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Resonant Inelastic X-Ray Scattering inNd2CuO4
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We report inelastic x-ray scattering studies of charge excitations in insulating Nd2CuO4 as a
function of incident photon energy. An excitation of,6 eV is observed when the incident photon
energy is tuned through the CuK edge. This is interpreted as resonantly enhanced inelastic
x-ray scattering. Numerical calculations identify the 6 eV feature as a charge-transfer excitation t
the antibonding state and suggest that nonlocal effects play a role in determining the shape of t
resonance. [S0031-9007(98)06181-X]

PACS numbers: 74.25.Jb, 61.10.– i, 71.27.+a, 74.72.–h
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Understanding the normal state electronic properties
the high-TC copper oxides is an important prerequisite fo
a theory of high temperature superconductivity. In add
tion, the properties themselves are highly unusual, exhib
ing non-Fermi-like behavior [1] and they have therefor
attracted much interest from the more general perspect
of understanding electronic behavior in strongly correlate
transition metal oxides.

A useful theoretical approach has been to treat the co
per oxide planes within the framework of a microscopi
electronic Hamiltonian, such as the extended Hubba
model [2]. The strong electron correlations preclude th
possibility of successful band structure calculations, an
a variety of numerical techniques have therefore been a
plied, utilizing small clusters of ions for which on-site
interactions can be treated explicitly [3], for example, im
purity and cluster interaction models [4,5]. These mode
are typically local, that is, the translational symmetry o
the lattice is neglected. However, as first emphasized
Veenendaal, Eskes, and Sawatzky [6], solid state (no
local) effects can be important, and recently calculation
have been performed for a number of clusters connect
in a planar geometry for which some degree of transl
tional symmetry is restored [7].

A crucial test of such treatments is to compare the
predictions with measurements of the electronic excitatio
spectrum. To this end a variety of spectroscopies ha
been applied to the cuprates. However, each has its limi
tions. For example, photoemission experiments only pro
to the photoelectron escape depth and it can be difficult
ensure that bulklike properties are measured. Also fina
state effects (i.e., those due to the presence of a core hol
the final state) are large, and electrostatic charging may
a problem for insulators. X-ray absorption spectroscop
(XAS) offers bulklike penetration, but still suffers from a
final-state core hole, and optical spectroscopies are ess
tially limited to q ­ 0 properties and energy transfers o
a few eV. There remains a clear need for new spectr
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scopies to elucidate the electronic excitation spectrum
the high-TC cuprates.

Inelastic x-ray scattering in the hard x-ray regime ex
hibits none of the above disadvantages. The scatteri
process is charge neutral so that final-state effects a
eliminated and the excitation spectrum is measured d
rectly. Further, bulklike properties are measured. It woul
thus seem an ideal tool in this endeavor. Unfortunately
the cross section is in general small, limiting studies t
low-Z materials, for which the absorption is weak. Very
recently, however, Kaoet al. discovered a large enhance-
ments,1003d in the inelastic x-ray cross section of NiO,
on tuning the incident photon energy through the NiK edge
[8]. These measurements suggest the possibility of pe
forming resonant inelastic x-ray scattering studies in highl
absorbing materials, such as the cuprates. In addition, su
scattering is element specific allowing, for example, exc
tations associated with the copper orbitals to be probed b
tuning to the CuK edge.

In this Letter, we report the first observation of in-
elastic x-ray scattering with hard x rays from a high-TC

cuprate. The work was carried out on Nd2CuO4, the
parent compound of the electron doped high-TC family,
Nd22xCexCuO4. A resonantly enhanced excitation of two
counts per minute was observed when the incident photo
energy was tuned through the CuK edge. On the basis
of numerical calculations, we interpret this excitation a
a charge-transfer process and conclude that the antibon
ing state in the CuO planes is 6 eV above the ground sta
This work demonstrates the importance of nonlocal effec
in determining the excitation spectrum, as evidenced by th
incident energy dependence of the scattering, and that th
technique is preferentially sensitive to charge-transfer e
citations and is thus complementary to existing soft x-ra
methods in these materials.

The experiments were carried out at beam line X2
at the National Synchrotron Light Source. The inciden
energy resolution was determined by a monochromat
© 1998 The American Physical Society 4967
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comprised of two channel-cut Si(220) crystals an
had a width of 0.2 eV, full width at half maximum
(FWHM). The incident flux was5 3 1010 photons s21,
in a 0.5 mm 3 0.5 mm spot. The horizontally scattered
radiation was collected by a spherically bentsR ­ 1 md
Si(553) analyzer. The overall energy resolution, as det
mined from the quasielastic scattering from the samp
was well described by a Gaussian of 1.9 eV FWHM
The data were taken at room temperature at a moment
transfer ofq ­ 4.55 Å21, with q parallel to thec axis.
The incident beam was predominantly horizontally pola
ized, and hence there was a component of the electric fi
in both thec direction and in thea-b plane, with 75%
of the intensity along thec direction. A single crystal
of Nd2CuO4 was studied, chosen for its excellent mosa
(0.014± FWHM) to minimize the quasielastic scattering
It wasø0.1 mm thick, with ac axis surface normal.

The inelastic scattering observed with an incide
photon energy ofEi ­ 8989 eV is plotted in Fig. 1. Two
peaks are present, in addition to the elastic scatteri
Each has a distinct incident energy dependence. The p
at 8975 eV disperses approximately linearly with incide
energy below threshold. Above threshold, it appears a
fixed final energy,Ef ­ 8976 eV, with an amplitude of
,15 counts per minute. These characteristics identify

FIG. 1. Scattered intensity as a function of final energy,Ef
for a fixed incident energy,Ei ­ 8989 eV. The solid line is
a guide to the eye. Solid symbols: Data taken well abo
resonancesEi ­ 9020 eVd to characterize inelastic background
Elastic energy is shifted for comparison.
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as resonant Raman scattering from the CuKb5 emission
line and it will not be considered further here.

In contrast, the peak at 8983 eV exhibits quite differen
behavior, as shown in Figs. 2 and 3. The scattered inte
sity is plotted as a function of energy losssEi 2 Efd for
incident photon energies around the CuK edge in Fig. 2.
Each data set took approximately 24 hours to collect. Th
excitation at 6 eV is observed only for incident energies
the vicinity of 8990 eV, and remains at an approximatel
fixed energy loss for all incident energies. As discusse
below, we believe that this scattering arises from a charg
transfer-type excitation.

The amplitude of the 6 eV excitation was extracted b
fitting the energy loss scans to a Gaussian peak on a slop
background (to account for the tails of theKb5 line) and
is plotted in Fig. 3 as a function of incident photon energy
Resonant behavior is clearly observed, with a peak
8990 eV. Even at resonance, the count rates remain sm
on the order of a few counts per minute. Theq dependence
of the scattering was not investigated.

To identify the origin of the enhancement, the absorp
tion of Nd2CuO4 powder, ground from crystals obtained
from the same growth batch as the sample, was measu
and is shown, together with the absorption from a Cu fo
in Fig. 3. The CuK edge, located by the first point of
inflection in the metal foil spectrum is at 8979 eV. The
powder absorption is in quantitative agreement with da

FIG. 2. Scattered intensity as a function of energy losssEi 2
Ef d for a number of incident energies. Data are offset vertical
for clarity and solid lines are guides to the eye.
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FIG. 3. The amplitude of the 6 eV excitation, as a function o
incident energy, showing a resonance in the vicinity of 8990 e
(open circles). The solid line is the result of a numerica
calculation described in the text. The top half of the figur
displays the absorption measured for powdered Nd2CuO4 (open
circles), together with a calculation using the same paramete
as for the scattered intensity. The absorption from Cu fo
(dashed line) is shown for reference.

of others [9,10] and shows features at 8983, 8990, 899
and 9002 eV. These have been interpreted as arising fr
two sets of dipole transitions [9–11]. The first two (lowe
energy pair) are the1s ! 4pp transition (4p orbitals per-
pendicular to the CuO planes) and the second two are
1s ! 4ps transition (in-plane4p orbitals).

Figure 3 shows that the resonant enhancement is as
ciated with the1s $ 4pp transition. There is no apparent
enhancement at the1s $ 4ps transition. This may in part
be explained by the incident polarization, which ensure
that this transition is not strongly excited, and the fact th
the absorption is maximum here. In NiO, for which the
count rates were significantly larger, resonances were o
served at each feature in the absorption spectrum [8].

We now consider the scattering process and the ele
tronic structure of the CuO planes in more detail, in orde
to elucidate the nature of the observed excitation.

At resonance, the scattering is a second order proce
proceeding via a short-lived intermediate state involving
1s core hole. This state may decay radiatively, either
the ground state, (elastic scattering) or to an excited sta
for which a net energy loss is seen. (Note that in the fin
state there is no core hole present and thus there are
“final-state effects,” in the sense referred to previousl
to complicate the excited state spectrum.) A schema
energy level diagram of this process is shown in Fig. 4.

In the CuO planes, the Cu3d9 configuration hybridizes
with 3d10L, whereL represents a O2p ligand hole and
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FIG. 4. Schematic energy level diagram for inelastic scatter
ing from a copper site. Arrows indicate processes summed ov
in the calculation of the scattered intensity.

has a finite bandwidth. As described by the Anderso
impurity model [12,13], this results in discrete bonding
and antibonding states composed of a mixture of3d9 and
3d10L configurations, with a continuous band between
them (Fig. 4). The ground state is then the bonding sta
with about 60% of the3d9 configuration. The lowest edge
of the continuous band is about 2 eV above the groun
state, and this is usually denoted as the charge-transfer g
[14]. The antibonding state is near the highest edge of th
band. Our calculations (below) place this,6 eV above
the ground state.

Now, in the intermediate state a Cu1s electron is ex-
cited to the Cu4pp conduction band, and the core hole
potential reverses the balance between the3d9 and3d10L
configurations. The bonding state, now of predominatel
1s3d10L4pp , is then about 7 eV lower than the antibond-
ing state,1s3d94pp , and they form the 8983 and 8990 eV
features of the CuK-edge XAS. (The1s ! 4ps is simi-
larly split.) Note, in Fig. 4, the Cu4pp bandwidth is
taken to be zero for simplicity; in the calculations a value
of 2.0 eV was used. If either of these intermediate state
decays into the antibonding excited state, a 6 eV energ
loss would result and we believe that this is the origin o
the observed scattering.

To support this picture, we have carried out numeri
cal calculations of the inelastic x-ray scattering, calculat
ing the electronic structure within the Anderson impurity
model and the scattering as a coherent second order dip
process [12]. The parameters used were essentially t
same as in [12]. The calibration of the incident energy wa
obtained by simulating the powder XAS within the same
model (solid line, Fig. 3, top). At 8990 eV, the calculated
inelastic scattering indeed exhibits a feature at about 6 eV
reminiscent of the experimental data. (Transitions to th
continuous band are suppressed because the band is larg
3d10L in character and thus has very little overlap with
the intermediate state, whenEi ­ 8990 eV.) Further, the
calculated incident energy intensity dependence of th
6 eV energy loss is in approximate agreement with the ob
served behavior (solid line, Fig. 3, bottom). Specifically, a
4969
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resonance is observed at 8990 eV, and we conclude
the 6 eV feature is indeed the charge-transfer excitation
the antibonding state.

The theory also predicts a resonance at 8983 eV (i
an enhancement is expected for both the bonding and
tibonding intermediate states), which is absent in the da
This discrepancy may arise from nonlocal screening in t
intermediate state. As first pointed out by Veenenda
Eskes, and Sawatzky [6], solid state effects play an imp
tant role in the final state of Cu2p photoemission spectra
of systems with a linear chain of CuO4 plaquettes. They
showed that while a3d10 state is required to screen the2p
core hole, the lowest energy state is one in which theL
hole, repelled by the2p, moves onto another CuO4 pla-
quette, where it forms a Zhang-Rice (ZR) singlet [15
Recent calculations have extended such conclusions to
clusters [7].

This photoemission final state is analogous to the inte
mediate state formed whenEi ­ 8983 eV in the present
paper, and one might therefore expect a ZR singlet to
formed here also. In contrast, the 6 eV excitation has
local character with no ZR singlet (even in large cluste
systems), and the 6 eV intensity would thus be suppres
at 8983 eV because of the small transition probability b
tween states with and without a ZR singlet. Prelimina
calculations on a system with three CuO4 plaquettes sup-
port this idea, but more detailed work is required befo
any quantitative statements may be made.

The numerical work discussed above highlights an e
sential difference between theK-edge inelastic spectra pre
sented here and those obtained in the soft x-ray regim
arising from the different core holes created. Previous c
culations of scattering at the CuLII,III edge in La2CuO4

[13] showed that the main inelastic structure arose fro
crystal field excitations of the Cu3d, with little contribu-
tion from charge-transfer excitations. Recent experime
support this view [16]. In contrast, for the CuK-edge reso-
nance, both the1s hole and4pp electron have almost no
interaction with the Cu3d states, which therefore retain
their ground state symmetryB1g in both the intermedi-
ate and final states. There is then nod 2 d excitation in
the inelastic spectrum. Thus our hard x-ray results co
plement soft x-ray resonance techniques and preferentia
probe the charge-transfer excitations.

Finally, we comment on the resonant inelastic cross se
tion. For NiO, intensities of,50 times those reported here
were observed [8]. Taking into account the differences
absorption, number density, and fraction of the total cro
section contributed by the resonant ions, one would exp
a factor of ,30, broadly consistent with that observed
This suggests that the resonant cross section per ion
similar at the Ni and CuK edges. Thus other highly corre
4970
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lated systems should be amenable to study with this tec
nique. The quantum 1D magnet CuGeO3, for example,
should give relatively high count rates.

In summary, we have observed resonantly enhanced
elastic scattering from Nd2CuO4, with the incident photon
energy tuned to the CuK edge. The excitation observed
was of a charge-transfer-type, involving the oxygen2p and
Cu 3d orbitals. The results broadly confirm recent cluste
calculations for the CuO planes in high-TC materials and
suggest nonlocal effects play a role in controlling the reso
nance phenomena.
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Department of Energy, Division of Materials Science
under Contract No. DE-AC02-76CH10886 and at th
University of Maryland by the N.S.F. under Grant
No. DMR-9510475. Numerical calculations were per
formed using the facilities of the Supercomputer Cente
ISSP, University of Tokyo.

[1] Th. Bruschke, M. Jarrell, and J. F. Freericks, Adv. Phys
44, 187 (1995).

[2] V. Emery, Phys. Rev. Lett.58, 2794 (1987).
[3] E. Dagotto, Rev. Mod. Phys.66, 763 (1994).
[4] H. Eskes and G. Sawatzky, Phys. Rev. Lett.61, 1415

(1988).
[5] H. Eskes, L. H. Tjeng, and G. A. Sawatzky, Phys. Rev. B

41, 288 (1990).
[6] M. A. Veenendaal, H. Eskes, and G. A. Sawatzky, Phys

Rev B 47, 11 462 (1993).
[7] K. Okada and A. Kotani, J. Electron Spectrosc. Rela

Phenom.86, 119 (1997).
[8] C.-C. Kao, W. A. L. Caliebe, J. B. Hastings, and J. M.

Gillet, Phys. Rev. B54, 16 361 (1996).
[9] Z. Tan, J. I. Budnick, C. E. Bouldin, J. C. Woicik, S. W.

Cheong, A. S. Cooper, G. P. Espinoza, and Z. Fisk, Phy
Rev. B42, 1037 (1990).

[10] J. M. Tranquada, S. M. Heald, W. Kunnmann, A. R
Moodenbaugh, S. L. Qiu, Y. Xu, and P. K. Davies, Phys
Rev. B44, 5176 (1991).

[11] Z. Wu, M. Benfatto, and C. R. Natoli, Phys. Rev. B54,
13 409 (1996).

[12] S. Tanaka, K. Okada, and A. Kotani, J. Phys. Soc. Jp
60, 3893 (1991).

[13] S. Tanaka and A. Kotani, J. Phys. Soc. Jpn.62, 464
(1993).

[14] Y. Tokura, S. Koshihara, T. Arima, H. Takagi, S. Ishi-
bashi, T. Ido, and S. Uchida, Phys. Rev. B41, 11 657
(1990).

[15] F. Zhang and T. Rice, Phys. Rev. B37, 3759 (1988).
[16] L.-C. Duda, Ph.D. thesis, Uppsala University, 1996

(unpublished); K. Ichikawaet al., J. Electron Spectrosc.
Relat. Phenom.78, 183 (1996).


