
that the background contribution is broader than the off-site
3d contribution and shifted to the lower transferred energy
side by about 1 eV. It is to be remarked that the relative
position of the EQ and off-site 3d excitation energies would
be more or less common for various cuprates systems, but
the onset of the background would strongly depend on the
species of cuprates systems. In La,CuO,, the Cu 4p states
hybridize with low-lying La 5d states to make lower the on-
set of the background. In any case, in order to detect the
off-site 3d excitation with nonlocal and local screenings, it is
important to select a cuprate system where the onset of the
background is sufficiently high above the off-site 3d excita-
tion.

VI. EFFECT OF ELECTRON AND HOLE DOPING WITH
THE TWO-DIMESIONAL Cus0,4 CLUSTER MODEL

The effect of the electron and hole dopings is calculated
by changing the total hole number in the 2D Cus0;4 cluster
to 4 (20% electron doping) and to 6 (20% hole doping). The
results of the 2D contour map of F({),w) are shown in Fig.
12(a) for the 20% electron doping and in Fig. 12(b) for the
20% hole doping by including the background contribution,
which is assumed to be the same as that of the undoped case
[Fig. 10(a)]. By comparing the results of Figs. 12(a), 12(b),
and 10(b), we find that the intensity of the off-site 3d (non-
local screening) contribution decreases by doping electrons
and increases by doping holes. The intensity of the EQ peak
also changes by the carrier doping, especially by the electron
doping. The effect of the carrier doping on the XAS-PFY
spectra is calculated and shown in Fig. 13. Recently Hayashi

et al.'’ measured the effect of the hole doping on the XAS-
PFY spectra of La,CuO, and observed the increase in the
intensity in the region of higher energy than the EQ peak,
which is in qualitative agreement with the present theoretical
result. A more quantitative comparison is left for future in-
vestigations.

VII. EXPERIMENTAL RESULTS FOR ONE_DIMESIONAL
CUPRATES

The condition that the off-site 3d excitation can be clearly
measured in the Cu Ka RXES is (1) the intensity of the
off-site 3d transition is not too small and (2) the off-site 3d
transition is not overlapped with the strong background con-
tribution. In the case of corner-sharing 1D cuprates, as we
have shown in Sec. IV, the off-site 3d excitation would be
observed if condition (2) is fulfilled. On the other hand, for
edge-sharing 1D cuprates, the intensity of the off-site 3d
transition would be too small because of the extremely weak
interplaquette Cu 3d-O 2p hybridization strength so that the
measurement of the off-site 3d transition would be impos-
sible.

We have measured the Cu Ka RXES of a corner-sharing
1D cuprate Sr,CuO; and an edge-sharing 1D cuprate
GeCuOj; and show the results in the form of 2D contour map
in Figs. 14 and 15, respectively. The polarization of the in-
cident photon is parallel to the 1D chain direction in both
cases. Just looking at these contour map patterns, we see that
the patterns of Sr,CuO; and GeCuOj; resemble, respectively,
Figs. 10(b) and 10(a) [if we add the EQ contribution to Fig.
10(a)]. From the comparison of Figs. 14 and 9(a), we see that
strong RXES spectra are observed in Sr,CuOj; near the po-
sition of the calculated off-site 3d contribution, but if we
compare them more carefully, the observed intensity is too
large to be attributed to the off-site 3d contribution. There-
fore, we interpret that the observed RXES spectra of
Sr,CuOs is, except for the EQ contribution, mostly due to the
background contribution, which is strong and starts from low
onset energy. We consider that this strong low-lying back-
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FIG. 12. (Color online) Two-dimensional contour map of
F(Q,w) calculated for (a) 20% electron doping and (b) 20% hole
doping with the 2D Cus0¢ cluster model including the background
contribution.

ground of Sr,CuOj; originates mainly from the Sr 4d states
with p symmetric DOS around the central Cu site. We be-
lieve that the off-site 3d contribution should exist near the
bottom of the background contribution, but it cannot be sepa-
rated from the background contribution.

For GeCuOs;, on the other hand, the onset of the back-
ground is sufficiently high so that if the off-site 3d contribu-
tion had some detectable intensity it would be measured
separately from the background contribution. The experi-
mental results of Fig. 15 confirms that the intensity of the
off-site 3d transition in GeCuQy is vanishingly small because
of the edge-sharing structure and it cannot be observed ex-
perimentally.

VIII. DISCUSSION AND CONCLUSION

A. Intensity of electric quadrupole and electric dipole
transitions

In the present paper, the relative intensity of ED (a main
4p band and an off-site 3d excitation) and EQ transitions is
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FIG. 13. (Color online) Calculated Cu 1s XAS-PFY spectra of
undoped and 20% electron and hole doped systems with the 2D
Cus0¢ cluster model including the background contribution.

treated as an adjustable parameter to obtain the reasonable
result compared to the experiments. The method of calculat-
ing the ED transition is mentioned here in some detail. As a
simplified model of the Cu 4p main band (in the absence of
the background), we assume, only on the central Cu site, a
single Cu 4p level, which is located at 17 eV above the O 2p
level, and take into account the Cu 4p-O 2p hybridization
with ppo=2 eV. Then, combining them with our 2D Cus04
cluster model, we naturally obtain the off-site 3d transition
with a finite intensity. This process is almost the same as
introducing in the transition operator 7, the Cu 1s to off-site
3d transition operator obtained by the second order perturba-
tion Cu ls—Cu4p—0 2p—Cu 3d with Cudp and O 2p
states as virtual intermediate states. Quantitatively, with our
parameter values, the relative transition intensity of the off-
site 3d excitation and the main Cu 4p excitation is about
1/500, which is consistent with that estimated from the ab
initio energy band calculation (see Fig. 3). When we intro-
duce the background contribution, we assume an extra XAS
band with an appropriate spectral shape and an appropriate
intensity, as mentioned in Sec. V.

On the relative intensity of the ED and EQ transitions, we
assume that the intensity ratio of the Cu Ls to 3d EQ transi-
tion and the Cu 1s to 4p (main line) transition is 1/100. This
is consistent with a very rough estimation of atomic transi-
tion intensity. Then, it is found that the intensity ratio of the
EQ transition and the ED off-site 3d transition is around 5.

B. Nonlocal and local screening effects

In Sec. IV, we have shown that the Cu Ka RXES peak of
the off-site 3d excitation splits into two peaks due to the
nonlocal and local screening effects. This situation is similar
to that in the Cu 2p XPS, but, more exactly, the situation in
Cu Ka RXES is somewhat different from that in Cu 2p XPS,
especially for the “local” screening effect, as mentioned be-
low. The splitting of a main peak of Cu 2p XPS is first ex-
plained by van Veenendaal and co-workers!"'? with a linear
chain Cus0,( cluster model; the lower binding energy peak
(first peak) is due to the nonlocal screening, where a hole is
transferred from the central Cu site to the neighboring CuO,
plaquette to form the Zhang—Rice singlet state, and the
higher binding energy peak (second peak) is due to the local
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FIG. 14. (Color online) Experimental result of the two-
dimensional contour map of the Cu Ka RXES of Sr,CuOs.

screening, where the hole transfer is mainly from the central
Cu site to the neighboring O sites (mainly to the boundary O
sites perpendicular to the chain direction). After that, Okada
and Kotani'? studied the spatial distribution of the screening
hole charge of Cu 2p XPS in the square planar CusO¢ clus-
ter and pointed out that the hole distribution of the second
peak is not localized within the central CuO, plaquette but
even more delocalized than that of the first peak (nonlocal
screening peak). Therefore, one cannot denote the second
peak of Cu 2p XPS of 2D cuprates as “local” screening peak.

The situation is different from the splitting of the off-site
3d excitation peak in Cu Ka RXES. In contrast to the final
state of Cu 2p XPS, we have one extra electron in the off-site
3d state (excited from the Cu 1s state) in Cu Ka RXES, but
this extra electron prevents the screening hole from extend-
ing beyond the central CuQO, plaquette, at least in the direc-
tion of the incident photon polarization. Therefore, the hole
distribution of the second peak is considerably localized, as
shown in Fig. 8(b) (up spin). This is why we have used the
term “local screening” in the present paper. At the same time,
we would like to remark that the term of local screening is
sometimes used wrongly in describing the final state of
Cu 2p XPS of 2D cuprates.

C. Off-site 3d excitation in transition metal compounds

We have shown that the lowest-lying ED transition of the
Cu 1s electron of cuprates is the off-site 3d excitation. This
situation should be commonly seen not only for cuprates but
also for transition metal (TM) 1s excitations of various TM
compounds, although the intensity of the off-site 3d transi-
tion is often very weak. A well known example is the Ti Ls
excitation of TiO, (rutile). In the pre-edge region of the Ti s
XAS of TiO,, three peaks were measured by Grunes'* more
than 20 years ago (see also Refs. 15 and 16). The first theo-
retical interpretation of the three peaks was given by Uozumi
et al.'® According to their theory, two EQ transitions to the
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FIG. 15. (Color online) Experimental result of the two-
dimensional contour map of the Cu Ka RXES of GeCuos.

3d(t,,) (lowest peak) and 3d(e,) (middle peak) states and
two ED transitions to the off-site 3d(t,,) (middle peak) and
3d(e,) (highest peak) states should exist in the pre-edge re-
gion of the Ti ls XAS, but the EQ transition to the 3d(eg)
state is overlapped with the ED transition to the off-site
3d(ty,) so that the three peaks are observed experimentally.
Similar theoretical calculations were made more recently by
Joly et al.'” and by Shirley.'® The evidence that the middle
one of the three peaks consists of the EQ and off-site ED
transitions overlapped each other is obtained by the resonant
Auger electron experiment!® and its theoretical analysis.?’?!

It is to be mentioned that TiO, is the band-type insulator,
where the insulating energy gap does not originate from the
correlation gap. The off-site 3d transition in La,CuO,, which
was measured by Shukla et al.® and analyzed in the present
paper, is the first example that the ED transition is observed
to the off-site 3d states just above the correlation gap. Other
examples are similar off-site 3d transitions measured by
Co Ka RXES of EuCoO; and LaCo05.2223 It is desirable
that more precise experimental and theoretical investigations
would be made for the off-site 3d transition in many other
TM compounds.

D. Concluding remarks

We confirmed that the off-site ED transition detected by
Shukla et al.® is visible in RXES measurements but also
showed that higher resolution measurements should give evi-
dence of a splitting of this transition due to the local and
nonlocal contributions to the screening. These different
screening mechanisms were discussed at length. Since the
features discussed are generally weak, we made some rough
estimates of relative intensities of the EQ on-site and the ED
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off-site transitions. To be able to detect the off-site transi-
tions, which should be present in most TM compounds, it is
also important that other contributions in the DOS be absent
in the same energy range. These considerations should pro-
vide basic guidelines for interpreting RXES spectra in TM
compounds.
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