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We theoretically study polarization and momentum-transfer dependence in Cu 4pσ -1s resonant
X-ray emission spectra (RXES) of Nd2 CuO4 with exact diagonalization techniques, developing
our previous report [T. Idé and A. Kotani, J. Phys. Soc. Jpn. 68 (1999) 3100]. We explain the
experimental polarization and angular dependence of a charge-transfer excitation about 5.7 eV
above the ground state. Comparing results calculated with single- and multi-Cu models, we
confirm the essential contribution of the nonlocal screening effect in Cu 4pσ -1s RXES, together
with the configuration dependence of d-p hybridization. We predict considerable dependence of
a CT excitation at about 2 eV on momentum transfer along the CuO2 planes, and the 5.7 eV
excitation has less dependence.
KEYWORDS: resonat X-ray emission, insulating cuprates, incident energy dependence, nonlocal screening effect,
configuration dependence, Lanczos method

§1.

Introduction

Resonant X-ray emission spectroscopy (RXES) occupies a unique position in material science in that it offers rich information on electronic structures in terms of
both local and translational selection rules. With wellpolarized X-rays created by synchrotron light sources,
several groups have reported angular and polarization
dependence of RXES in these days,1-5) and derived significant information on electronic structures.
Most of theoretical studies on polarization dependence
of RXES in d and f electron systems within the framework of the second-order optical process have been based
on impurity Anderson models so far. The applicability
of impurity Anderson models to angle or polarization
resolved RXES is mathematically understood from the
explicit formula of the scattering cross section, where the
scattering amplitude of the whole crystal is expressed as
Fourier transformation of the local scattering amplitude
of angular and polarization dependence (see eq. (2.4)).
As far as the Cu 4p-1s RXES of Nd2 CuO4 is concerned,
however, it is also apparent that the impurity limit disregards, first, the nonlocal screening effect due to the
Zhang-Rice singlet formation, and second, the momentum transfer (q) dependence of RXES.
In this paper, we discuss the polarization dependence
in Cu 4p-1s RXES of Nd2 CuO4 , extending our previous
paper.6) While definite polarization dependence of Cu
K-XAS in this material has been already reported by a
number of authors,7-9) little has been known about polarization dependence of RXES. Since a 1s orbital has
no orbital degeneracy, theoretical analysis on polarization dependence is much simpler than that of, e.g., 3d-2p
∗
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transition.10) Furthermore, the absence of apex oxygen
in Nd2 CuO4 and no overlap between 4pπ and 4pσ absorption edges make the situation clearer. Recently, the
polarization dependence of Cu 4p-1s RXES of Nd2 CuO4
has been experimentally measured by Hill et al.11) and
Hämäläinen et al..12) Thus comparison with experimental data offers us a plain confirmation on the theoretical
framework of RXES.
In our previous study on Cu 4pπ -1s RXES of
Nd2 CuO4 ,6) we have proposed the nonlocal screening
mechanism for the absence of resonance enhancement
when the main Cu K-absorption peak is targeted by an
incident X-ray. It was the first quantitative study that
demonstrates the essential role of the nonlocal screening effect13-15) in RXES. Figure 1 summarizes the physical picture. When the incident X-ray with energy Ω
is targeted at the main peak of XAS, the strong 1s-3d
Coulomb repulsive interaction pushes out a 3d hole to the
neighboring plaquette to form a Zhang-Rice (ZR) singlet.
In other words, a 3d hole gets to move over the CuO2
plane due to “potential doping”. Since this intermediate
state is an “inter-plaquette” excitation, the overlap with
an “intra-plaquette” excitation is small, and that with
an inter-plaquette excitation is large. The Ω dependence
of RXES spectra is mainly ruled by the spatial extent of
charge-transfer excitations.
In this explanation, we do not use detailed characters
on the spatial direction of 4p orbitals. Hence when the
experimental data with differently polarized photon can
be successfully interpreted with the same theory, an ideal
justification of the theory is found. At the same time,
it is interesting to investigate whether the anisotropy in
4p orbitals affects the screening process in the valence
electronic state. We will show that the polarization dependence in RXES can be clearly understood in terms of
the framework of the second-order optical process. We

3107

3108
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We define creation operators at a site R for Cu 1s, 3d,
†
, d†σR , Q†Rζ and p†σR ,
4pζ (ζ = x, y, z) and O 2p as SR
respectively. The spin quantum number σ (= ↑ or ↓) is
neglected for 1s and 4p orbitals. Hdp is the standard d-p
Hamiltonian:
X †
X
¢
¡
Hdp = −∆
dσR dσR +
Tpp p†σr pσr0 + H.c.
hr ,r 0 i,σ

R,σ

´
³
X
Tpd d†σR pσr + H.c.
+
hR,r i,σ

X

+Udd

d†↑R d↑R d†↓R d↓R

R

X

+Upp

p†↑r p↑r p†↓r p↓r .

r

Hcore involves 1s-3d and 1s-4p correlation,
X †
SR SR
Hcore = ε1s
R

+Udc

Fig. 1. Physical picture of nonlocal effect of Cu 1s-4p-1s RXES
when the incident photon energy Ω is tuned at the main peak of
XAS.
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will also show that Cu 4pσ -1s spectra essentially follow
4pπ -1s spectra discussed in the previous result.
The other point that the impurity limit disregards is
the q-dependence of RXES. Momentum resolved RXES
with hard X-rays is a complement to angle-resolved PES
to examine the entire Brillouin zone. Recently, the qdependence of RXES is measured for Mott-Hubbard systems16, 17) and insulating cuprates.18) Despite of their
significance, there have been few theoretical studies on
the q-dependence so far. Very recently, Tsutsui, Tohyama and Maekawa reported a numerical calculation on
the q-dependence of Cu 4p-1s RXES for the fist time.19)
Based on an effective 4×4 Hubbard model, they discussed the energy dispersion of the CuO2 planes of insulating cuprates. Within one-dimensional (1D) systems,
we will show a model calculation on the q-dependence of
Cu 4p-1s RXES of cuprates, and derive valuable information in the context of local and nonlocal excitations
in Nd2 CuO4 .
The layout of this paper is as follows. In the next
section, the formulae for angular dependent transition
operators are given. In §3, we explain experimental polarization dependence with those formulae. In §4, the
role of the nonlocal screening effect is briefly described.
In §5, we discuss intra- and inter-plaquette natures of
CT excitations from a viewpoint of the q-dependence of
RXES. In the final section, a brief summary is given.
§2.

Formulation

2.1 Hamiltonian
We use a periodic Anderson model including Cu 1s,
3d(x2 − y 2 ) and 4p, as well as σ-bonding O 2p orbitals.
The total Hamiltonian is given by
H = Hdp + Hcore + H4p3d + H4pσ .

σ

R
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†
SR SR



†
U4pc Q†ζ R Qζ R  SR SR
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The Cu 3d-4p correlation is also explicitly considered,


X X
X

U4p3d (ζ)Q†ζ R Qζ R
d†σR dσR  .
H4p3d = −
R

ζ

σ

Finally, the one-electron part H4pσ is defined by
X X †
QηR QηR
H4pσ = ε4pσ
R η=x,y

´
X³ †
+t1
QxR Qx,R+ax̂ +Q†yR Qy,R+aŷ +H.c.
R

´
X³ †
QxR Qx,R+aŷ +Q†yR Qy,R+ax̂ +H.c. ,
+t2
R

where x̂ and ŷ are two unit vectors along Cu-O direction
in the CuO2 plane. a is the Cu-O distance.
Calculated results are obtained mainly with a Cu5 O16
cluster (Fig. 2(a)), where we adopt open boundary condition. Except for t1 = 0.24 and t2 = −0.8, and
U4p3d = 3.3 eV, all parameters are the same as those of
the previous study:6) ∆ = 2.5, |Tpd | = 1.21, |Tpp | = 0.55,
Udd = 2Upp = 8.8, Udc = 7.5, U4p3d = 3.0 and
U4pc = 4.0 eV. For the 4p-4p transfer energy parameters t1 and t2 , we consider a first principle band calculation.20) The difference between U4p3d (σ) and U4p3d (π)
due to multipole contribution of the Slater integrals is estimated as 0.34 eV with Cowan’s numerical program21)
together with the empirical reduction factor 0.85, from
which we take the value 3.3 for U4p3d (σ).
In addition, we define an impurity Anderson model
in Fig. 2(b). In order to keep the main-satellite energy
separation of XAS to be the same as that of the large
cluster model, a different parameter ∆ = 1.5 eV is used
for this model.13)
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Fig. 3. Geometrical configuration of RXES. The semicircle represents the scattering plane. The solid and open circles are Cu and
O atoms, respectively. x and y axes are taken along two Cu-O
directions. φi and θi designate the direction of the wave vector
of the incident photon, q 1 . q 2 is the wave vector of the emitted
photon with a scattering angle θ. The polarization vector of the
incident photon is described in terms of unit vectors x̂1 and ŷ1 .
The former is parallel to the scattering plane, whereas the latter (not shown in the figure) is perpendicular to the scattering
plane. These agree with each of the unit vectors of the x and
y axes, respectively, in the limit φi , θi → 0. The polarization
vector of the emitted photon is described with x̂2 and ŷ2 , which
agree with x̂1 and ŷ1 , respectively, in the limit φi , θi and θ → 0.

Hence we obtain
T²a (R) =
Fig. 2. The Cu5 O16 and the Cu1 O256 (impurity Anderson) models. The closed circles represent Cu {1s, 3dx2 −y 2 , 4p} orbitals,
and the open circles represent O 2p orbitals σ-bonding to the
neighboring Cu 3dx2 −y 2 orbitals. Note that the full Cu 4p-4p
network is taken into account in the impurity Anderson model,
although all Cu 1s and 3d orbitals except for the central ones
are neglected.

2.2 Angular-dependent transition operators
For the 1s excitation, it is appropriate for 4p operators to be expressed under the Cartesian coordinates,
(4px , 4py , 4pz ). The definition of the coordinates, whose
origin is fixed to a Cu site, is described in Fig. 3. We set
unit vectors along the x, y and z axes to be êx , êy and
êz . In the atomic dipole approximation, we immediately
have the 1s-4p absorption operator as
X
êζ Q†ζ R SR ,
T²a (R) = ² ·
ζ=x,y,z

where we dropped a trivial prefactor.
Let us define another set of unit vectors, x̂1 and ŷ1 ,
which are parallel and perpendicular to the scattering
plane, respectively. Both are perpendicular to the incident wave vector q 1 . Experimentally, it is convenient
to express the polarization vector in terms of these unit
vectors,
X
²α α̂.
²=
α=x̂1 ,ŷ1

X

²α (α̂ · êζ )Q†ζ R SR .

(2.1)

ζ,α

On the analogy of T²a (R), the 4p-1s X-ray emission operator is given by
X X
†
²0β (β̂ · êζ )SR
Qζ R ,
(2.2)
T²e0 (R) =
ζ

β=x̂2 ,ŷ2

where x̂2 and ŷ2 are unit vectors parallel and perpendicular to the scattering plane, respectively, defined for the
emitted wave vector q 2 (see Fig. 3). Hence we have the
transition operator of RXES at R,
X
²0β Dβ̂ζ α̂ (θ, θi , φi )²α
T²0 ² (R; Ω) =
α,β,ζ
†
×SR
Qζ R G0 (Ω)Q†ζ R SR ,

(2.3)

where Dβ̂ζ α̂ (θ, θi , φi ) ≡ (β̂ · êζ )(êζ · α̂) is tabulated in
table I. G0 (Ω) is the resolvent operator defined by
(Ω + Eg − H + iΓ )−1 . We take Γ = 0.8 eV. Eventually,
the overall operator of RXES is given by
X
eiq·R T²0 ² (R; Ω),
(2.4)
T²0 ² (Ω) =
R

where q = q 2 − q 1 is the momentum-transfer of the Xray.
§3.

Polarization Dependence

3.1 Experimental data
Experimental data were measured by Hill et al.11) and
Hämäläinen et al.12) for a single crystal of Nd2 CuO4 un-
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Table I.

(β̂, α̂)
(xˆ2 , xˆ1 )
(yˆ2 , xˆ1 )
(xˆ2 , yˆ1 )
(yˆ2 , yˆ1 )
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Angular dependent function D ζ (θ, θi , φi ).

x

β̂ α̂

y
cos2 φ

cos(θi +θ)cosθi
i
−cosθi sinφi cosφi
−cos(θi +θ)cosφi sinφi
sin2 φi

der two geometries depicted in Fig. 4. In the geometry
(a), both polarization vectors, ² and ²0 , are parallel to
the scattering plane, and they take 30◦ to the z-axis (socalled c-axis). In the geometry (b), both polarization
vectors are perpendicular to the scattering plane, being
parallel to the ab-plane. Note that the momentum transfer vector is common to both geometries.
The upper panel of Fig. 5 shows Cu K-XAS spectra
for both geometries.12) We observe four distinct bumps
from A to D for the geometry (a), which is denoted by
“² ∼ kc” in the figure, whereas only two structures C and
D are observed for the geometry (b), which is denoted
by “²kab”. The first question to be answered is this
polarization dependence.
Analogous to Cu 4pπ -1s RXES,6, 11) where the geometry (a) is adopted, a charge-transfer (CT) excitation is
observed at about 5.7 eV energy loss also under the geometry (b). The Ω-dependence of the 5.7 eV intensity is
plotted in the lower panel of Fig. 5 for both geometries.
The experimental Ω-scan represented with the open circles is just the same data as in refs. 11 and 6. As seen
in the figure, strong resonance enhancement is observed
only when Ω passes by the absorption peak B in the
case of the geometry (a). On the other hand, strong
enhancement occurs only when Ω passes by the absorption peak D in the case of the geometry (b). To confirm this, RXES spectra under the two geometries with
Ω = ΩB ≡ 8990 eV (peak B) and ΩD ≡ 8999.5 eV (peak
D) are shown in the lower and upper panels in Fig. 6, respectively. We see that the inelastic peak is observed at
about 5.7 eV in both geometries. However, no enhancement occurs in the geometry (b) when Ω is tuned at B
(lower panel). This is the second question. Conversely,
no enhancement occurs in the geometry (a) when Ω is
tuned at D (upper panel). This is the third question.
Moreover, the maximum intensity of the 5.7 eV peak is
considerably different in both cases. This is the fourth
question.

Fig. 4. The experimental geometries. (a) Polarization vectors of
the incident and emitted photons are parallel to the scattering plane (“² ∼ kc”). (b) Polarization vectors of the incident
and emitted photons are perpendicular to the scattering plane
(“²kab”). For both (a) and (b), the scattering angle is θ = 60◦ ,
and the momentum transfer vector is perpendicular to the CuO2
plane (so-called ab-plane).

z
sin2 φ

cos(θi +θ)cosθi
i
cosθi sinφi cosφi
cos(θi +θ)cosφi sinφi
cos2 φi

sin(θi +θ)sinθi
0
0
0

3.2 Theoretical explanation
For theoretical description, we put an assumption, as
the lowest nontrivial approximation, that difference between σ and π in U4pd , U4pc and 4p-4p transfers do not
substantially change the valence states in the intermediate state. Let us first consider the angular dependence
of K-XAS. We easily see from eq. (2.1) that only 4pσ absorption, i.e. excitation to a 4px or a 4py orbital, occurs
when ² = ŷ1 (the geometry (b)). This is the reason of
the double-peak structure in the XAS spectrum in Fig. 5

Fig. 5. Upper panel: Cu K-XAS of Nd2 CuO4 .12) The open and
closed circles represent experimental data under the geometries
(a) and (b), respectively. The solid and dotted curves represent
calculated Cu 1s → 4pσ absorption spectra under the geometry
(b) with the multi-Cu and single-Cu models, respectively. Both
curves are convoluted with Lorentzian ΓL = 0.8 eV (HWHM)
to consider lifetime of a 1s hole, and further convoluted with
Gaussian ΓG = 0.8 eV (HWHM) for the multi-Cu model, and
with ΓG = 1.2 eV (HWHM) for the single-Cu model to reproduce
the experimental line width. Lower panel: the Ω-dependence of
the 5.7 eV intensity.12) The definition of the open and closed
circles is the same as the upper panel. The solid and dotted
curves represent the Ω-dependence of intensity of the 5.7 eV peak
in Cu 4pσ -1s RXES calculated under the geometry (b) with the
multi-Cu and single-Cu models, respectively. Both curves are
convoluted with ΓG = 1.10 eV (HWHM) for the incident X-ray
and with ΓG = 1.15 eV (HWHM) for the emitted X-ray.
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for ζ = x, y and z, with q ⊥ R in this case. Thus
Dyxˆ2 xˆ1 = −Dyyˆ2 xˆ1 or Dxxˆ2 yˆ1 = −Dxyˆ2 yˆ1 leads to the zero
transition amplitude. Note that one can not suppress
the elastic line by choosing ² · ²0 = 0 as far as q ⊥ R
holds, because elastic as well as inelastic scattering is
not allowed in this case.
Under the same assumption on the ground state, emission intensity under the geometry (b) is given as I2 (Ω) =
|hf |Tx (Ω)|gi|2 , and emission intensity under the geometry (a) as
I1 (Ω) = |hf |Tx (Ω)cos(θi + θ)cosθi
2

+ Tz (Ω)sin(θi + θ)sinθi |gi| .

(3.1)

Thus we can estimate the intensity ratio between π- and
σ-resonances under this geometry as
σ : π = cos2 (θi + θ)cos2 θi : sin2 (θi + θ)sin2 θi ,

Fig. 6. Experimental polarization dependence of Cu 4p-1s
RXES.12) The open and closed circles correspond to the geometries (a) and (b), respectively. In the upper panel Ω is tuned at
the absorption peak D, and in the lower panel Ω is tuned at B.
The definition of D and B are given in Fig. 5.

(closed circles), and this fact certifies these peaks as a
result of 1s-4pσ transition. When ² = xˆ1 , the formula
immediately gives the ratio of the absorption intensity
as approximately
σ : π = cos2 θi : sin2 θi .
This result roughly explains the intensity ratio between
the first and third features of the experimental XAS described in Fig. 5, where the ratio is found to be broadly
consistent to sin2 60◦ : cos2 60◦ = 3 : 1 by considering a
steeply increasing background spectrum. Now the first
question has been answered.
The function Dβ̂ζ α̂ rules angular dependence of RXES.
When (²0 , ²) = (ŷ2 , ŷ1 ), we see that there is no contribution of 4pz (4pπ ) orbitals because of Dŷz2 ,ŷ1 = 0. This
fact explains no enhancement over the 4pπ absorption
threshold under the geometry (b). This is the answer to
the second question. Next, we notice that xˆ1 → yˆ2 and
yˆ1 → xˆ2 transitions are not allowed unless the ground
state |gi is E representation of the D4h group. If it is
the case,
hf |Tx (Ω)|gi = hf |Ty (Ω)|gi
follows for a final state |f i with the same symmetry as |gi
because Tx = C4 Ty (C4 )3 , C4 being the rotation operator
of π/4 around the z-axis at a Cu site R. Here we defined
Tζ (Ω) by
X
†
eiq·R SR
Qζ R G0 (Ω)Q†ζ R SR
Tζ (Ω) =
R

giving σ : π = 1 : 9 for θi = θ = 60◦ . This ratio
partly answers the third question, i.e. the little resonance
enhancement when Ω passes by the 4pσ threshold under
the geometry (a), although the relatively large error bars
prevent us from a further quantitative statement.
One can also roughly estimate the ratio of maximum intensity of the 5.7 eV peak for the two geometries. Since the maximum peak occurs at the 4pπ absorption threshold in the case of the geometry (a), we have
I1 ∼ sin2 (θi + θ)sin2 θi |hf |Tz (ΩB )|gi|2 . If |hf |Tz (ΩB )|gi|
can be regarded to be the same order as |hf |Tx (ΩD )|gi|,
the assumption that is exactly justified in the isotropic
limit of 4p orbitals, we have the ratio as
I1 /I2 ∼ sin2 (θi + θ)sin2 θi .
For θi = θ = 60◦ , this is approximately 0.56, which
broadly explains the ratio of the 5.7 eV intensity in Fig. 6
(the answer to the fourth question).
We have studied the Cu 4p-1s RXES under only the
two geometries. Although the present calculation and
experiment show no clear evidence that the assumption
we put at the beginning of this subsection breaks down,
it may be interesting to watch the angular and polarization dependence of RXES spectra in a class of materials. Ishihara and Maekawa have recently emphasized
the role of anisotropy between U4p3d (π) and U4p3d (σ) to
explain anomalous elastic scattering in orbital ordered
Mn compounds.22) Analyzing angular and polarization
dependence of also inelastic scattering, it is expected to
obtain more detailed information on the spatial direction
of orbitals. This subject is left for the future study.
§4.

Incident Energy Dependence

4.1 Calculated results
We carried out numerical calculations for the geometry (b) with the multi-Cu (Cu5 O16 ) cluster and the
single-Cu (Cu1 O256 ) cluster models. Part of the results
are shown in Fig. 5 with solid (multi-Cu) and dotted
(single-Cu) curves for both panels. Corresponding to
the experimental structures C and D in the XAS spectra, a doubly-peaked structure in the calculated absorption spectra is observed in the upper panel.23) We hardly
find discrepancy between the multi-Cu and single-Cu re-
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sults, except for slight difference in the width of the main
structure. The resonant behavior of the 5.7 eV peak
shown in the lower panel is, however, quite different. The
multi-Cu model presents a singly-peaked Ω-dependence,
whereas the single-Cu model presents a doubly-peaked
Ω-dependence. While the Ω-scan of the multi-Cu calculation reproduces much better than the single-Cu one,
the experimental Ω-scan exhibits more definite suppres-
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sion effect when Ω is tuned at the peak C.
To remove this discrepancy, we performed calculations
including the reduction factor of the d-p transfer, Rc ,
which renormalizes the d-p transfer energy only around
the photoexcited Cu site as Rc × Tpd in the intermediate
state. Calculated XAS and RXES spectra with Rc =
0.8 are shown in Fig. 7. Despite the difference in the
transition process, these figures are very similar to those
of 4pπ .6) The only remarkable difference is that the main
absorption structure is more broadened. This result is
consistent to the experimental difference in line width
between the peak A (B) and C (D).
The Ω-scan of the 5.7 eV peak based on these improved
calculations is plotted in the lower panel of Fig. 8. We
see that agreement with the experimental data (closed
circles) is considerably improved in the multi-Cu result
(solid curve). Specifically, the suppression effect when
Ω is tuned at the main absorption peak is more clearly
reproduced. While the inclusion of Rc = 0.8 also in the
single-cluster case seems to give rise to more suppression
as compared to that in Fig. 5, the overall line shape
is still doubly-peaked, being utterly different from the
experimental data.
4.2 Discussion
Because of the similarity between 4pπ 6) and 4pσ , we
naturally assign the main absorption peak calculated
with the multi-Cu cluster to that state which has a
Zhang-Rice (ZR) singlet at plaquettes neighboring to the
photoexcited one. The shoulder (3 in Fig. 7(b)) of the

Fig. 7. Cu K-XAS and 4pσ -1s RXES with Rc = 0.8. (a) The
impurity Anderson model (Cu1 O256 cluster). The XAS spectrum shown in the right panel is convoluted with Lorentzian
ΓL = 0.8 eV (HWHM) to consider lifetime of a 1s core hole,
and further convoluted with Gaussian ΓG = 1.2 eV (HWHM)
to reproduce the experimental line width. The RXES spectrum shown in the left panel is also convoluted with ΓG = 1.15
(HWHM) to reproduce the experimental resolution. (b) The
multi-Cu model (Cu5 O16 cluster). The XAS spectrum shown
in the right panel is convoluted with Lorentzian ΓL = 0.8 eV
(HWHM) to consider lifetime of a 1s core hole, and further convoluted with Gaussian ΓG = 0.8 eV (HWHM) to reproduce the
experimental line width. The RXES spectrum shown in the left
panel is also convoluted with ΓG = 1.15 (HWHM) to reproduce
the experimental resolution. For (a) and (b), the elastic line,
which should be located at zero, is omitted from the figure. The
numbers attached to arrows in each XAS spectrum corresponds
to those in RXES, representing the excitation energy.

Fig. 8. The improved calculations of Cu K-XAS and the Ω-scan
of the 5.7 eV inelastic peak with Rc = 0.8. The closed circles
represent again the experimental results measured under the geometry (b) for both panels. See the caption in Fig. 5.
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main structure is attributed to a well-screened cd10 L-like
state, and the satellite peak (7 in Fig. 7(b)) is attributed
to a poorly-screened cd9 -like state, where c and L represent core and ligand holes, respectively. The main and
satellite absorption peaks in the single-Cu model are,
on the other hand, mainly cd10 L and cd9 states, respectively.
Whichever model is used, there is a certain difference
in spatial extent among these states, and this difference
gives rise to the Ω-dependence of RXES spectra. As explained in the introduction, the ZR state has the most
nonlocal character because a 3d hole is pushed out by the
strong 1s-3d repulsive Coulomb interaction into neighboring plaquette, so that it has little overlap with intraplaquette CT states (see Fig. 1). Although the 4p-3d
correlation U4p3d should more or less disturb the motion
of the ZR singlet, it seems to act as only small perturbation. The final states are the same as those of 4pπ -1s
RXES because of the absence of 4p electron. As discussed,6) the 5.7 eV inelastic peak is a d10 L-dominant
anti-bonding state, and the 2 eV peak is attributed to
an excitation of a 3d hole from the upper Hubbard band
to the ZR singlet band. Rc < 1 affects spatial extent of
the CT excitations in the intermediate state. In the ZR
intermediate state, a 3d hole at the photoexcited Cu site
should be pushed out more strongly to the neighboring
plaquettes, so that the overlap with intra-plaquette CT
state would get smaller. Consequently, Rc < 1 intensifies
the suppression effect of the 5.7 eV peak.
§5.

Momentum Transfer Dependence

The energy dispersion in a CuO2 plane can be measured by sweeping the in-plane component of q. In the
context of local and nonlocal excitations, it is interesting
to measure the energy dispersion over k-space, because
an excited state completely localized in a unit cluster
should exhibit no energy dispersion. We carried out numerical calculation on Cu 4p-1s RXES for a 1D periodic
Cu4 O12 cluster for q = 0, π/2 and π in units of (2a)−1 .
The results are shown in Fig. 9, where we adopt the same
parameter set as that in Fig. 7(b) except for Udc = 8.0.24)
Note that all core orbitals are taken into account here,
whereas we have fixed a core hole to the central Cu site so
far. Analogous to Fig. 7(b), the main absorption structure is composed of two peaks, and a satellite structure is
observed about 7 eV distant from the main peak. Recent
experimental and theoretical studies on high-resolution
Cu 2p-XPS of various cuprates show that the nonlocally
screening path gives rise to the main peak of Cu 2p-XPS
in one-dimensional as well as two-dimensional cuprates,
as far as the corner-shared structure is concerned.25-28)
Although close inspection shows that each spectrum has
slight difference according to difference in physical parameters and dimensionality, the character of the shoulder of the main peak or the satellite structure is also
broadly common to both dimensions.29) Hence we can
utilize the calculated results to infer q-dependence of the
CT excitations in Nd2 CuO4 .
For the q-dependence of the RXES spectra, we find
in Fig. 9 that the 2 eV peak exhibits considerable qdependence in its intensity and position. Recently, Ab-
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Fig. 9. The q-dependence of Cu 4pσ -1s REXS for a onedimensional cluster as shown in the inset. We see that the 2 eV
CT excitation is strongly q-dependent, whereas the 5.7 eV peak
has little q-dependence.

bamonte et al.18) successfully observed q-dependence of
the 2 eV peak, which was hidden in the tale of the elastic
line in Fig. 6, in Cu 4p-1s RXES of a two-dimensional
insulating cuprate, Sr2 CuO2 Cl2 . Moreover, their experimental data show that the CT structure at about
5 eV displays little q-dependence in its peak position.30)
This is qualitatively consistent to Fig. 9, and suggests
the intra-plaquette nature of the 5.7 eV excitation in
Nd2 CuO4 . On the contrary, the strong q-dependence
of the 2 eV peak confirms the inter-plaquette (nonlocal)
nature of the 2 eV CT excited state.
Note that a core hole is fixed to calculate RXES spectra in Fig. 7(b). Roughly speaking, this corresponds to
that situation, where RXES spectra with all kinds of the
momentum transfer q are mixed up. Figure 9 suggests
that the 2 eV peak in Fig 7(b) might be excessively highlighted under this situation, as compared to the experimental data, where q is perpendicular to the CuO2 plane.
For detailed discussion, one needs experimental studies
with higher resolution and theoretical studies with larger
clusters.
§6.

Conclusions

We have studied the polarization dependence of charge
transfer excitations in Cu 4p-1s RXES of Nd2 CuO4 . We
derived a closed expression on angular and polarization
dependence of RXES. The experimental polarization dependence is successfully explained with the formula, and
the fact that the incident polarization dependence of the
excitation process may be exploited to select the intermediate state of the resonance is shown.
Next, we confirmed the mechanism of the suppression
of resonant inelastic scattering for nonlocally screened
intermediate states. The difference between 4pπ and 4pσ
gave no drastic change in XAS and RXES spectra. It
was found that the agreement between the experiment
and the calculation is considerably improved by taking
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account of the configuration dependence of d-p transfer.
Finally, we examined the q-dependence of the CT excitations in RXES spectra. The calculated spectra showed,
first, that the 5.7 eV peak displays little q-dependence,
and second, that the 2 eV peak considerably depends on
q. These are interpreted in terms of intra- and interplaquette natures of the excitations, and are regarded
as further support of the explanation of the suppression
effect.
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