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Copper-related information from the oxygen 1s resonant x-ray emission
in low-dimensional cuprates

Kozo Okada
Department of Physics, Faculty of Science, Okayama University, 3-1-1, Tsushima-naka, Okayama, 700-8530, Japan

Akio Kotani
The Institute for Solid State Physics, University of Tokyo, Kashiwanoha 5-1-5, Kashiwa, Chiba 277-8581, Japan
(Received 11 September 2001; published 5 April 2002

Incident- and outgoing-photon polarization dependences o6Q@-fay emission spectrurtXES) 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 rdsonant XES provides information on the Cu-related
excitations such as the Gid excitations and the charge-transf@T) excitations, in addition to the oxygen
proper excitations. In particular, the lowest-energy CT between the neighboring [fafiettes accompanies
Zhang-Rice singlet formation. Even the Cd 8pin flip can be observed as an inelastic scattering peak. Thus
the O 1Is resonant XES can be a nice tool to investigate metal-ion-related excitations in oxides.

DOI: 10.1103/PhysRevB.65.144530 PACS nunider74.72-h, 78.70.En

[. INTRODUCTION such as thedd excitations and Zhang-Rice singléZRS)
formation®® In other words, O & RXES can be a tool to
Core-level resonant x-ray emission spectroscp¥ES)  investigate the many-body states in cuprate systems.
is one of the most powerful tools to obtain site-, element-, To the present authors’ knowledge, on the other hand,
and orbital-selective information on the electronic states othere are only a few many-body theoretical studies of the O
strongly correlated electron systems, suchds&, and §  1s RXES in cuprates, which were given by the present
electron system5Combined analyses of core-level RXES at authors™®As for so-called edge-sharing-type structures, such
the cation and anion sites provide full information on the@ CuGe@ and LbCuO,, we predicted a novel inter-
electronic structure of compounds. However, so far thdcUQs-plaquette charge-transfe€T) mechanism via a core-
RXES at the anion site has not been investigated so mudiele state. As for corner-sharlng'—type structures, such as
both experimentally and theoretically, compared with that at-%2CUCs and SECuO,Cl,, we predicted, as a short report, a

At 8
the cation site. In the present study, we discuss what can ggmarkable polarization dgpendence O].c ORXES. In the
obtained from the RXES at the oxygen site in layered Cupresent SIUdY' we show, in more detail, h.OW to understand
prates the characteristic features in & RXES, paying attention to

The resonant O 4 XES process under consideration is undoped corner-sharing cuprates. This is a first step to un-

schematically shown in Fig. 1. An electron absorbing an in_derstand the OLRXES in cuprates and is a basis to extend

. - . he analysis to doped cuprates and noncuprate systems. In
coming X ray is first excited to the so-called upper Hubbar articular, we concentrate on the cuprates with no apical

band(UHB) which is a hybridized state of the Cuid3and O oxygen, such as SEUO,Cl,, since all oxygen sites are
2p states. In the subsequent x-ray emission process, one g ivalent. This can be helpful and important when we com-
the O 2 electrons falls into the O d.core hole. Roughly  pare the theory and experiments in the future.

speaking, the emission intensity is expected to be propor- The rest of the present paper is organized as follows: In
tional to the number of O 2 electrons. Indeed, it was con- sec. |1, we describe our model Hamiltonian which is a multi-
firmed in the study of layered cupratés, where the ob-  pand Hubbard model Hamiltonian combined with a core-
tained spectra were compared with the partial density of

states obtained by energy-band calculations. Note that the E”‘;‘[QV
chemical shift of the O & levels was utilized to distinguish

the contributions from nonequivalent oxygen sites in their T
studies. UHB
In more detail, however, RXES does not coincide with the 02p
O 2p partial density of states owing to the selection rule for Cu 3d i o)
the RXES process, as shown later from a group-theoretical !
point of view. Moreover, we would like to stress that G 1 YV RE
RXES will also provide information on Cu-related electronic ) L __AAA
states, since the O2and Cu 3 states are well hybridized Incoming x-ray /'; : ,
owing to the strongpd hybridization. The first attempt to iy Quigoingseray
observe Cu-related excitations in CuGdy means of O & O1s —0—
RXES has been done by Duéaal® They have shown that
O 1s RXES could provide information on the Cul3tates, FIG. 1. Resonant x-ray emission at the O site in cuprates.
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hole potential term. In Sec. lll, we first show the analytic
results for CuQ clusters, which give the fundamentals in
understanding the OSLRXES both for corner- and edge-
sharing systems. For instance, it will be shown that the Cu
dd excitations in O $ RXES can be explained by means of X
CuQ clusters. In multi-Cu-site clusters, such as,Owu and

Cuy,0,, on the other hand, it will be shown that a ZRS

excitation can be formed in the RXES final state. In,Cy,
an inelastic scattering peak due to the two-Cu-spin (ftip

two-spin exchangeis also predicted. In Sec. IV, we discuss
the points in comparing with the experiments and summatriz

our results.

Il. MODEL
The Hamiltonian consists of a conventiordp Hamil-
tonian and a core-related one:

H:de+Hcore- D

The former is given in the hole picture by

pd_IEy:U €4, ynd Iyo’+ E Spnp jao

+ X

. Vpd,ij(dryapjaa—’_pJTaJdi‘yO')
(i.j)v.a0

+ X

G.j")ea o

+ 2

i,(yo>y'o")

T T
Vpp,jaj ’a’(pjaapj ’a’a’+ p] 'a'g-pjmr)

UddNd,iy1Nd,iy’ | 2

whered?!

! (Pl.o) creates a hole on thi¢h Cu site(thejth O

site). Here y and « are orbital indexes and specifies the
spin state. The first and second terms on the right-hand side

of Eq. (2) represent the one-body energies, wheg,,
(Np,jy0) is the number operator for the C3O 2p) hole.
In the present paper, we define the CT energyAase,

—&gx2—y2. The third term represents the hybridization of the
Cu 3d and O 2 orbits, where(i,j) denotes the summation
over the nearest-neighbor pairs. The fourth term represen

the hybridization of the neighboring Op2orbits. The last
term represents the Coulomb repulsion between €bdes.
The core-related Hamiltonian is given by

Hcore= 2 ecNgjot 2 Upcnp]aa’ncm- ©)
j,a,0,0"

wheren, is the number operator for the Gs Tore hole. For
simplicity the first term on the right-hand side of EE) is

the one-body energy of the Gstore state. The second term

describes the Coulomb interaction between thes@idd 2p
holes.

FIG. 2. Cluster models used in the present study are shown,
where the open and solid circles represent O and Cu sites, respec-

ﬁvely

> (f[H,[m)}(m[H,|g)|?

g Egt win—En+ily,

Wout), (4)

wherew;, and w,,; are the incident and emitted photon en-
ergies andu and v are their polarization directions, respec-
tively. |g), |m), and|f) represent the grounghnitial), inter-
mediate, and final states of the system, respectively, and the
corresponding energies akg, E,, andE;. The core-hole
lifetime broadening effect in the intermediate state is taken
into account by a constant parameiéy, (=0.5 e\). The
dipole transition is caused by

Vu(woutvwm) E

X 5(Eg+ win—Ef—

_ T T
H,L—JEU S/4Pj ot Pl uoSio - (5)

In numerical calculations for (GOD,)' and (Cu0;,)'%
clusters, we adopt the Lanczos metHbit diagonalizeH in
order to treat the electron correlation as exactly as we can.
The RXES spectrum is obtained by the numerical integration
of the generating functioh.

IIl. RESULTS OF NUMERICAL CALCULATIONS
A. CuO, cluster

Since a square-planar (CwO° cluster with Dy, point
symmetry, which is shown in Fig. 2, has only a single va-
lence hole in the ground state, we can obtain analytic results
easily. On the basis of configuration-interacti@) picture®

the ground state is a linear combinationd{x?>—y?) and
AL (x*—y?) electron configurations, wheltg(xz—yz) de-
notes a ligand hol¢O 2p hole) with x2-y? symmetry B1g
irreducible representation iD,, point symmetry.

X-ray absorption occurs in the present Gusluster, when
the electric field vector of the x-ray is in they plane. Since
B1gXEy=E,, the symmetry of the resultant Gs tore-hole
state(molecular orbit stateis E, .

In the subsequent x-ray emission process, one of the O
2py,y,, €lectrons falls into the core-hole state. In the case of
the x-ray emission witlz polarization, the symmetry of the
resultant valence-hole stateskg, sinceE,xXA;,=Eg. In
the case of the or y polarization, the symmetry of the re-
sultant valence-hole states is given as follovig; X E,,
=A1gt Ayt BigtByy. The O 2 molecular-orbit state

The relevant part of the RXES spectral function is givenwith A,; symmetry does not mix with the Cud3states. For

by the following expressioh:

instance, the XES process which gitgsis shown in Fig. 3,
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Incoming x-ray B1g g
(x-pol)
Ay g 2
Outgoing x-ray O{) Ca<3 —g
(X-pOl.) .""~.g,.-"'. g
2
&
FIG. 3. O Is resonant XES process which givieg for CuQ, is g
schematically shown.
where the symmetry of the hole state in the final statés js K A IE o )
or Byg. 08k sz g .
ForI'=Ay4, Byg, Byy, andE,, the wave functions are s i
described by linear combinations 6f(I") andd*’L(T") as 0.6} .
|fr)y=singp|d®(T"))+cosdr|dL(T)), (6) 04 E, -
Whgre Or is to be determined by diagonalizing the Hamil- 0.2-_ ! A
tonian
Hp=gq,r|d%())(d*(T)[+&p,p|d™L(T) )(d"L(T)] Ao (V)
+Vpq,r{|d*(T))(d*OL(T)|+H. c}. (7) FIG. 4. O Is resonant XES I, lyx, andl,,) in (CuQ,)®"

(bar9, (Cw,O,)*® (solid curvey, and (CuyO;,)'® (dashed

In Eq. (7), the origin of the energy levels is taken at #€  curves. The abscissa is the x-ray energy shifty (= wyy— wiy)-
state. The hybridization matix elemeNt,q is given by  For the latter two cases, the spectrum is convoluted with a Lorentz
J3(pdo), —(pde), 2(pdm), and \2(pdw) for I'=Byg, function of width 0.5 eV, neglecting the elastic component.
Aig, Byg, andEy, respectively. This anisotropy in hybrid-
ization is the origin of the crystal fieldCF) splitting of Cu  to CT. The energy difference between thgy and B, dd
3d levels in the present calculation. excitation peaks is also due to the anisotropic hybridization.

In the present case, sineg r<epr, the lower-energy For '=A,q, the hybridization of the O g and Cu 3i
eigenstate is mainlg®(T"). ForI'= Big, it is equivalent to  wave functions does not occur. However, the position of this
the ground state and, accordingly, gives the elastic scatteringzg IS peak depends on thed hybridization, since it is
peak. The other final states give inelastic scatterit®) given by E(Ayg) =A—2t,,—Eg4, whereE, is the ground-
peaks. The XES intensity is proportional to tdé°L(I")  state energy which is obtained by diagonalizing Eg.for
weight in each final state, which is sensitive 49 (pdo), '=By4.
and (pd). If one introduces the electrostatic crystal field In Fig. 4, only five peaks located in betweens.5 eV
splitting, such as 1Dgq, it also affects the XES intensity, as and —3.5 eV contribute to the OSLRXES. Note that their
shown later. The O 4 RXES thus calculated are plotted as intensity distribution does not coincide with the @ partial
bars in Fig. 4. The abscissa is the x-ray energy shift density of states which is obtained by the energy-band cal-
(=wou— wiy). The parameter values used are as follows: culations. This is because, as mentioned above, thepO 2
=2 eV, (pdo)=-15 eV, (@dm)=0.7 eV, (Epo) molecular orbifMO) states which can fall into the Gsthole
=0.4 eV, and ppm)=0.12 eV. state are limited to those witA;4, Ayy, Big, Byg, OF Eg

For instance],, consists of the elastic peak and three ISsymmetry. The O @ MO states withA,,, B,,, or E, do not
peaks. TheA;4 peak at—1.25 eV is mainlyd®. In other  contribute to the O 4 RXES. We also note that, in the case
words, thisA,4 peak corresponds to thed excitation from  of the NXES where a photoexcited electron in the interme-
x%2—y? to 3z°—r?. The magnitude of the excitation energy is diate state enters @on-UHB) continuum state and does not
due to the anisotropipd hybridization. On the other hand, interact with the other electrons, all the @ 2lectrons can
two IS peaks located at around5.5 eV correspond to the fall into the core hole. Since the Qp2MO states withA,,,,
CT excitations. The CT excitation with,; symmetry is also  B,,, andE, symmetry are of nonbonding-type, they contrib-
observed in the CudRXES. ute to the energy region close #,y and accordingly the

In the case of ,, there are three IS peaks. TBgy; peak intensity of the nonbonding O2band becomes large. The
at—1.33 eV is thedd excitation and that at 5.3 eV isdue spectral features characteristic of RXES, such aglthex-
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FIG. 5. O 1s XAS in (Cu0,)* (solid curve and
(Cu,0;,)*% (dashed curve The origin of w;, is taken ate,. The (B) Cu 0,
total intensity reflects the average @ Bole number. Half the spec-
tral width comes from the O < core-hole lifetime.

citation peaks and thB,y4 CT peak, are likely to be hidden
under the nonbonding ORband.

Hereafter the peaks ranging from6 eV to—3 eV are
called “O2p main band,” while those ranging from
-3 eVto—1 eV “dd peaks.”

Intensity (arb. units)

B. Multisite clusters

In order to make our model more realistic, we must ex-
tend the cluster size. !n th's_ subsection, we show thl(:'(')_c"’llCLBrbitaI degeneracy. In each case, the solid and dashed curves are
lated resultsleE)r multi-Cu-site cluster models ¢Qy) obtained by using th&,=0 andS,=1 initial states, respectively.
and (CuOy) . The former is the same as that shown in Fig. (B) I, in

There are two and four valence holes in (Oy)**~ and (Cu,0,,) %" without orbital degeneracy is calculated for varids
(Cu,0,9) %, respectively. The eigenstates for the presentalues.

Hamiltonian are classified by thecomponent of the total

spinS,. In the present Hamiltonian, the ground state is giverappears to be very large. Therefore the Gsidgle-site clus-

by the lowest-energy state in tif&=0 subspace for both ter model analysis cannot be used for discussing the line
(Cuw,0,)' and (Cy0;,)*® . This is often explained by the shape quantitatively. We note, on the other hand, thatithe
superexchange coupling mechanism between the localizgsbaks inl,, andl,, do not split. This is quite reasonable

FIG. 6. (A) |, is calculated for (C40,)%" with and without

Cu 3d spins. since the dd excitation occurs within a single CyO
The O 1s XAS (x polarization calculated for plaquette.
(Cw,0,)1% and (Cy0;,) ' are plotted in Fig. 5. In addi- As a result of extending the cluster size, there appears a

tion to the parameter values used for GUQJ44=8 eV, new structure at around 9 eV inl,,. From itsU 44 depen-
U,p=4 eV, andU,.=5 eV are also used. The Gskore- dence, we can easily see that it is caused byfrinal state.
hole lifetime is assumed to be 0.5 eV. Since the calculated As for I,,, a peak close to thd,; dd peak at around
spectral width is about 1 eV, half the width is caused by the-2.5 eV is to be noted as a new one, though the position
upper Hubbard bandwidth. Although a fairly large ® dore  differs slightly for Cy4O; and CuO;,. In order to clarify its
potential U) is used, its effect on the XAS is quite small. origin, the effects of the Cu orbital degeneracy and the
This is because the average @ Bole number is too small. spin symmetry of the initial state are examined in Fig. 6. The
It is less than 0.1 per O site and per spin. We note that theolid curve in Fig. 6A-a) is the same as that in Fig. 4. If we
difference in the integrated intensity of XAS for (€)%~ disregard the Cu @& orbital degeneracy, only the peak de-
and (Cu0,,) % is due to the fact that theandy directions  noted as tid” disappears, as seen in Fig(4b). It is evi-
are equivalent on the latter cluster, while not on the formerdent that the peak at 2.3 eV, which is denoted as “ZRS”
This difference is also reflected in the integrated intensity ofZhang-Rice singletis not due to theA;, dd excitation. We
Ixs lyx, OF I, shown in Fig. 4. note here that the ZRS artl excitations are coupled with

In Fig. 4, we showl,,, Iy, andl,, in (C,,0,)'® and  each other to some extent owing to the symmetry of@u
(Cw0.)* at wj,=4.2 eV (on resonange where the cluster. This is the reason for the weak ZRS peak in Fig.
spectra are convoluted with a Lorentz function of width 0.56(A-a), compared with that in Fig.(®-b).
eV, neglecting the elastic component. As for the spectral dis- If we use the lowest energy state in t8g=1 subspace as
tribution, we can see a rough correspondence between CuGhe initial state of the XES process, the ZRS peak also dis-
and the other two at a glance. With increasing the clusteappears, as shown in Fig(%&b). It means that thes,=0
size, the peaks which form the @2main band are split. In  spin configuration in the initial state is essential in giving the
particular on going from Cu@pto Cw,0;, the effect onl,,  ZRS peak. The XES process which gives the ZRS peak is
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e Incoming x-ray (x-pol. 4.5 —— —— ———
Initial g x-ray (x-pol.) T | s .
4= — 10Dq=0 -1
8 ,g 35 77T 10Dg=1eV " i
R fTeg oo g sf =
% ; | Depolarized (I, +1,) Y
& ¥ £ s
= |
z 2} o 4
- 5 | Normal incidence
Intermediate g E 15[ Polarized (I,+1,)
15 corg holg="O™,
£ & [ & 1
" g 05k Grazing incidence _
L Polarized (I+1,,)

1 1 1 1 1 1 1 1 1 1 1 1 1
c%) 13 710 5 0

B

e M x Aw (V)
S FIG. 8. O 1s RXES for polarized and depolarized configura-
g (%) tions in (Cy0,;,)'® . The depolarized spectrum is the same for the

normal and grazing incidence. The solid curves are obtained from
Ivxs lyx, andl,, shown in Fig. 4. The dashed curves are obtained

) ) . for10Dg=1 eV.
FIG. 7. XES process which causes interplaquette CT is illus-

trated. In the x-ray emission witkpolarization, the ZRS is created = . . . .
in the right-hand-side CuQplaquette. incident x rays. The experimental configuration is called

“polarized” when the electric field vector of incoming x rays
illustrated in Fig. 7, where the up- and down-spin holes arés normal to the scattering plane, while it is called “depolar-
localized on the left- and right-hand-sidRHS) plaquette, ized” when the electric field vector is in the scattering plane.
respectively, and the XES process is assumed to occur onlyhe XES at the polarized and depolarized configuration for
at the O site which connects two Cu sites for simplicity. If y_yojarized incident x rays can be obtained by taking linear
t_he up-spin valence hole is an.n|h|lated in the x-ray absorpgompinations of v Iy andl . In the normal incidence,
tion, the ZRS can be formed in the RHS plaquette for thehich means that incident x rays come alongziaeds in the

x—nrq?y ;erzlaz;on Wlltrﬁzp?ilarzlzg]tlon.nlr; the fct?]ser of tlr:en)t(_friﬁyl present case, the XES at the polarized configurdtienear-
emiSsio hy polarization, the energy of the resulta & ter called the “polarized spectruniis given byl ,,+1,, and

state is higher than the ZRS. From this figure, it is obwousthat at the depolarized configuratighereafter called the

that the ZRS can be observedlip. “d larized fruny is gi " | .
We note that the “ZRS” state in the present case does not epolarized SpeCirunyis given by 1y, Iz, I grazing
cidence, which means that incident x rays come along the

mean the one introduced by hole doping, since the total hol& ; ) S
number is conserved through the XES process. The “ZRSXY plane in the present case, the polarized spectrum is given

excitation in the present case is the interplaquette CT excitd?y | xxT Iyx @nd the depolarized one is the same as that in the
tion from |d®;d®) to |d°L(ZRS):d®). normal incidence €1y, +1;).

In Fig. 68B), |, in (CuO.,)® without orbital degen- The .polz_irlzed and dgpolarlzed spectra for L(Oﬁ)m_‘
eracy is calculated for variouS, values. In the case with Shownin Fig. 8 are obtained from,, I, andl,, shown in
S,=2, which means that all valence holes take the same spiﬁ'g- 4. The characteristic features can be_ interpreted by
direction, there is no peak in théd peak region. On the means ofl,,, Iy, andl,. We note that both in the normal
other hand, in the cases wih,=0 and 1, the ZRS peak and grazing incidences the structure at around 6 eV is al-
appears, though the energy position differs slightly ®r  Wways conspicuous in the polarized spectrum, which is caused
=0 and 1. One reason for the difference may be a “finite-by theB;y andA;4 CT peaks inl,y.
cluster-size” effect, and the other may be the intrinsic ZRS Since the ZRS peak is seen onlyliy, it can be observed
bandwidth effect. only in the polarized configuration for both the normal and

In Fig. 6B) (as well as in Fig. # we note that there is a grazing incidences. In the former, for instar{selid curve in
new peak at aroune-0.3 eV in theS,=0 case. The mag- Fig. 8), a weak peak at-2.8 eV is due to the ZRS. On the
nitude of the excitation energy suggests that the excitation igther hand, a structure centered-at.5 eV consists of the
caused by the superexchange interaction between neighqu—lg and E4 dd excitations. In the latter, the ZRS peak is
ing Cu 3d spins. The result that it is seen in (f4,)'®” and  hidden under the tail of thé,, peak centered at 3.5 eV.
not in (CwO,)**" indicates that it can be understood as the In Fig. 8, the spectra calculated with an additional elec-
transition in the Cu spin configuration from 1| to T17]|  trostatic CF (10q) are also shown for comparison. In the
for instance. present calculation, I0q is introduced as an additional one-
body energy for Cu 8(Eg) and 3(B,y) orbits, which
means that the CT energy f& (andB,,) is decreased by

In actual experiments, outgoing x rays are usually de-10Dq. Accordingly, in the polarized spectrum for the normal
tected in the direction perpendicular to the wave vector ofncidence, 10 does not affect the position of the,, dd

Outgoing x-ray (x-pol.)

C. Polarized and depolarized configurations

144530-5



KOZO OKADA AND AKIO KOTANI PHYSICAL REVIEW B 65 144530

7 ——— TABLE |. Polarization dependence of ZRS add excitations.
Normal incidence Polarized
ok ~=== Depolarized - Incidence Geometry Detectable excitations
02p 1nam})ﬁnd Normal Polarized ZRSA4, Eq
- LAY - -
2 5 ) \ s Depolarized Ey, By
z’ , i i
g . A=deV g \ Grazing Polarized ZRS\ 4, Byg
Fel = .
a Depolaized Eg, Bag
z
é -
=

two-spin-flip excitations. We emphasize the importance of
the polarization-dependent experiments. The polarization de-
pendence of the ZRS amtt peaks is summarized in Table I.

A detailed experiment in future will enable us to discriminate
these excitations. ThB,4 CT excitation, which can be ob-
served in the polarized configuration, also provides impor-
tant information in determining the relevant physical param-
eters.

FIG. 9. A dependence of the OSIRXES in (CyO,,)® for In principle, these excitations can also be detected in the
normal incidence. In these calculations, the electrostatic CF oRXES at a Cu site. For instance, ZRS and CT excitations can
0.8 eV is applied to the Bstates withA, B,g, or E; symmetry.  be observed in Cudl(3s) RXES (Refs. 12 and 18anddd

excitations can be observed in Cwp 23p) RXES*1®
peak and only thé&E; dd peak moves to the lower-energy Therefore O 3 RXES can be used to check the RXES at a
side with increasing the intensity. Thus the intensity distribu-Cu site. It is also to be noted that & RXES is almost free
tion in thedd peak region is sensitive to D@ for instance. from the core-hole effects which include multiplet and spin-

This point can be important in discussing the details of theorbit coupling effects, which are often important in the core-
experiment in future. level spectra at a Cu site and which often make the spectral

analysis difficult and complicated. It may be also important
that the excitation energy of the Gslevel is much smaller
than the Cu % and 2p levels, since it affects the experimen-
In the present paper, we have clarified the origin of thetal resolution. Furthermore, the intensity of the elastic peak
characteristic features in OSIRXES. As mentioned above, of the O 1s RXES is much weaker than that of Cis,12p,
the details of the line shape depend on various parametersand 3 RXES, so that O 4 RXES is more appropriate to
As mentioned above, the position of the @ ghain band  observe inelastic excitations with small energy. For these
as a whole is determined ky andpd hybridization. More-  reasons, O 4 RXES should be utilized more and more in the
over, the position oB;4 CT peak is also sensitive to these study of correlated electron systems.
parameters. For instance, we show the&lependence of the
O 1s RXES in Fig. 9, where an additional electrostatic CF of
D4y, type is introduced. The O@2main band shifts mono-
tonically with A, while the CF splittings decrease slightly =~ The present authors thank Professor S. Shin and Dr. Y.
owing to the decreased hybridization effect. It is to be notedHarada for useful discussions and for providing their experi-
that the intensity ofld peaks decreases with. This is be- mental data before publication. The paper was completed
cause thed'® weight in the final-state wave function for during one of the author$A.K.) visits to National Synchro-
eachdd peak decreases with. Thus O 5 RXES provides tron Light Source in Brookhaven National Laboratory, and
direct information oM. he thanks Dr. C. C. Kao for the invitation and discussion.
We have shown that OsSIRXES is a nice tool to inves- This work was carried out by joint research at the Institute
tigate Cu-related electronic excitations, such as ZREand  for Solid State Physics, the University of Tokyo.

IV. DISCUSSION AND SUMMARY
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