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We have measured the resonant inelastic x-ray scattering (RIXS) spectra at the Cu L; edge in a
variety of cuprates. Exploiting a considerably improved energy resolution (0.8 eV) we recorded
significant dependencies on the sample composition and orientation, on the scattering geometry, and
on the incident photon polarization. The RIXS final states correspond to two families of electronic
excitations, having local (dd excitations) and nonlocal (charge-transfer) character. The dd energy
splitting can be estimated with a simple crystal field model. The RIXS at the L5 edge demonstrates here
a great potential, thanks to the resonance strength and to the large 2p spin-orbit splitting.
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In recent years considerable effort has been devoted to
the study of the very low energy excitations in cuprates
superconductors and in other strongly correlated electron
systems using high resolution photoemisson. The few
meV energy resolution achieved in angle resolved photo-
emission experiments has allowed accurate k-space map-
ping of the electron-removal excited states, leading to
two-dimensional Fermi surfaces in a variety of com-
pounds [1]. On the other hand neutral excitations are
harder to access with optical spectroscopies because on-
site Cu electronic excitations (the so-called dd excita-
tions) are forbidden by electric dipole selection rules.
Tanaka and Kotani [2] suggested theoretically that Cu
dd excitations are potentially accessible with resonant
X-ray emission spectroscopy, where the resonant absorp-
tion and reemission of an x-ray photon results in the
transition of a Cu electron within the 3d shell. The pro-
cess can be seen as a Raman-like scattering of a high
energy photon: the energy lost by the photon is trans-
ferred to the Cu atom, which is left in an excited state
[3,4]. For these reasons the resonant x-ray emission pro-
cess has been often called resonant Raman x-ray scatter-
ing [5,6] or simply resonant inelastic x-ray scattering
(RIXS) [7,8]. An accurate mapping of the dd excitations
and of other few eV neutral excitations (such as those
related to the magnetic order) will be of great use for a
better understanding of the high 7. superconductors.
RIXS spectra and dd excitations are an ideal benchmark
(different and independent from the photoemission ex-
periments) for calculating the Hamiltonian parameters in
the theoretical models dealing with layered cuprates.

The electronic structure of the CuO, conduction planes
in the cuprates, resulting from the hybridization of the Cu
3d atomiclike states with the delocalized O 2p, can be
investigated with resonant x-ray emission in a variety of
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ways: working at the copper K edge [9,10], or at the
oxygen K edge [11-13], or at the copper M,; and L,
edges. The latter cases are potentially very interesting,
because the RIXS process involves direct transitions to
and from the Cu 3d states providing clear information on
the charge transfer-, the dd-, and the magnetic excitations.
Kuiper et al [5] could detect and separate the dd- ex-
citations in Sr,CuO,Cl, thanks to the energy resolution of
their instrument at the 3p-3d Cu resonance (M, ; edge).
The drawbacks were the insufficient spin-orbit energy
separation of the 3p states (implying a nonpure inter-
mediate state) and the extreme weakness of the RIXS
cross section with respect to the elastic (Rayleigh) scat-
tering, which dominates the experimental spectra. As a
consequence the charge-transfer excitations (broader
than the dd) could not be detected and the lowest energy
dd excitations got lost in the elastic peak low energy tail.
On the other hand a poorer energy resolution at the L, ;
edges until now has been an obstacle to the use of RIXS at
the 2p-3d resonance [14-16]. We present RIXS spectra
measured in a variety of layered cuprates at the Cu Lj
edge, where the Rayleigh scattering is negligible thanks
to the very strong absorption resonance and the 20 eV
spin-orbit splitting of the 2p ensures a very well defined
intermediate state.

The spectra were measured at beam line IDOS of the
ESRF (Grenoble, France) using the AXES spectrometer
and its dedicated monochromator [17,18]. The incident
(emitted) beam energy resolution at 931 eV (Cu?* L,
peak) was set at 0.7 eV (0.4 eV), resulting in a combined
resolution of 0.8 eV FWHM measured on the nonresonant
elastic peak. The improvement in the spectrometer per-
formances has been recently obtained by replacing the 2D
position sensitive detector [19]. The scattering angle
was 70° from the backscattering direction, lying in the
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horizontal plane. The linear polarization of the incident
beam could be set either perpendicular (vertical polar-
ization, V, hereafter) or parallel (horizontal, H) to the
scattering plane. The samples [20,21] were single crystals
(except for CuO and La,CuO,, which were polycrystal-
line), cleaved in air in the ab plane. The samples could be
rotated around a vertical axis in order to have the ¢ axis
parallel to the incident beam (normal incidence, NI) or at
80° from it (10° grazing incidence, GI). The pressure in
the measurement vacuum chamber was better than 5 X
1078 mbar. All the measurements were made at room
temperature. At grazing incidence the surface sensitivity
is much smaller in RIXS than in photoemission and we
did not notice any evolution of the RIXS spectra during
the measurements.

In Fig. 1 we present the Cu L3 RIXS spectra measured
on the insulating compounds CuO, La,CuQO,, and
Sr,CuO,Cl,, and on the optimally doped superconductors
La1,85Sr0,15CuO4, BiszzCﬁCUQOSJﬂs (B1-2212), and
Nd, 35sCe( 15Cu0O,. The experimental setup (grazing in-
cidence and V polarization, [GL,V]) was optimized to
minimize the self-absorption, which strongly reduces
the elastic peak of the spectra excited at the L; peak.
As shown in the figure the absorption peak has very little
intensity below —1 eV: the RIXS spectra are affected by
self-absorption mainly in the first half eV region. The
incident photon electric field parallel to the ab plane
ensures that we fully exploit the absorption resonance
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FIG. 1. The RIXS spectra measured at the Cu L; peak on
three insulating and three superconducting cuprates at grazing
incidence and V polarization [GLV]. The energy scale is given
in relative scattered photon energy, having aligned the highest
energy peak to zero, by implicitly assigning it to an elastic
peak. All the spectra are as measured. The topmost curve shows
the Cu L; absorption peak of La; g5Sr 15CuQy. Inset: the local
Dy, crystal field symmetry used in the calculations.
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[22]. The spectra were aligned with respect to each other
within 20 meV by fitting the elastic peak with a Gaussian
curve plus a tail from the inelastic peak. The spectra
present some common features. The highest energy
peak corresponds to elastic or quasielastic scattering (in-
distinguishable within the experimental energy resolu-
tion): its intensity can vary considerably from one
sample to another (it is altered by self-absorption, sample
orientation, surface roughness, and cleanliness) so we
will avoid any discussion on this feature in the following.
The main peak around —1.5 to —2 eV, can be assigned to
the dd excitations [2,14,16]: this peak is clearly different
in every sample and is strongly affected by the sample
orientation and incident photon polarization, so we will
concentrate on it. As a general trend we have observed
that the dd peak is sharper in the undoped materials, such
as La,CuQO, and Sr,CuO,Cl,, than in the optimally doped
La, g5Srg ;5CuO,4 and Bi-2212. In particular, La,CuO, and
La, g5Srg 15CuQO, present the dd peak at the same energy
(around —1.50 eV), but La; g5Sry;5CuO, shows a broad-
ening at the base (intensity in a tail around —2.0 to
—2.5 eV) which is absent in La,CuQ, (see Fig. 2). The
low energy tail, extending down to —7 eV and having
diverse extension and shape, is given by the charge-
transfer excitations.

The basic framework for the interpretation of our
RIXS spectra is the following: in undoped materials all
the Cu sites are nominally divalent (Cu®>*), and copper is
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FIG. 2. Upper panel: measured RIXS spectra for CuO,
La,CuQO,4, and La;gsSry5CuO, in [GLV] geometry. Bottom
panel: calculated RIXS spectra in Dy, crystal field symmetry.
The spectra are given with a 0.05 eV Lorentzian broadening in
the final state solid lines) and after a 0.8 eV Gaussian broad-
ening (dashed lines). CuO and La,CuQ, are calculated, with
the energy parameters of Table I, for a randomly oriented Cu?*
ion, La; g5Sry 15CuQ, in the oriented [GLV] geometry.
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actually in the /x|3d°) + +/1 — x|3d'°L) electronic con-
figuration with x =~ 0.6 [24], where L indicates a hole on
the neighboring oxygens. There is one hole per Cu, irre-
spective of the exact value of x that is related to the
hybridization of Cu 3d and O 2p states. In the following
we will refer to this hole as a Cu hole, as the excitation
energy was chosen to select the 3d° component of the
ground state. In all layered cuprates (and practically in
CuO as well) every Cu atom is surrounded by four O
atoms in a planar 90° coordination (see inset in Fig. 1),
whereas the out of plane coordination varies. In all cases
the in-plane oxygens are the Cu nearest neighbors, forc-
ing the 3d hole to have the x*>-y*> symmetry proper of the
Cu local coordination [22]. The dd excitations correspond
to the change of the symmetry of the Cu hole from x2-y?
to a different one compatible with the local crystalline
symmetry, whereas the charge-transfer excitations corre-
spond to the transfer of the Cu 34 hole to those states with
dominant O 2p character. The RIXS process can be sum-
marized as [3d°)— |2p§/23d'°) — [1(3d%)*); 13d'°L)]:
the RIXS spectral distribution gives a direct image of
the dd excitations, indicated with the (34°)* notation. To
make a theoretical prediction of the spectra within a point
charge crystal field model we have calculated the energies
of the final states (dd-excitation energies) and all the
transition probabilities in the given experimental condi-
tions (sample orientation, scattering angle, and photon
polarization).

We present here calculations for tetragonally distorted
octahedral symmetry: CuO (locally), La,_,Sr,CuO, and
Sr,CuO,Cl,. In those materials the in-plane Cu-O dis-
tances are very similar (1.92, 1.89, and 1.94 A for CuO,
La,_,Sr,Cu0Qy, and Sr,CuO,Cl,, respectively), whereas
there are two apical O at 2.43 A in La,_,Sr,CuQ,, two
apical Cl at 2.86 A in Sr,CuO,Cl,, and no apical atoms in
CuO. The local symmetry is thus Dy, (tetragonally dis-
torted octahedron) in all cases, and the commonly used
set of atomic d states are well suited to represent the dd
excitations in terms of transfer of the 3d hole from the
x2-y? orbital (by,) to the 22 (ay,), xy (by,), yz (e,) or zx
(eg) orbitals. We notice that there is only one intermediate
state (|2p§/23d1°>) in the RIXS process, and only 5 + 5
final states (the five orbitals split by the superexchange
interaction). The energy sequence is not unique, and de-
pends on the tetragonal distortion; in the absence of any
distortion one finds the O, symmetry, characterized by
the 10Dg parameter [23]. Three quantities are used to
describe the single particle energy levels in D,;, symme-
try: 10Dgg,, D, and D,. We have used the method pre-
sented in Ref. [23] to calculate the parameters of CuO,
La,_ ,Sr,CuO,4, and Sr,CuO,Cl,, using the R, and R,
distances shown in the inset of Fig. 1, a —2e point charge
for oxygen and a —e point charge for chlorine. The
energies given by the algorithm required a slight optimi-
zation only in the case of Sr,CuO,Cl,. The results are
summarized in Table I, where the energies of the different
orbitals are referred to the by, state, the highest in energy
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TABLE L. Parameters calculated with the crystal field model
of Ref. [23]. The relations between the crystal field parameters
and the state energies are E(b;,) = %(IODqu) + 2D, — D,,
E(alg) = %(10D‘IR2) —2D, — 6D, E(ng) == %(IODQRZ) +
2D; — Dy, and E(e,) = —%(10Dgg,) — D, + 4D,. In this table
the energy positions of a4, by,, and e, are referred to the
energy of by,.

8

CuO La,_,Sr,CuO, S1,Cu0,Cl,
10Dgr, 1.38 &V 1.38 eV 1.29 eV
D, 033 eV 0.08 eV 0.22 eV
D, 0.08 eV 0.02 eV 0.05 eV
ay, [2%] —1.73 eV —0.41 eV —1.17eV
by, [xy] —1.38eV —1.38eV —1.29eV
e, [yz; zx] —1.99 eV —1.51eV —1.69 eV

and thus the one occupied by the hole in the ground state.
We notice here that 10Dgg, = 1.29 eV for Sr,CuO,Cl, is
slightly different from the 1.35 eV of Ref. [5]. Finally each
final state is further split by the superexchange interaction
(the spin flip energy is set to Agr = 0.20eV in our
simulations as in Ref. [5]).

Once the final state energies are known the scattering
probabilities are obtained with the Kramers-Heisenberg
(KH) formula [25], computed using the single particle
matrix elements by taking into account the scattering
conditions. We have to consider four combinations of
incident/emitted photon polarizations. In the experiment
the scattered photons polarization was not detected, so
also in the calculations the final spectral intensities are
given by the sums over the emitted photon polarizations.
The considered geometrical setup is reported in the inset
of Fig. 3. The single crystalline sample has the a, b, and ¢
axes oriented as x, y, and z, respectively. We recall here
that the charge-transfer excitations are not included in
our calculations.

Tanaka and Kotani [2] first suggested measuring Cu L;
RIXS spectra of CuO and La,CuQy, , to test the capability
of this technique to probe the energy distribution of dd
excitations. By applying the Anderson impurity model
they predicted that the average energy of the dd excitation
should be higher (meaning a bigger separation of the main
peak from the elastic peak) in La,CuQO, than in CuO.
However, our experimental results, reported in the upper
panel of Fig. 2, clearly show the opposite: the main peak
is at —1.50 eV for La,_,Sr,CuO, and —1.70 eV for CuO.
Moreover, our crystal field model calculations are in good
agreement with the measured spectra as shown in the
bottom panel of Fig. 2 (the elastic peak intensities cannot
compare due to the self-absorption in the experimental
data).

In Fig. 3 we show the effect of the incident photon
polarization on the Sr,CuO,Cl, spectra. The three spectra
are obtained with the electric field of the incident photons
lying in the ab plane, and the difference comes from the
orientation of the emitted photons with respect to the ¢
axis (if we compare the [GL,V] and [NL,V] cases) or with
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FIG. 3. Upper panel: RIXS spectra of Sr,CuO,Cl, measured
at grazing and normal incidence with V and H polarizations
([GLV], [NLV], [NI,H]). Bottom panel: calculated spectra for
the same scattering geometries. Inset: experimental geometry,
where 8 = 70° is the scattering angle and o = 0° (80°) is the
incidence angle in the NI (GI) configuration.

respect to the incident polarization ([NLV] and [NI,H]
cases). It must be considered that at normal incidence the
self-absorption of the elastic peak is much stronger that at
grazing incidence. The calculations (lower panel), made
for the very same geometry of the experiment, can ac-
count for those polarization effects. In reference [5] the
[GLV] and [NLV] comparison was already made, whereas
the differences between [NIV] and [NI,H] are shown
here for the first time. This effect has to be ascribed to
the polarization of the intermediate state detected
through the second order process described by the KH
formula. On the contrary in a two step model the differ-
ence vanishes. When comparing [NI,V] and [NI,H] the
experimental geometry is the same and the spectral dif-
ferences cannot be attributed to self-absorption.

In conclusion, we have measured Cu L3 RIXS spectra
of cuprates that allow a systematic comparison of differ-
ent samples. Both the dd and charge-transfer excitations
are present in all the spectra. Although we could repro-
duce the dd-excitation peak using a simple crystal field
model, also more sophisticated calculations can greatly
benefit from comparison with the experimental results
presented here. For example, the predictions of Ref. [2],
made with the Anderson impurity model, do not agree
with the experimental findings, whereas our calcula-
tions show a better agreement. We found also that in
La; g551( 15Cu0, the RIXS spectra are relatively insensi-
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tive to the doping level, probably because the excitation
energy acts as a selector of the 3d° part of the ground
state. The polarization dependence of the spectra, useful
to assigning the symmetry of the final states, in some
cases is a signature of the second order nature of the
scattering process. The potential of Cu RIXS had been
previously demonstrated by Kuiper et al. [5] at the M, ;
edges of Cu. Our data show that, thanks to the recent
progress in the instrumentation, L; RIXS has become a
very precious spectroscopic tool as well. Ultimately, the
unambiguous separation of the different components in
the neutral excitation spectrum will be probably obtained
only by combining the data at the K, L, and M edges,
giving access to the charge transfer, the dd-, and the very
low energy excitations, respectively.
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