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We report inelastic x-ray scattering studies of charge excitations in insulatin@Uu@ as a
function of incident photon energy. An excitation ef6 eV is observed when the incident photon
energy is tuned through the CK edge. This is interpreted as resonantly enhanced inelastic
x-ray scattering. Numerical calculations identify the 6 eV feature as a charge-transfer excitation to
the antibonding state and suggest that nonlocal effects play a role in determining the shape of the
resonance. [S0031-9007(98)06181-X]

PACS numbers: 74.25.Jb, 61.10.—i, 71.27.+a, 74.72.-h

Understanding the normal state electronic properties odcopies to elucidate the electronic excitation spectrum of
the highT¢ copper oxides is an important prerequisite forthe high?¢ cuprates.
a theory of high temperature superconductivity. In addi- Inelastic x-ray scattering in the hard x-ray regime ex-
tion, the properties themselves are highly unusual, exhibithibits none of the above disadvantages. The scattering
ing non-Fermi-like behavior [1] and they have thereforeprocess is charge neutral so that final-state effects are
attracted much interest from the more general perspectiveliminated and the excitation spectrum is measured di-
of understanding electronic behavior in strongly correlatedectly. Further, bulklike properties are measured. It would
transition metal oxides. thus seem an ideal tool in this endeavor. Unfortunately,

A useful theoretical approach has been to treat the coghe cross section is in general small, limiting studies to
per oxide planes within the framework of a microscopiclow-Z materials, for which the absorption is weak. Very
electronic Hamiltonian, such as the extended Hubbardecently, however, Kaet d. discovered a large enhance-
model [2]. The strong electron correlations preclude thanent(~100X) in the inelastic x-ray cross section of NiO,
possibility of successful band structure calculations, an@n tuning the incident photon energy through thekNédge
a variety of numerical techniques have therefore been af8]. These measurements suggest the possibility of per-
plied, utilizing small clusters of ions for which on-site forming resonant inelastic x-ray scattering studies in highly
interactions can be treated explicitly [3], for example, im-absorbing materials, such as the cuprates. In addition, such
purity and cluster interaction models [4,5]. These modelscattering is element specific allowing, for example, exci-
are typically local, that is, the translational symmetry oftations associated with the copper orbitals to be probed by
the lattice is neglected. However, as first emphasized bijuning to the CuK edge.
Veenendaal, Eskes, and Sawatzky [6], solid state (non- In this Letter, we report the first observation of in-
local) effects can be important, and recently calculationglastic x-ray scattering with hard x rays from a high-
have been performed for a number of clusters connectecliprate. The work was carried out on MO, the
in a planar geometry for which some degree of translaparent compound of the electron doped highfamily,
tional symmetry is restored [7]. Nd,—.Ce,CuQy. A resonantly enhanced excitation of two

A crucial test of such treatments is to compare theircounts per minute was observed when the incident photon
predictions with measurements of the electronic excitationergy was tuned through the Gliedge. On the basis
spectrum. To this end a variety of spectroscopies havef numerical calculations, we interpret this excitation as
been applied to the cuprates. However, each has its limita charge-transfer process and conclude that the antibond-
tions. For example, photoemission experiments only probeg state in the CuO planes is 6 eV above the ground state.
to the photoelectron escape depth and it can be difficult td'his work demonstrates the importance of nonlocal effects
ensure that bulklike properties are measured. Also finalin determining the excitation spectrum, as evidenced by the
state effects (i.e., those due to the presence of a core holeiimcident energy dependence of the scattering, and that this
the final state) are large, and electrostatic charging may bechnique is preferentially sensitive to charge-transfer ex-
a problem for insulators. X-ray absorption spectroscopycitations and is thus complementary to existing soft x-ray
(XAS) offers bulklike penetration, but still suffers from a methods in these materials.
final-state core hole, and optical spectroscopies are essen-The experiments were carried out at beam line X21
tially limited to ¢ = 0 properties and energy transfers of at the National Synchrotron Light Source. The incident
a few eV. There remains a clear need for new spectroenergy resolution was determined by a monochromator
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comprised of two channel-cut Si(220) crystals andas resonant Raman scattering from the K85 emission
had a width of 0.2 eV, full width at half maximum line and it will not be considered further here.
(FWHM). The incident flux wass x 10'° photonss', In contrast, the peak at 8983 eV exhibits quite different
in a0.5 mm X 0.5 mm spot. The horizontally scattered behavior, as shown in Figs. 2 and 3. The scattered inten-
radiation was collected by a spherically béRt= 1 m)  sity is plotted as a function of energy lo&s; — Ey) for
Si(553) analyzer. The overall energy resolution, as deterincident photon energies around the €wedge in Fig. 2.
mined from the quasielastic scattering from the samplelzach data set took approximately 24 hours to collect. The
was well described by a Gaussian of 1.9 eV FWHM.excitation at 6 eV is observed only for incident energies in
The data were taken at room temperature at a momentuthe vicinity of 8990 eV, and remains at an approximately
transfer ofg = 4.55 A~!, with ¢ parallel to thec axis. fixed energy loss for all incident energies. As discussed
The incident beam was predominantly horizontally polar-below, we believe that this scattering arises from a charge-
ized, and hence there was a component of the electric fieldansfer-type excitation.
in both thec direction and in thez-b plane, with 75% The amplitude of the 6 eV excitation was extracted by
of the intensity along the direction. A single crystal fitting the energy loss scans to a Gaussian peak on a sloping
of Nd,CuQy was studied, chosen for its excellent mosaicbackground (to account for the tails of ti&&3; line) and
(0.012 FWHM) to minimize the quasielastic scattering. is plotted in Fig. 3 as a function of incident photon energy.
It was=0.1 mm thick, with ac axis surface normal. Resonant behavior is clearly observed, with a peak at
The inelastic scattering observed with an incident8990 eV. Even at resonance, the count rates remain small,
photon energy of; = 8989 eV is plotted in Fig. 1. Two on the order of a few counts per minute. Thdependence
peaks are present, in addition to the elastic scatteringf the scattering was not investigated.
Each has a distinct incident energy dependence. The peakTo identify the origin of the enhancement, the absorp-
at 8975 eV disperses approximately linearly with incidenttion of Nd,CuQ, powder, ground from crystals obtained
energy below threshold. Above threshold, it appears at &om the same growth batch as the sample, was measured
fixed final energy,E; = 8976 eV, with an amplitude of and is shown, together with the absorption from a Cu foil,
~15 counts per minute. These characteristics identify itin Fig. 3. The CukK 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 data

Nd,Cu0,  E=8989 eV
T

T

15 |
: i
: £ 15
: : =
2 j CE>
>
C _ 7 N o
‘€ 10 t :
| €10
£ | g
3 5. :

_ ‘ ] c
5 Sy 11 ¢
) &3 [} WIS %\

°[ elastic

| | | | | |
8970 8975 8980 8985 8990 8995
& (eV) I I I I 1 1 1 1

_ _ _ _ -2 0 2 4 6 8 10 12

FIG. 1. Scattered intensity as a function of final energy, Energy Loss (eV)

for a fixed incident energyk; = 8989 eV. The solid line is

a guide to the eye. Solid symbols: Data taken well aboveFIG. 2. Scattered intensity as a function of energy Iggs—

resonancéE; = 9020 eV) to characterize inelastic background. E) for a number of incident energies. Data are offset vertically

Elastic energy is shifted for comparison. for clarity and solid lines are guides to the eye.

4968



VOLUME 80, NUMBER 22 PHYSICAL REVIEW LETTERS 1 UNE 1998

Amplitude of 6eV Feature 1s3d°4p, .
T T T T T T T T - Intermediate
1_S3dl()£4pn I:l state
z 7
< S 3L [ ] L
£ L
<) - 9
2 = Ground state Final state
S S
S =~ FIG. 4. Schematic energy level diagram for inelastic scatter-
ing from a copper site. Arrows indicate processes summed over
in the calculation of the scattered intensity.
L { L L has a finite bandwidth. As described by the Anderson
8970 8980 8990 9000 9010 9020 impurity model [12,13], this results in discrete bonding

E (eV) and antibonding states composed of a mixtur84¥ and
FIG. 3. The amplitude of the 6 eV excitation, as a function of 3d'’L _configurations, with a continuous band between
incident energy, showing a resonance in the vicinity of 8990 evthem (Fig. 4). The ground state is then the bonding state
(open circles). The solid line is the result of a numericalwith about 60% of théd® configuration. The lowest edge
calculation described in the text. The top half of the figureqf the continuous band is about 2 eV above the ground

displays the absorption measured for powdered@ND, (open -
circles), together with a calculation using the same parameteétate’ and this is usually denoted as the charge-transfer gap

as for the scattered intensity. The absorption from Cu foill14]. The antibonding state is near the higheSt edge of the
(dashed line) is shown for reference. band. Our calculations (below) place thi® eV above

the ground state.
Now, in the intermediate state a Qu electron is ex-

of others [9,10] and shows features at 8983, 8990, 899%ited to the Cudp, conduction band, and the core hole
and 9002 eV. These have been interpreted as arising fropotential reverses the balance betweenditand3d'°L
two sets of dipole transitions [9—11]. The first two (lower configurations. The bonding state, now of predominately
energy pair) are thés — 4p,, transition ¢p orbitals per-  1s3d'°L4p.., is then about 7 eV lower than the antibond-
pendicular to the CuO planes) and the second two are thiag state 1s3d°4p,., and they form the 8983 and 8990 eV
1s — 4p, transition (in-planetp orbitals). features of the CK-edge XAS. (Thels — 4p,, is simi-

Figure 3 shows that the resonant enhancement is assiatrly split.) Note, in Fig. 4, the Cup, bandwidth is
ciated with thels « 4p_, transition. There is no apparent taken to be zero for simplicity; in the calculations a value
enhancement atthe < 4p, transition. This may inpart of 2.0 eV was used. If either of these intermediate states
be explained by the incident polarization, which ensureslecays into the antibonding excited state, a 6 eV energy
that this transition is not strongly excited, and the fact thatoss would result and we believe that this is the origin of
the absorption is maximum here. In NiO, for which thethe observed scattering.
count rates were significantly larger, resonances were ob- To support this picture, we have carried out numeri-
served at each feature in the absorption spectrum [8].  cal calculations of the inelastic x-ray scattering, calculat-

We now consider the scattering process and the eledng the electronic structure within the Anderson impurity
tronic structure of the CuO planes in more detail, in ordemodel and the scattering as a coherent second order dipole
to elucidate the nature of the observed excitation. process [12]. The parameters used were essentially the

At resonance, the scattering is a second order processame as in [12]. The calibration of the incident energy was
proceeding via a short-lived intermediate state involving abtained by simulating the powder XAS within the same
1s core hole. This state may decay radiatively, either tanodel (solid line, Fig. 3, top). At 8990 eV, the calculated
the ground state, (elastic scattering) or to an excited staieelastic scattering indeed exhibits a feature at about 6 eV,
for which a net energy loss is seen. (Note that in the finateminiscent of the experimental data. (Transitions to the
state there is no core hole present and thus there are wontinuous band are suppressed because the band is largely
“final-state effects,” in the sense referred to previously3d4'°L in character and thus has very little overlap with
to complicate the excited state spectrum.) A schematithe intermediate state, whéh = 8990 eV.) Further, the
energy level diagram of this process is shown in Fig. 4. calculated incident energy intensity dependence of the

In the CuO planes, the C3x° configuration hybridizes 6 eV energy loss is in approximate agreement with the ob-
with 34'°L, whereL represents a Qp ligand hole and served behavior (solid line, Fig. 3, bottom). Specifically, a
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resonance is observed at 8990 eV, and we conclude thkited systems should be amenable to study with this tech-
the 6 eV feature is indeed the charge-transfer excitation taique. The quantum 1D magnet CuGe@or example,
the antibonding state. should give relatively high count rates.

The theory also predicts a resonance at 8983 eV (i.e., In summary, we have observed resonantly enhanced in-
an enhancement is expected for both the bonding and aelastic scattering from N€uQ;, with the incident photon
tibonding intermediate states), which is absent in the datanergy tuned to the CK edge. The excitation observed
This discrepancy may arise from nonlocal screening in thevas of a charge-transfer-type, involving the oxygerand
intermediate state. As first pointed out by VeenendaalCu 3d orbitals. The results broadly confirm recent cluster
Eskes, and Sawatzky [6], solid state effects play an imporealculations for the CuO planes in high- materials and
tant role in the final state of C2p photoemission spectra suggest nonlocal effects play a role in controlling the reso-
of systems with a linear chain of Cy@laquettes. They nance phenomena.
showed that while 84'° state is required to screen the The work at Brookhaven was supported by the U.S.
core hole, the lowest energy state is one in whichhe Department of Energy, Division of Materials Science
hole, repelled by th@p, moves onto another Cu(pla- under Contract No. DE-AC02-76CH10886 and at the
quette, where it forms a Zhang-Rice (ZR) singlet [15].University of Maryland by the N.S.F. under Grant
Recent calculations have extended such conclusions to 2Bo. DMR-9510475. Numerical calculations were per-
clusters [7]. formed using the facilities of the Supercomputer Center,

This photoemission final state is analogous to the intertSSP, University of Tokyo.
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