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Recently it was predicted theoretically and confirmed experimentally that in cuprates single-magnon disper-
sions can be mapped out with resonant inelastic x-ray scattering �RIXS� at the copper L3 edge. To further
establish RIXS as a viable technique we investigate the momentum and incident photon polarization depen-
dence of the single-magnon spectral weight in a variety of layered undoped antiferromagnetic compounds. The
agreement of experimental and theoretical results bolsters the assignment of RIXS spectral features to single
magnons. This detailed analysis allows to disentangle single-magnon scattering from other spectral contribu-
tions. Moreover, it is a necessary premise for future research aimed at investigating processes that modulate
spectral weights beyond the predictions of linear spin-wave theory.
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I. INTRODUCTION

Strongly correlated electron systems are characterized not
only by the energy and dispersion of their elementary exci-
tations but also by the weight of these quasiparticle modes
across the reciprocal space.1 In doped cuprates, for instance,
an understanding of the evolution of quasiparticle spectral
weights is considered to be intimately related to the appear-
ance of superconductivity at relatively high temperatures.2 In
this respect the midinfrared region, up to about �0.5 eV, is
of special interest in high-Tc superconducting cuprates as in
this energy range both photon and magnetic spectroscopies
reveal large spectral weight shifts upon doping.3

During the past decades the magnetic quasiparticles prop-
erties of cuprates have been studied exclusively with inelas-
tic neutron scattering, providing a wealth of experimental
information.4 Recently, however, a different, photon-based
approach called resonant inelastic x-ray scattering �RIXS�
�Ref. 5� was introduced for the measurement of single-
magnon dispersions.6,7 This has opened prospects that can
cross-fertilize with neutrons; in particular, the method can be
used on tiny amounts of material �down to a few �m3 in
volume� while neutrons need comparatively massive samples
�hundreds of mm3 or more�. Moreover, RIXS provides spec-
tral information up to high-excitation energies where the use
of neutrons is experimentally very demanding. On the other
hand, the very low energy scale �below �50 meV at
present� remains the domain of neutrons because of the lim-
ited RIXS energy resolution, notwithstanding the spectacular
progress in recent years.7–10

Measuring magnon energies and dispersions by RIXS has
been the first step into a territory. To fortify the basis for
RIXS in this field one needs to develop an understanding of
both the position and the intensity of such spectral features.

The former is directly related to the position of quasiparticle
poles, the latter to their strengths. We have therefore set out
to measure the dependence of the single-magnon RIXS spec-
tral weight of undoped cuprates on momentum transfer, ex-
perimental geometry and incident photon polarization. This
was done by closely comparing experimental results to the-
oretical expectations. The agreement found reinforces the as-
signment of some RIXS spectral features to single magnons
and will allow us, in the future, to univocally disentangle
single-magnon from bimagnon and higher order magnetic
excitations.11,12 In more general terms, this understanding is
a necessary premise for future research on more complex
processes, e.g., those involving strong quantum fluctuations
of the Néel state13,14 that can modify magnon quasi-particle
spectral weights near the edge of the Brillouin zone �BZ�.

We will mainly present results on La2CuO4 �LCO�, which
is one of the most extensively studied parent cuprates so that
we can use it as a benchmark. When discussing form factor
effects we also include experimental results on the infinite
layer cuprate �SrCa�CuO2 �SCCO� �which can be prepared in
this form only as thin films on SrTiO3� and of the strongly
underdoped insulating NdBa2Cu3O6+� �NdBCO�, which has
the YBCO structure.

II. SINGLE-MAGNON DISPERSION IN RIXS

For a long time it was believed that selection rules prevent
single-magnon �resonant� scattering in cuprates.15,16 Re-
cently, however, it was proven both theoretically and experi-
mentally that single magnons can be observed with RIXS at
the Cu L3 edge.6,7,17 It turns out that selection rules only
forbid spin-flip scattering in cuprates when the spin is per-
pendicular to the basal plane—it is allowed however when
there is a nonzero projection of the spin on the basal plane.6
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In RIXS at the L3 edge �2p3/2→3d resonant transition� a
copper ion in a 3d9 ground state absorbs a photon with mo-
mentum k and polarization �, causing the formation of a
2p53d10 intermediate state, which subsequently decays into a
final 3d9 state with a flipped spin, emitting a photon with
momentum k� and polarization ��. The momentum q=
−�k�−k� is transferred to a magnon and, because in the in-
termediate state the superexchange is blocked, in general
also to higher-order spin excitations.11,12

In RIXS the final state excitations appear as photon en-
ergy losses that depend on the momentum q�, i.e., the pro-
jection of q onto the ab plane of layered cuprates. The ob-
served magnon dispersion in LCO, i.e., the evolution of
magnon energy with the transferred momentum q� presented
in Ref. 7, is well understood mainly thanks to the perfect
agreement between RIXS results and inelastic neutron scat-
tering data.18 However, the evolution vs q� of the magnon
peak intensities depends on the scattering geometry and on
the incident photon polarization in a non trivial way. In par-
ticular there is no direct analogy with neutrons because the
atomic form factors are unrelated for the two cases. Here, we
will analyze the RIXS magnon intensities which reflect the
magnon excitation probability and show how to maximize
the sensitivity to magnons by taking advantage of the polar-
ization of the incident light.

III. EXPERIMENTAL METHODS

The LCO, SCCO, and NdBCO samples were epitaxial
films, approximately 100 nm thick, grown on SrTiO3�001�
substrate. LCO and SCCO were grown by pulsed laser depo-
sition, NdBCO by diode high-pressure oxygen sputtering, of
stoichiometric samples. More details on the samples can be
found in Refs. 11, 19, and 20. The spectra were measured at
the ADRESS beam line21 of the Swiss Light Source with the
high resolution SAXES spectrometer8 with a combined line-
width of 140 meV at the Cu L3 edge. Instruments and set-
tings are similar to Ref. 7 and we collected the spectra with
linear polarization of the incident light both perpendicular
��-pol� and parallel ��-pol� to the scattering plane. The
sample temperature was 15 K. q� was changed by rotating
the sample as shown in Fig. 1�a�, where we used two scat-
tering angles ��=130° and 90°�. For fixed �, by rotating the
sample we can change � �angle between −q and the surface
normal that also coincides with the c crystalline axis� and
q� =q sin �; from the definition of � and of the incidence
angle � given in the figure, it follows that q� �0 toward
grazing incidence ���� /2� and q� 	0 around normal inci-
dence ��	� /2�. In this setup, scanning q� necessarily im-
plies changing � thus leading to a modulation of the scatter-
ing cross section caused by the angular dependence of the
atomic absorption and emission probabilities in a non spheri-
cal crystal field. In LCO we explored the two directions from

 �point �0,0�� toward ��1,0� and ��1, �1�, all in the first
BZ. For SCCO and NdBCO we measured only along the
��1,0� direction. We notice that the maximum of q� for 930
eV photons is 0.74 Å−1 for �=130° and 0.43 Å−1 for �
=90°. This means that the magnetic BZ boundary can be
reached only for �=130° in the ��1, �1� direction �the dis-

tance from 
 of the � 1
2 , 1

2 � point is �0.60 Å−1�. For compact-
ness, in the figures we use as unified momentum variable qx,
i.e., the component of q� along the ��1,0� direction.

A typical spectrum of LCO in a wide energy range is
shown in Fig. 1�b�. The midinfrared �MIR� region, where the

FIG. 1. �Color online� Panel �a�: layout of the experiment and
definition of angles �, �, and �. The q� is varied by rotating the
sample around the vertical axis; as q� =q sin �, q� 	0 indicates near
normal incidence geometry ��	� /2�. With the sample as in the
figure one explores the green line in the BZ; the violet diagonal is
explored after 45° rotation of the sample around its c axis. Panel
�b�: a RIXS spectrum of LCO. Charge transfer excitations are la-
beled with CT and the main peak is due to dd excitations; the MIR
region �red box� is expanded in panel �c�, where the magnon peak is
labeled with B; peak A is the elastic intensity, feature C the multi-
magnon spectral distribution, peak D the partly unresolved phonon
contribution, as explained in Ref. 7. Panel �d�: example of disper-
sion of the magnetic excitations in LCO for �=90°, with intensities
normalized to the dd area put to 100; note that the intensities are not
symmetric with respect to q� =0. Panel �e� and �f�: for �=130°,
measured single magnon intensity normalized to the dd intensity as
explained for panel �d�. Full circles and hollow squares are for � an
� polarization respectively. Raw data are shown in panel �e�, self-
absorption corrected data in panel �f�.
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magnetic excitations can be found,7,10,11 is in the red box,
which is expanded in Fig. 1�c� �reproduced22 here from Ref.
7�. The single magnon excitation �peak labeled B� is, in this
example, more probable than multiple magnon excitations
�peak C�, so the peak position can be easily determined
within 10–15 meV. As already stated its dispersion agrees
well with the neutron results.7,18

IV. MEASURED MAGNON INTENSITIES

We extract the magnon intensities from the data by cen-
tering at the peak position a Gaussian with a width deter-
mined by the instrumental resolution.23 It must be noted that
in RIXS absolute intensities cannot be obtained from the
experiment and the overall detection efficiency can change
over time for technical reasons. It is thus necessary to use a
spectral feature outside the MIR region as reference. We
therefore normalize experimental and theoretical single mag-
non intensities to the area of the dd excitations, which largely
dominate all the Cu L3 RIXS spectra. This procedure might
slightly underestimate ��5%� the single magnon intensity in
the measured data, since superimposed to the dd peaks a
weak contribution from the charge transfer excitations �not
included in our theory� is always present. In the following by
“intensity” we refer to the single magnon intensity normal-
ized to the dd excitations, both for experimental and theoret-
ical data.6

Two precautions are important in data handling. First, to
be safe we do not attempt to determine intensities at small q�

where the superposition with other excitations such as
phonons makes the spectral decomposition difficult as far as
the intensities are concerned. Second, one has to correct for
self-absorption. In terms of deformation of the q dependence
this is relevant only at grazing emission, i.e., at large positive
q� where the scattered photons undergo a long path inside the
strongly reabsorbing material. In general the linear polariza-
tion is not conserved in the scattering process, so the correc-
tion is delicate and has to rely upon the knowledge of the
outgoing photon polarization �also calculated within the
atomic model�. This correction is demonstrated in Figs. 1�e�
and 1�f�, showing raw and absorption-corrected data, respec-
tively. It is important to note that the large difference be-
tween � polarization �in black� and � polarization �in red� at
large positive q� is already clearly present in the raw data.

V. RESULTS AND DISCUSSION

It is illuminating to start with a close inspection of the 90°
scattering data �Fig. 1�d��. It is immediately clear that while
the dispersion is symmetric in q�→−q� as it must be, the
intensities are not, and this asymmetry is much stronger for �
than � polarization. In fact the intensity is extremely small
for � polarization at q� 	0.

Figure 2 summarizes the full data set of intensity mea-
surements. We compare the data directly to the theoretical
results indicated by solid lines. Panels �a�, �b�, and �c� have
the same scale so that comparison is straightforward. With
the exception of the shaded area in panel �b� �see below� the
theory reproduces the experimental trends very well, includ-

ing the asymmetry for q�→−q�. Theory captures correctly
the intensity variation with both transferred momentum q�

and scattering angle, in particular for � polarization, with
q� 	0, where the intensity drops for � going from 130° to
90°. It should be noted that the theoretical results were res-
caled by 0.8 to get the best fit to the data. Considering the
error bars and the fact that the experimental normalized in-
tensities are underestimated by at most 5%, we conclude that
the agreement is also quantitative within the experimental
uncertainties.

Theoretical and experimental results differ significantly
only in the shaded region of Fig. 2�b�, a case very little
affected by self-absorption. We notice that for large values of
�q��, i.e., close to the BZ boundary, one could expect quantum
corrections to the magnon quasiparticle spectral weight, as
already observed with neutrons in copper deuteroformate tet-
radeurate �CFTD�.14 There, a transfer of spectral intensity is
caused by quantum effects that are beyond the linear spin-
wave approximation that we have employed here: it will be
interesting to explore this quasiparticle renormalization in
detail in future RIXS investigations.

FIG. 2. �Color online� Panels �a�–�c�: comparison of the normal-
ized intensities in LCO with the theory in the conditions shown by
the icons at the right. Panel �d� and �e�: theoretical normalized
intensity �red dotted and black solid, left scale� obtained by dividing
the non-normalized intensity multiplied by 100 �thick dashed green,
right scale� by the total dd intensity �thin dash-dot green, right
scale� for � and � polarizations, respectively. We notice that, at
q� �0, this normalization has a strong effect for � but very little for
�.
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The comparison between theory and experiment also al-
lows the atomic form factor F�� ,�� ,�� to be extracted from
the experimental data. The procedure for doing so relies
upon the fact that the theoretical cross section and thus the
scattering intensity can be written as6 I=F�� ,�� ,��G�q�,
where the function G�q� depends on the transferred momen-
tum q only, while the polarization dependence is completely
accounted for by the atomic form factor F, which determines
the local spin flip probability for an atomic 3d9 ground state
with a hole in the x2−y2 orbital. All the RIXS specific prop-
erties are in F, whereas G�q� is technique independent and
would be the same for inelastic neutron scattering. The q�

dependence of I is shown in Figs. 2�d� and 2�e� for � and �
polarization respectively �scale to the right, green dashed
curves�. In the same panels the total intensity of the dd ex-
citations are also shown: although dd excitations are usually
nondispersing, their intensity depends on the scattering ge-
ometry and on the photon polarization. The ratio of the two
previous functions gives the function I�, referred to the left
scale and shown in the same panels as red dotted and black
solid lines for � and � polarization respectively.

It is useful at this point to introduce the linear dichroic
ratio R= I� / I�=F� � /F� �, where I is the normalized intensity
and F� is the atomic spin-flip form factor normalized to the
total dd spectral weight. Thus R depends on the atomic form
factors only and does not depend on G�q�. One can therefore
test the calculated atomic form factors by directly comparing
the theoretical linear dichroic ratio R to the experimental
one. We do so in Fig. 3, where one should note that these
curves are extracted directly from experimental and theoret-
ical data, respectively, without any free parameters. The
agreement is excellent for both directions in q space and
both scattering angles. To further test the linear dichroic ratio
we also measured R in SCCO and NdBCO, two undoped
cuprates with different crystal structure than LCO. Despite
the differences in the crystal structure, both materials, similar

to LCO, are undoped and insulating with Cu2+ ions in a
�nominal� 3d9 configuration, corresponding to a ground state
with a single x2−y2 hole. As shown in Fig. 3�a� the R values
for these two samples follow the theoretical curve as well as
for LCO.

The results on R are a very reliable test of our picture
because the experimental values of the linear dichroic ratio
are less affected by self-absorption and instrumental effects
than the intensities themselves. We thus conclude that the
RIXS form factor is captured correctly by an atomic
calculation.6 Since we have shown above that the product
FG is also in agreement with the measurements we con-
clude that the theoretical G�q� is correctly reproduced in the
experimental data. It is particularly important to note that
both factors F and G are independent of the specific mag-
netic and structural properties of the material, and are thus
applicable potentially to all layered cuprates. As it appears
clearly from the theoretical plots of Fig. 2 the normalized
intensity I�=F� G is not symmetric with respect to q� =0 and
goes to zero at q� =0. The latter fact is totally due to G, which
is zero at q� =0 and is symmetric in +q�→−q�. On the other
hand the atomic form factor F has an angular dependence
dictated exclusively by the tetragonal crystal field imposing a
x2−y2 symmetry in the ground state, and by the angular mo-
mentum conservation rules �depending on the photon polar-
ization� in the radiative transitions between 2p and 3d orbit-
als. So F has no physical relation to q�, and the same holds
for the normalized factor F� . Thus the lack of symmetry of I�
is inherently due to the fact that RIXS is a resonant process,
going through an excitonic intermediate state and whose F
function is remarkably well described by a totally localized
model. Before concluding we notice the different behavior of
I� along ��1,0� and along ��1, �1� directions due to G. In
the former case G is known to have a local maximum in
�1,0�, in the latter it diverges at �1,1�. This difference appears
immediately for � polarization when comparing panels �b�
and �c� of Fig. 2.

VI. CONCLUSIONS

We have measured and calculated the momentum and
photon polarization dependence of the single-magnon RIXS
spectral weight in a number of undoped cuprates and find
excellent agreement. The measured structure factor govern-
ing local spin-flip probabilities at the Cu L3 edge fully agrees
with the one given by an atomic calculation. The theoretical
cross section validated here will be the basis for the interpre-
tation of RIXS spectral weights in more complex materials,
for instance, the doped superconducting cuprates, where the
weights of quasiparticles and their redistribution upon dop-
ing are heavily debated and the charge and magnetic re-
sponses of the system are intrinsically intertwined.
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