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We have investigated the 3d orbital excitations in CaCuO2 (CCO), Nd2CuO4 (NCO), and
La2CuO4 (LCO) using high-resolution resonant inelastic x-ray scattering. In LCO they behave
as well-localized excitations, similarly to several other cuprates. On the contrary, in CCO and
NCO the dxy orbital clearly disperse, pointing to a collective character of this excitation (orbiton)
in compounds without apical oxygen. We ascribe the origin of the dispersion as stemming from
a substantial next-nearest-neighbor (NNN) orbital superexchange. Such an exchange leads to the
liberation of the orbiton from its coupling to magnons, which is associated with the orbiton hopping
between nearest neighbor copper sites. Finally, we show that the exceptionally large NNN orbital
superexchange can be traced back to the absence of apical oxygens suppressing the charge transfer
energy.

Introduction – Strongly correlated electron materials
display simultaneously the presence of a strong, localiz-
ing repulsion between the d-electrons of the metal cations
and large hopping integrals mediated by the ligand an-
ions, which instead tend to delocalize the carriers [1].
These opposite tendencies lead to the appearance of a
plethora of electronic orders and broken symmetries, as
well as the the emergence of collective excitations with
various quantum numbers and complex origin [2–4].

Understanding the possible onset of such collective ex-
citations is particularly challenging in the case of the d-
orbital excitations. On one hand, the large hopping ele-
ments give rise to dispersive bands enumerated by the d-
orbital quantum numbers. On the other hand, the strong
Coulomb repulsion suppresses charge mobility and fa-
vors local, atomic-like, orbital excitations. In fact, it has

been widely believed that the orbital (dd) excitations in
the Mott insulating two-dimensional (2D) cuprates are
purely local and well-described using the single-ion pic-
ture [5]. Here we show that, similarly to electronic charge
[6, 7] and spin [8–10], also the cuprate d-orbital degree of
freedom can display a collective nature – for we observe
the long-sought collective orbital excitations (orbitons)
[11, 12] in CaCuO2 (CCO) and Nd2CuO4 (NCO).

Evidence of collective orbital excitations (orbitons) has
been found in one-dimensional (1D) cuprates, where the
reduced dimensionality leads to the fractionalization of
the electron, i.e., the effective separation of its charge,
spin, and orbital components that can propagate inde-
pendently from each other. Experiments on chain and
ladder cuprates [14–16]) as well as calculations [17–19]
have shown that the exciton formed by the promotion of
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FIG. 1. Overview of the Cu L3 RIXS data, measured with σ incident polarization, for LCO, CCO and NCO. Panels (a)-(c):
below the respective scheme of the Cu coordination, we show the stack of RIXS spectra as a function of momentum q along
the (1, 0) and (1, 1) directions. The labels indicate the symmetry of the peaks as determined from comparison with single-ion
calculations [5, 13]. (d)-(f): map of the second derivative of the scans of panels (a)-(c), zoomed on the energy range of the xy
excitation. Red dots highlight the position of local maxima, which correspond to a peak in the original RIXS scans. Note that
the energy scale is the same in the three panels although centered at different absolute energies.

an electron to a higher-energy d orbital can propagate
coherently through the antiferromagnetic (AFM) back-
ground, in a very similar fashion to a single hole in the
AFM state [20, 21]. The resulting excitation leads to
a lens-like dispersion map, with a dominant signal at its
lower edge displaying a maximum in energy at the Γ point
and a minimum at the magnetic zone boundary [14, 16].

In two-dimensional (2D) and three-dimensional (3D)
compounds, the fractionalization of electrons is still un-
der debate. In AFM systems, the motion of the or-
biton generates a ‘trail’ of magnetic excitations that pre-
vents the independent propagation of spinons and or-
bitons [22, 23]. In Kugel-Khomskii systems with ferro-
magnetic (FM) order, and therefore no coupling between
orbitons and magnons, a theoretical prediction that dis-
regards coupling to the lattice suggests the possibility of
itinerant orbitons [24]. However, the coupling to the lat-
tice, which is stronger in 2D and 3D, further hinders the
orbiton motion [25–27]. In fact, the extensive experi-
mental search for orbitons in the FM manganites and
titanates [26, 28–30] has so far been inconclusive. In
layered cuprates, the parent compounds of high-Tc su-
perconductors with 2D AFM order, orbital excitations
have always been found to be localized in nature and

interpreted as atomic transitions in the presence of a lig-
and field [5, 31]. More in general, apart from the ‘spe-
cial’ 1D case mentioned above, dispersing orbitons in 3d
transition-metal oxides have remained elusive [32], re-
sulting in a striking asymmetry between magnetic and
orbital excitations. [33] In this letter, we report Cu L3-
edge resonant inelastic x-ray scattering (RIXS) measure-
ments of the orbital excitations in three cuprate families:
the single-layer La2CuO4 (LCO) and Nd2CuO4 (NCO),
and the infinite-layer CaCuO2 (CCO). While the orbital
excitations in La2CuO4 show no sign of dispersion, in
agreement with previous data [5], in CCO and NCO we
observe a clear collective nature of the dd excitations with
a dispersion larger than 50meV along the (1, 0) and the
(1, 1) crystallographic directions.

Experimental results – The experiment has been per-
formed on high-quality films of La2CuO4, CaCuO2, and
Nd2CuO4. Details of the preparation are described in
[13, 36–40]. Spectra of LCO and CCO were measured
at the beamline ID32 [41] of the European Synchrotron
ESRF, France, and those of NCO at the beamline I21
of the Diamond Light Source, UK [42]. The scattering
angle was kept fixed at 150◦, and in-plane momentum
scans were performed by changing the incident angle θ.
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FIG. 2. (a): Schematic representation of the next-nearest
neighbour (NNN) xy orbiton propagation in the hole language
in 2D cuprates. The sketch on the left corresponds to the
final state of the RIXS process. The total amplitude of the
orbiton superexchange process is divided by the energy U −
3JH of the spin-triplet intermediate state. (b): Cartoon of the
effective hopping between NNN x2−y2 orbitals (ta, left panel)
and xy orbitals (tb, right panel). The ‘Slater-Koster’ hopping
terms [34] between copper and oxygen orbitals (tpdσ, tpdπ and
tpp) are defined in the usual way, cf. [13, 18, 35]. In both cases,
the two different paths across the plaquette constructively
interfere, but the number of negative signs (highlighted in
red) is different in the two cases, so that tatb < 0.

The energy was fixed at the copper L3 resonance (∼ 931
eV). We employed incident linear-vertical (σ) and linear-
horizontal (π) polarizations. The total experimental line
width was ∼ 40 meV for CCO and LCO, ∼ 50 meV for
NCO. The temperature was kept fixed at 20 K. The three
compounds share the same in-plane CuO2 square lattice
structure but differ in the out-of-plane Cu-O coordina-
tion, as shown in the insets of Fig. 1. In LCO the Cu2+

ion is directly bound to two out-of-plane (apical) oxygen
atoms to form elongated octahedra. The infinite-layer
CCO has no out-of-plane oxygen at all. And in the T’
structure of NCO the CuO2 planes are separated by Nd-
O layers with oxygen not in apical position but above and
below the in-plane oxygens. Panels (a)-(c) of Fig. 1 dis-
play the momentum dependence of the orbital excitations
in LCO (left), CCO (centre), and NCO (right) along the
high-symmetry directions (1, 0) and (1, 1), acquired with
σ incident polarization. The orbital spectra are com-
posed by three main features, which correspond to the
transitions between the (x2−y2) ground state and the
other 3d orbitals (xy, xz/yz, z2) split by the tetragonal
crystal field. The excitation energy is similar among the
3 cases for the (xy) case, and differs more for the other or-
bitals, more influenced by the out-of-plane coordination

[5]. As the first ligand-field excited state is at very high
energy (∼1.5 eV) all three compounds are characterized
by a rigid ferro-orbital order with (x2−y2) symmetry. In
turn, the virtual hopping of the single hole of the Cu atom
determines strong AFM interactions between neighbour-
ing sites (in agreement with the Goodenough-Kanamori
rules), and indeed all samples display dispersing magnetic
excitations at energies < 0.4 eV (not shown in Fig. 1).
Their intensity evolution with momentum is mostly due
to the RIXS matrix elements, which depend on photon
polarization and scattering angles [5].

A closer inspection reveals that, while the energy of the
peaks in LCO is independent of q, the energy of the xy
and xz/yx excitations shows an appreciable dispersion
for CCO and NCO. For a quantitative estimation we ex-
tracted the second derivative of the RIXS spectra [Fig.
1(d-f)]. For LCO the xy excitation shows no dispersion
within error-bars, while for CCO it exhibits a dispersion
of 55±15 meV and 50±5 meV along the (1,0) and (1,1)
directions, respectively. The energy is maximum at (π, 0)
and (π2 ,

π
2 ) and minimum at the Γ point (0,0). A similar,

though smaller, dispersion is observed for NCO (50± 20
meV and 40± 10 meV, respectively). This behavior is at
odds to what has been observed [14, 16] and calculated
[17] in 1D compounds, where the dd excitations’ lowest
energy edge disperses with a π-periodicity and reaches its
maximum energy at Γ. For the three samples, a satellite
of the main dispersing xy peak, about 50-70 meV higher
in energy, shows very limited or zero dispersion and an
asymmetric lineshape. The (xz/yz) orbital also shows
a marked dispersion especially along the (1, 1) direction,
with again a minimum at the Γ point (see panels (b) and
(c)). Interestingly, for both CCO and NCO an additional
broad feature is evident at ∼ 300 − 400meV above the
(xz/yz) peak. The momentum dependence of their in-
tegrated spectral weight is similar to that of the main
(xz/yx) peak, and both agree with the single-ion calcu-
lations for that final state (see Supplementary Material
[13]). These observations indicate that the (xz/yz) exci-
tations are very broad in energy and cannot be identified
with just a single, though dispersing, peak. The (z2) ex-
citation is quite broad too and it is more difficult to iden-
tify an associated dispersion. In previous investigations
of CCO by RIXS [5, 43] the dispersion of orbital excita-
tions was overlooked either because of insufficient energy
resolution (240 meV in Ref. 5) or because the focus of
the articles was on on spin excitations in the mid-IR en-
ergy range, not the dd excitation in the eV range [43, 44].
Here [13] we have exploited a better combination of scat-
tering geometries (grazing-incidence and reflection) and
incident polarizations (σ and π) to assess the dispersion
of dd excitations, and excluded that the observed effect is
the result of multiple peaks at adjacent energies following
different intensity dependencies on momentum.

Orbital superexchange model – The dependence on the
wave-vector of the dd excitation energy is so far un-
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reported in layered cuprates, and in general in two-
dimensional 3d transition metal compounds. Phe-
nomenologically, the different behaviour of LCO and
CCO/NCO clearly correlates to the presence or absence
of apical oxygens. On the theoretical level, our observa-
tions can be linked to the reduced value of ∆, the charge-
transfer energy between Cu (3d, 4s) and in-plane O (2p)
states, in the absence of apical ligands [45–47]. A smaller
∆, in turn, increases the nearest-neighbour and longer-
range Cu-Cu hopping amplitudes t, t′ [43, 46, 47]. In
fact, as discussed below, a similar situation concerns also
the orbiton hopping elements – which turn out to be sig-
nificantly increased in CCO / NCO w.r.t. LCO. A simple
2-site model can reproduce the measured dispersion, but
fails to give a proper physical description as it intrinsi-
cally neglects the presence of the underlying 2D AFM
lattice (see [13]).

Our starting point is, therefore, the Kugel-Khomskii–
type spin-orbital model [48], where orbital excitations
can move from site to site thanks to a perturbative three-
step superexchange (SE) processes [1]. In 2D and 3D
AFM systems, the nearest-neighbor (NN) SE is impeded
by the strong interaction between orbitons and magnons
[22], what is known as magnetic string effect (see [13]
for an intuitive explanation). The orbiton dispersion
through this mechanism is effectively forbidden. There-
fore, and further stimulated by the experimental evi-
dence, we propose an orbital SE process between next-
nearest-neighbor (NNN) sites, see Fig. 2(a). We focus
our analysis on the xy excitation. The xy hole can move
to a NNN site through a hopping integral t′b; the NNN
site becomes thus occupied by two holes with different
symmetry (x2−y2 and xy) and parallel spin, which costs
energy U − 3JH [18]; finally the x2−y2 hole can move
by hopping t′a to the original site, resulting in the SE
parameter Jorb

NNN ∝ t′at
′
b/(U − 3JH). Altogether, such an

orbital SE model leads to an orbiton dispersion relation
unaffected by magnons:

εk = 2Jorb
NNN cos kx cos ky. (1)

Interestingly, the sign of the Jorb
NNN orbital exchange is

always negative in the 2D cuprates, though its modulus
depends on the crystalline structure (see below). Indeed,
the sign is determined by the relative phase factors of the
considered oxygen and copper orbitals, as schematized in
Fig. 2(b). The Cu-Cu hopping integrals t′a and t′b have
opposite sign, due to the distinct signs before the tpdσ
and tpdπ hoppings for the respective bonding copper and
oxygen orbitals. Ultimately, the sign depends on the fact
that the xy orbital has its lobes, and therefore phases,
rotated by 45◦ with respect to the (x2−y2) orbital. It is
important to note that the opposite sign of t′a and t′b is
obtained in the cuprate charge-transfer (Emery) model,
whereas in a canonical multi-orbital Hubbard model this
sign is assumed to be the same [1].
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FIG. 3. Dispersion relation εk, for the (xy) orbiton in CCO,
obtained from the RIXS experiment (points), the SE model
(red line) Eq. (1), and from the numerical exact diagonal-
ization (ED) of the multi-orbital Hubbard model on a 4 × 4
cluster (yellow points and line). See text for further details.

Validity of the model – As shown in Fig. 3(a), the cal-
culated dispersion of the (xy) orbiton using Eq. (1) agrees
very well with the experimental RIXS data of CCO. Note
that for CCO, the relatively large oxygen-oxygen hop-
ping tpp ≈ 0.7 eV [47, 49] and small charge transfer
energy ∆ ≈ 1.8 eV [46, 50–52] lead to the estimation
Jorb
NNN ≈ −15 meV by state-of-the-art cell perturbation

theory [35] applied to the charge transfer model (see SM
[13] for details, which includes Refs. [18, 46, 47, 49, 53–
55]). Moreover, our model can account for the difference
between LCO and the other two compounds. In fact,
the presence of apical oxygens in LCO raises the charge-
transfer energy to ∆ ≈ 2.6 eV [46, 56], decreases the
covalency and leads to |Jorb

NNN| < 6 meV, i.e. at least two-
and-a-half times smaller than in CCO [13]. The presence
of apicals should also decrease the oxygen-oxygen tpp [13],
further reducing |Jorb

NNN|. This explains why the orbiton
dispersion in LCO falls below the current experimental
sensitivity.

To verify the assumption that orbiton and magnons
effectively decouple [which has lead to Eq. (1)], we per-
formed exact diagonalization (ED) of a realistic multior-
bital Hubbard model [13]. Such calculations inherently
account for all possible SE processes, including magnon-
orbiton coupling. The latter could lead to spectral weight
transfer from the orbiton quasiparticle to the contin-
uum and to a renormalization of the orbiton dispersion
[17, 22, 23, 57]. Both effects, as shown in the Supplemen-
tary Material [13], turn out to be very small. The dis-
persion calculated with the ED calculations follows semi-
quantitatively the one predicted with the SE model, and
is reported with yellow triangles in Fig. 3. Moreover, the
surprisingly small incoherent part of the ED spectrum is
barely visible in the asymmetric shape of the line spec-
tra, as reported in the Supplementary Material [13]. This
good agreement is due to the different kinetic energies of
magnon and orbiton (the former being faster than the
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latter) and to the dominant NNN orbital exchange.

As explained above, the experimental spectra also re-
veal the presence of a non-dispersing peak ∼70meV
above the dispersing xy excitation. The ED calculation
shows indeed the presence of a continuum of magnetic
origin caused by the NN SE interaction, but underesti-
mate its intensity as described in the Supplementary Ma-
terial [13]. Another probable explanation is in terms of a
ladder spectrum consisting of orbitons coupled to phonon
satellites, which are always present in the dd excitation
spectra [58]. The energy separation between dispersing
and non-dispersing xy peak indeed agrees with the energy
of bond-stretching oxygen modes [59], which posses the
strongest electron-phonon coupling among all branches
and indeed dominate the low-energy RIXS response (see
Supplementary Material [13]). The dispersionless nature
of the satellite peak can be rationalised by noting that,
not only coupling the mobile orbitons to a massive local
excitation would strongly reduce its dispersion [60–63],
but even in case of coupling to dispersive (e.g. acoustic)
phonons the observed dispersion is strongly renormalized
and below our senstitivity —as realistic calculations for
coupling of cuprate electrons to phonons reveal [64, 65].
Moreover, the unavoidable presence of multiple phonon
harmonics (ladder spectrum) explains the asymmetric
lineshape of the non-dispersing peak.

Conclusions – The observation of a sizable dispersion
of orbital excitations in cuprates without apical oxygens
demonstrates that dd excitations can have a collective
nature beyond the 1D case. The large orbiton disper-
sion is a consequence of a significant NNN orbital SE.
Unlike the NN one, the NNN exchange takes place on
the same AFM sublattice and allows for an almost free
orbiton hopping, i.e. without coupling between orbitons
and magnons. This mechanism is different from the 1D
case, where the orbiton hops between NN copper sites
and decouples from the magnetic excitations solely due
to the fractionalization of electrons in the 1D interact-
ing systems [14, 17]. Such fractionalization in the orbital
sector is instead absent in our 2D case. The narrower or-
biton bandwidth in 2D with respect to the 1D cases might
be due to a smaller superexchange interaction [14, 44, 66]
following a larger charge-transfer energy [67], but further
studies are required for an exhaustive understanding of
the phenomenon.

The exceptionally large NNN orbital superexchange
can be traced back to the strong copper-oxygen cova-
lency in the copper oxides without apical oxygens [46].
We note that longer-range hopping is at the origin of
the peculiar properties of spin excitations of CCO, with
spinon-like behavior emerging close to (π, 0), in analogy
to 1D spin systems [44]. It turns out that a canonical
Hubbard-like description cannot yield the observed sign
of the orbital superexchange. One has to go ‘back’ to
the charge transfer (Emery) model to get this sign cor-
rect, highlighting the fundamental role played by oxygen

bands in the physics of 2D cuprates. Lastly, the observed
mobility of orbitons might explain the measured coupling
between dd excitations and doped holes [31, 68]. Re-
cently, it has been demonstrated that such coupling can
lead to an attractive interaction between holes, positively
contributing to superconducting pairing [69]. It would be
therefore of interest to explore the effect of doping on the
dispersion of orbital excitations.
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Supplementary material

S1 Further experimental details

Methods – The La2CuO4 (LCO) film (30 nm thick) was grown by pulsed laser deposition (KrF excimer
laser, λ = 248 nm) on LaSrAlO4 (001) (LSAO) substrate. The substrate holder was at a distance of 2.5
cm from the LCO target, which was prepared by the standard solid-state reaction method. Before the
growth, the substrate was pre-annealed in situ at 700 ○C under 1 mbar oxygen for 10 min. During the
growth, the substrate temperature was around 700 ○C and the oxygen pressure around 0.8 mbar. After
the growth, to obtain a more insulating LCO, the film was post-annealed in vacuum at 200 ○C for 30
minutes [1]. The lattice constants of LCO are a = b = 3.77 Å and c = 13.1 Å. The resistivity of the LCO
film is reported in Fig. S1, demonstrating its insulating behaviour.
The CaCuO2 (CCO) films (30 nm thick) were grown by pulsed laser deposition (KrF excimer laser,
λ = 248 nm) at a temperature around 600 ○C and an oxygen pressure of 0.1 mbar, on NdGaO3 (NGO)
(1 1 0) substrate. The substrate holder was at a distance of 2.5 cm from the CCO target, which was
prepared by standard solid-state reaction [2, 3]. The lattice constants for CCO, as determined from
XRD, are a = b = 3.86 Å and c = 3.18 Å. The measured sheet resistance of CCO at room temperature
(300 K) was 2 MΩ, corresponding to a resistivity of ∼ 6000 mΩcm. Below 250 K, the resistivity of the
film increased too much and the measurements became unreliable.
The thin films of T’-Nd2CuO4 used in this work were grown by molecular beam epitaxy under ultrahigh
vacuum using Nd and Cu metal sources and atomic oxygen generated in situ from a radiofrequency
oxygen source [4]. Reflection high energy electron diffraction and electron impact emission spectroscopy
were used to monitor and control the growth of the NCO films on (001) SrTiO3 substrates in real time.
High-resolution reciprocal space mapping data show that films with a thickness of 100 nm are grown
fully relaxed. The films were subjected to a two-step annealing process [5]. The resistivity of the NCO
film is reported in Fig. S1, demonstrating its insulating behaviour.
The RIXS experiments on LCO and CCO samples were conducted at the ID32 beamline of the ESRF –
The European Synchrotron, France. The scattering angle was kept fixed at 149.5°, and the momentum
scans along the (1,0) and (1,1) directions were acquired rotating the incident angle θ. The energy
was fixed at the Cu L3 resonance (∼ 931 eV) and we employed incident linear-vertical (σ) and linear-
horizontal (π) polarizations. Total resolution was estimated to be ∼ 43 meV both for normal and
polarimetric scans. Temperature was kept at 20 K. Although we are not analyzing the intensity of the
orbital excitations, all of the spectra have been corrected for self-absorption as described in [6]. In the
case of CCO and LCO, self-absorption correction was taking the finite thickness of the sample into
consideration.
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Figure S1: Resistivity of the LCO and NCO film.
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S2 Extraction of the xy-orbital dispersion

In order to evaluate the dispersion of the xy orbital, we have extracted its energy in two ways:

• as the first relative maximum of the (inverted) second derivative, smoothed using adjacent-
averaging over 5 points. Since the second derivative curves are noisy, after having identified
the first relative maximum, we have calculated “a centre of mass” with the four adjacent points,
using the intensities of the second derivative in those points as a weight. The extracted dispersion
at energy loss ωi therefore is:

ωi = ∑+2j=−2 f ′′(ωi+j) ⋅ ωi+j∑+2j=−2 f ′′(ωi+j) (S1)

where −f ′′(ωi+j) is the second derivative of the RIXS spectrum calculated at energy loss ωi+j .
Close to the maximum, the inverted second derivative is always well above zero so that the
denominator is clearly positive. An example of the second derivative is shown Fig. S3(f) for
RIXS spectra collected at (0,0), (1/4,1/4), and (1/2,0), with σ incident polarization. Points are
the raw curves, while the solid lines are smoothed over 5 points. In the case of CCO, the error
bars have been taken, for the last 5 points along the (1,0) direction close to (1/2,0), as two times
the energy separation between experimental points (∼ 9 meV). This is because the intensity of
the dispersing feature decreases and its width increases. In Fig. S2 we report five representative
RIXS spectra along the (1,0) and (1,1) directions, along with the corresponding smoothed second
derivatives.

• fitting the spectra with functions representing the different features. The xy excitation is fitted
with two different peaks, named xy1 and xy2. xy1 is fitted with a Voigt function. Motivated by
the asymmetry of the peaks, and by theoretical consideration of the nature of the excitation (see
discussion in the next seections), we fit xy2 using a skewed Gaussian profile. The asymmetry
parameter α is kept fixed at 4. All other excitations (xz/yz, 4th peak and z2 are fitted using
symmetric Gaussians. The intensity, energy and width of the different features are left as free
parameters with the exception of the Gaussian width of xy1, which is fixed at the experimental
resolution. The energy of the xy2 peak has been taken as the maximum of the curve. Bottom
figures refer to CCO, where the peaks are particularly sharp and this estimation is more reliable.
Examples of the fitting results at different momenta are given in panels (a)-(e) of Fig. S3.

As seen in panel (c) of Fig. S3, there is a very good agreement between the two approaches along
the diagonal and close to the (0,0) point; close to (π,0), the intensity drops and the peak broadens, so
that the uncertainty increases. The estimation of the dispersion of orbital excitations is complicated
by the fact that two or more peaks might be close in energy, and their intensity might be strongly
dependent on the scattering geometry. Therefore, a “dispersion” might just be the result of two or
more peaks with fixed energy, but with intensities that depend differently on the momentum q. In
order to rule out this scenario, we take advantage of the fact that the atomic cross-sections of the
dd excitations (which are still a good approximation of the real ones) change drastically when one
changes polarization and experimental geometry. Therefore, we have extracted the dispersion of the xy
orbital using both σ and π incident polarization, and by changing between grazing-in and grazing-out
geometries. Figure S3(g) shows a RIXS map as a function of momentum collected along the path
depicted as a red line the inset, with σ polarization. Blue (red) dots report the local maxima of the
inverted second derivative extracted from RIXS spectra collected with π (σ) polarization, along the
blue (red) path in the inset corresponding to grazing-out (grazing-incident) geometry. Evidently, the
dispersions of the xy excitation extracted from the two datasets are in very good agreement with each
other.

S3 Momentum dependence of the dd intensities

Fitting the spectra as described in the previous section allows us to extract the spectral weight of dd
excitations as a function of momentum transfer. This is useful to compare the measured behaviour of
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure S2: Representative RIXS spectra of the xy orbital excitations acquired along the (1,0) (panels
(a)-(c)) and (1,1) directions (panels (d)-(f)) using σ incident polarization. In each panel, the smoothed
second derivative curves are plotted below the raw RIXS spectra. Panels (g)-(i) report the RIXS spectra
of xz/yz excitation along (1,1) direction.
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Figure S3: (a)-(e) Examples of fitting procedure (zoomed close to xy excitation) on the RIXS spectra
of CCO. All the spectra were acquired with linear vertical polarization. Vertical dashed lines report
the energy of the dispersing xy peak. (f) examples of the (inverted) second derivative of the RIXS
spectra collected with σ polarization at (0,0) (green dots and line) and (1/4,1/4) (violet dots and line).
Dots (line) refers to the raw (smoothed with 5 points moving average) curve. (g) Second derivative
map of the RIXS spectra acquired with σ and π polarizations. Blue (red) dots correspond to energies
extracted with the second-derivative method on spectra collected with π polarization and grazing-out
geometry (σ polarization and grazing-in geometry), as depicted in the inset above the panel. (h) Second
derivative map of the RIXS spectra acquired with σ polarization. Green (violet) dots represent energy
of the xy excitation extracted. Red line corresponds to σ polarization, blue to π polarization.
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Figure S4: spectral weight of dd excitations as a function of momentum for LCO (left panel) and
CCO (right panel). Symbols report intensities extracted from experimental data, solid lines are curves
calculated with the single-ion model.

the intensity with the one expected from single-ion calculations. It must be noted, however, that in a
simple ionic picture the dd intensity just depends on the experimental geometry (incident angle θ and
azimuthal angle ϕ) and only indirectly on momentum.
The measured and calculated intensities are shown in Fig. S4. In LCO, the single ion picture gives
a good description of the experimental geometry, as was demonstrated before [7]. Evidently, there is
only a small discrepancy close to the Γ point for the xy and xz/yz peaks. This might be due to the
asymmetric lineshape of the peaks, not completely captured by the fitting and resulting in an imperfect
assignment of the spectral weight. Constraining the intensity of xy peak would result in a better
assignment of the spectral weight.
In CCO, the weight of the xy excitation (which is calculated as the sum of the two peaks with which it
was fitted) is consistently underestimated. This might be due again to the strong asymmetric lineshape
of the 1.7 eV peak, not captured by our fitting. We note that the small spin-orbit coupling of cuprates
might also redistribute part of the spectral weight. The more interesting fact comes from the observation
of the xz/yz and 4th feature. Evidently, the single-ion calculation only agrees with experimental data
when the two spectral weights are summed together. Taken separately (yellow and purple points in the
right panel of Fig. S4), neither of them agrees with the single-ion prediction even qualitatively.

S4 The orbital superexchange model:
derivation, comparison with experiment and its validity

A dispersion of dd excitations of the right order of the magnitude can be obtained considering a simple
2-site 2-orbital Hubbard model, solved with an exact diagonalization calculation and assuming the
strong Hubbard U limit. There are then two excited states with momenta 0 and π. The expected
dispersion originates in the spin-orbital superexchange and becomes E(π)−E(0) = −4(tatb)/(U −3JH),
where ta, tb are the nearest neighbor (NN) hopping integrals for the two orbitals, and U and JH are the
on-site repulsion and exchange integral respectively. However, the considered dimer does not capture
the effect of the underlying two-dimensional AFM lattice. The strong interaction between the orbital
excitations and the magnetic background strongly renormalizes the dispersion originating from such a
NN orbital exchange, cf. [8] and below. Therefore, as the starting point we consider a charge transfer
model and from that we derive a realistic orbital (Kugel-Khomskii type) superexchange model. It
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turns out that the latter model contains a (surprisingly) large next nearest neighbor (NNN) orbital
superexchange which gives rise to the free orbiton hopping on the same antiferromagnetic (AFM)
sublattice and, therefore, yields a large orbiton dispersion (see below for details).

S4.1 Charge transfer model in the ‘standard’ basis and its parameters for CCO

As the starting point of the calculation we use a charge transfer model with two d orbitals (dx2−y2 ≡
x2−y2 and dxy ≡ xy) and two p orbitals (px and py) per each copper and each oxygen atom (respectively).
Thus, in the CuO2 unit cell we have in total six orbitals. The model contains eight parameters. Six
charge transfer model parameters are defined in the usual manner (in the hole language): (i) the
Cu-O hopping tpdσ, (ii) the Cu-O hopping tpdπ, (iii) the O-O hoppings tpp (nearest neighbor between
distinct oxygen orbitals), (iv) the charge transfer energy for all oxygen orbitals ∆, (v) the on-site copper
repulsion U , (vi) the Hund’s exchange JH . We also consider two crystal field energies: (i) the energy
difference between the π and the σ bonding oxygen orbitals επσ (originates in the higher energies for
holes in the σ bonding, i.e. ‘pointing-towards copper’, oxygen orbitals), (ii) the crystal field energy of
the xy orbital εxy. Note that we skip the Coulomb repulsion Up on oxygen, since below we consider
bonding or antibonding combinations of oxygen orbitals and the effective repulsion between oxygen
holes is strongly reduced (due to the charge delocalisation). Altogether this leads to the following
charge transfer Hamiltonian in the hole notation:

H = Hkin +Hcoul, (S2)

where

Hkin = ∑
i,s∈{↑↓}{εxyni,xy,s +∆(ni+L,px,s + ni+R,px,s + ni+B,py ,s + ni+T,py ,s)+ (∆ + επσ)(ni+L,py ,s + ni+R,py ,s + ni+B,px,s + ni+T,px,s)+ tpdσ[c†i,x2−y2,s(ci+L,px,s − ci+R,px,s − ci+B,py ,s + ci+T,py ,s) + h.c.]+ tpdπ[c†i,xy,s(−ci+L,py ,s + ci+R,py ,s − ci+B,px,s + ci+T,px,s) + h.c.]+ tpp(c†i+B,py ,sci+L,px,s − c†i+L,px,sci+T,py ,s + c†i+T,py ,sci+R,px,s − c†i+R,px,sci+B,py ,s + h.c.)
+ tpp(c†i+B,px,sci+L,py ,s − c†i+L,py ,sci+T,px,s + c†i+T,px,sci+R,py ,s − c†i+R,py ,sci+B,px,s + h.c.)}, (S3)

and

Hcoul = ∑
i,s∈{↑↓} [(U − 3JH)ni,xy,sni,x2−y2,s + (U − 2JH)ni,xy,sni,x2−y2,s̄]. (S4)

Here ci,f,s (c
†
i,f,s) are annihilation (creation) operators at site i, orbital f and with spin s (ni,f,s are the

corresponding number operators). The sum goes over the copper sites and the indices i+L, i+R, i+B, i+T
describe the nearest neighbor oxygen sites situated to the left, right, bottom and top of the copper
site i.
The chosen charge transfer parameters for CCO, which correctly yield the observed value of the orbiton
dispersion (see main text) as well as the on-site xy orbital energy within 20% error (see below) can be
found in Tab. 1. While in general the estimates of the charge transfer parameters given in Tab. 1 are
rather standard, a few of them require a more detailed discussion:
First, the charge transfer energy ∆ is relatively low for CCO. This can be explained by the lack of apical
oxygens, since the charge transfer energy significantly decreases with the distance to apical oxygens,
cf. Fig. 2 or Table 1 in the appendix of [9]; this value is also consistent with the one extracted from
optical absorption measurements [10, 11].
Second, the O-O hoppings tpp are a bit larger than sometimes assumed. The considered here estimate
follows, for instance, from [9] or the XPS on quasi 1D cuprates (see first column of Table I of [12]).
Besides, a recent review [13] strongly advocates that tpp should be even of the order 1 eV for the σ
bonding oxygens (cf. [14]). Note, however, that this value is larger than e.g. the one estimated by DFT
for CCO [15].
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tpdσ tpdπ tpp ∆ επσ εxy U JH

1.3 0.7 0.7 1.8 −1.6 1.0 8.0 1.0

Table 1: Parameters of the charge transfer model (S2) that are considered to be realistic for CCO (in
eV; see text for more details).

Third, the estimates of the (relative) on-site energies of the π bonding oxygen orbitals and of the xy
copper orbital follow from Ref. [15]. These are pure crystal field parameters, which should not include
any interactions (or even covalency effects) and therefore DFT is the correct approach here. Note that
the crystal field energy of the xy orbital is not (and should not be) equal to the xy orbital excitation
energy measured by RIXS (which includes the covalency effects and, in fact, can be reproduced by the
approach used here, see below).

S4.2 Charge transfer model in the bonding-antibonding basis

Inspired by [16] we express the charge transfer model in the bonding-antibonding basis:
First, we consider two copper orbitals

1. ∣x2 − y2⟩ at zero energy,

2. ∣xy⟩ orbital with energy εxy,

and construct the bonding and antibonding combinations of four oxygen π and four oxygen σ orbitals
on a single CuO4 plaquette. To this end, we move from the px and py oxygen basis to the one formed
by the bonding and antibonding oxygen orbitals (note that the nonbonding orbitals do not contribute
to the exchange processese considered below and can be skipped and that the bonding and antibonding
terminology refers to the electron language):

1. the σ bonding oxygen orbital ∣Bσ⟩ = 1
2(∣B⟩ − ∣R⟩ − ∣T ⟩ + ∣R⟩) with energy εBσ = ∆ + 2tpp (this

orbital corresponds to −∣β⟩ in [16]),

2. the σ antibonding oxygen orbital ∣Aσ⟩ = 1
2(−∣B⟩ − ∣R⟩ + ∣T ⟩ + ∣L⟩) with energy εAσ =∆− 2tpp (this

orbital corresponds to −∣α⟩ in [16]),

3. the π bonding oxygen orbital ∣Bπ⟩ = 1
2(∣B⟩ − ∣R⟩ − ∣T ⟩ + ∣L⟩) with energy εBπ =∆ + 2tpp + επσ,

4. the π antibonding oxygen orbitals ∣Aπ⟩ = 1
2(−∣B⟩− ∣R⟩+ ∣T ⟩+ ∣L⟩) with energy εAπ =∆−2tpp+επσ.

Note that we skip the tpp hopping which mixes the ∣Bσ⟩ and ∣Aπ⟩ orbitals. On one hand, including
the hybridisation between these states hugely complicates matters and is also neglected in [16]. On the
other hand, such a hopping does not lead to a coherent orbiton propagation (for it leads to the double
orbiton creation and annihilation terms).
Second, due to the overlaps between the nearest neighbor CuO4 plaquettes, we itroduce the orthogonal-
isation factors in the definition of the bonding and antibonding oxygen orbitals. This is done exactly
in the same manner as in [16]: inter alia we use the following values for the relevant orthogonalisation
factors (notation as in [16])

µ(0) = 0.958, ν(0) = 0.727, µ(1) = −0.14, ν(1) = −0.273, µ(√2) = −0.02, ν(√2) = 0.122. (S5)

Note that introducing these factors leads to changes in the energies of the bonding and antibonding
states (cf. [16]). In particular, we obtain for the relevant (see below) σ antibonding and π bonding
states

εAσ =∆ − 2ν(0)tpp, εBπ =∆ + 2ν(0)tpp + επσ. (S6)
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Third, we include hybridisation between all four oxygen and two copper orbitals. Then, it turns out
that only the ∣Aσ⟩ and ∣Bπ⟩ orbitals hybridise with copper x2 − y2 and xy orbitals (respectively). We
obtain that the relevant charge transfer model in such a bonding-antibodning basis reads:

H ≃ H(0)kin +H(1)kin +H(√2)
kin +Hcoul, (S7)

with

H(0)kin = ∑
i,s∈{↑↓} [εxyni,xy,s + εAσni,Aσ,s + εBπni,Bπ,s
+ T (0)pdσ (c†i,x2−y2,sci,Aσ,s + h.c.) + T (0)pdπ (c†i,xy,sci,Bπ,s + h.c.) ], (S8)

H(1)kin = ∑⟨i,j⟩,s∈{↑↓} [T
(1)
pdσ (c†i,x2−y2,scj,Aσ,s + h.c.) + T (1)pdπ (c†i,xy,scj,Bπ,s + h.c.)

+ T (1)Aσ (c†i,Aσ,scj,Aσ,s + h.c.) + T (1)Bπ (c†i,Bπ,scj,Bπ,s + h.c.) ], (S9)

H(√2)
kin = ∑⟪i,j⟫,s∈{↑↓} [T

(√2)
Aσ (c†i,Aσ,scj,Aσ,s + h.c.) + T (√2)

Bπ (c†i,Bπ,scj,Bπ,s + h.c.) ], (S10)

where Hcoul is the same as in the previous subsection and the relevant hopping elements are (after
including the orthogonalisation factors):

T
(0)
pdσ = 2µ(0)tpdσ, T

(0)
pdπ = −2µ(0)tpdπ, (S11)

T
(1)
pdσ = 2µ(1)tpdσ, T

(1)
pdπ = −2µ(1)tpdπ, T

(1)
Aσ = −2ν(1)tpp, T

(1)
Bπ = 2ν(1)tpp, (S12)

T
(√2)
Aσ = −2ν(√2)tpp, T

(√2)
Bπ = 2ν(√2)tpp. (S13)

Note that H(0)kin depicts hybridisation between states within the same (orthogonalised) plaquette, H(1)kin

stands for the hybridisation between states on the nearest neigbor (NN) plaquettes, H(√2)
kin stands for

the nonnegligible hopping between the next-nearest neighbor (NNN) plaquettes (note that for the NNN
the hopping between copper and oxygen orbitals can be neglected due to very small µ(√2) [16]). As in
the previous subsection ci,f,s (c†i,f,s) are annihilation (creation) operators at site i, orbital f and with
spin s (ni,f,s are the corresponding number operators).

S4.3 Basis states of the cell perturbation theory

We construct the single-particle cell perturbation theory basis by diagonalising the single cell Hamilto-

nian H(0)kin. We obtain four single-particle eigenstates on the single CuO4 plaquette:

1. ∣ψ−⟩ = cosψ∣x2 − y2⟩ + sinψ∣Aσ⟩ with energy Eψ− = 1
2[εAσ −

√
ε2Aσ + 4(T (0)pdσ)2] —this is the CCO

ground on the single plaquette,

2. ∣ψ+⟩ = − sinψ∣x2−y2⟩+cosψ∣Aσ⟩ with energy Eψ+ = 1
2[εAσ+

√
ε2Aσ + 4(T (0)pdσ)2]—this is the charge

transfer–like excitation on the single plaquette,

3. ∣ϕ−⟩ = cosϕ∣xy⟩ + sinϕ∣Bπ⟩ with energy Eϕ− = 1
2[εxy + εBπ −

√(εBπ − εxy)2 + 4(T (0)pdπ)2] —this is

the xy orbital excitation on the single plaquette (its energy is the one that is observed by RIXS),

4. ∣ϕ+⟩ = − sinϕ∣xy⟩ + cosϕ∣Bπ⟩ with energy Eϕ+ = 1
2[εxy + εBπ +

√(εBπ − εxy)2 + 4(T (0)pdπ)2] —this is

the charge transfer–like excitation of the xy character on the single plaquette.

The angles ϕ and ψ can be calculated from the following formulae:

tan(2ψ) = −2T (0)pdσ

εAσ
, tan(2ϕ) = − 2T

(0)
pdϕ

εBπ − εxy . (S14)
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We assume that the two-particle cell perturbation theory basis consists of just one state [the other states
are not of relevant for the considered (in the next subsection) exchange of the xy orbital excitation, i.e.∣ϕ−⟩]:

∣INT⟩ ≡ ∣ϕ−⟩∣ψ−⟩, (S15)

since all other states will have a much higher excitation energy. Its energy can be estimated by

considering contributions from H(0)kin and Hcoul:

EINT = Eψ− +Eϕ− +Ueff ≈ Eψ− +Eϕ− + cos2ψ cos2 ϕ(Ueff), (S16)

where the last (approximate) equation follows from the fact that Coulomb repulsion is only paid for
the charge located in the copper orbitals (cos2ψ cos2 ϕ) and that we define the Coulomb repulsion Ueff

to be:

Ueff = U − 3JH (S17)

for the NNN orbital exchange (the NNN spins are parallel in the AFM ordered state) and

Ueff = U − 2JH (S18)

for the NN orbital exchange (the NN spins are antiparaller in the AFM ordered state).

S4.4 Next-nearest neighbor orbital superexchange in the cell perturbation theory

Having obtained the proper cell perturbation theory basis, we are now ready to derive the next-nearest
neighbor (NNN) orbital superexchange. This is done using second order perturbation theory and
assuming that the initial state is

∣I⟩ = ∣ϕ−,I⟩∣ψ−,II⟩, (S19)

the intermediate is

∣INT⟩ = ∣VACI⟩∣ϕ−,II⟩∣ψ−,II⟩, (S20)

and the final state is

∣F⟩ = ∣ψ−,I⟩∣ϕ−,II⟩, (S21)

where the indices I and II denote the two distinct NNN sites. We obtain:

Jorb
NNN = −4⟨F∣H(

√
2)

kin ∣INT⟩⟨INT∣H(√2)
kin ∣I⟩

EINT −EI
= −4⟨ϕ−,II∣⟨ψ−,I∣H(

√
2)

kin ∣INT⟩⟨INT∣H(√2)
kin ∣ϕ−,I⟩∣ψ−,II⟩

cos2ψ cos2 ϕ(U − 3JH)
= 4⟨ψ−,I∣H(

√
2)

kin ∣ψ−,II⟩⟨ϕ−,II∣H(√2)
kin ∣ϕ−,I⟩

cos2ψ cos2 ϕ(U − 3JH) = 4sin2ψT (
√
2)

Aσ sin2 ϕT
(√2)
Bπ

cos2ψ cos2 ϕ(U − 3JH)
= −16ν(

√
2)2t2pp sin2ψ sin2 ϕ

cos2ψ cos2 ϕ(U − 3JH) . (S22)

Note that this exchange ‘around the corner’ is allowed due to the finite tpp, which leads to the formation
of the bonding (B) and antibonding (A) states of the π and σ orbitals and then their hybridisation
on the NNN plaquettes. Besides, the factor of four in the formula above stems from the fact that:
(i) there is another superexchange process with the doubly occupied site I in the intermediate state
(∣INT⟩ = ∣ϕ−,I⟩∣ψ−,I⟩∣VACII⟩) which gives rise to one factor of two and (ii) the superexchange constant
is implicitly multiplying the orbital pseudospin raising and lowering with a prefactor of 1/2 (hence
another factor of two).
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The NNN orbital superexchange is always negative and, for the realistic parameters of the charge
transfer model for CCO of Table 1, we obtain

Jorb
NNN ≈ −0.015 eV. (S23)

.
Note that from the above expression for the NNN orbital exchange we can easily extract the NNN
hoppings of the ground state ∣ψ−⟩

t′a = −2ν(√2) sin(ψ)2tpp ≈ −0.072 eV, (S24)

and excited orbital ∣ϕ−⟩
t′b = 2ν(√2) sin(ϕ)2tpp ≈ 0.078 eV. (S25)

Note that in the simplified approach presented in the main text of the paper the t′a and t′b hoppings
are depicted in the cartoon Fig. 3.

S4.5 Nearest neighbor orbital superexchange in the cell perturbation theory

A similar (though a bit more lengthy) derivation as in the subsection above leads to the NN orbital
superexchange:

Jorb
NN = −4⟨F∣H(1)kin ∣INT⟩⟨INT∣H(1)kin ∣I⟩

EINT −EI
=

= 16[−ν(1) sin2ψ tpp + 2µ(1) sinψ cosψ tpdσ][ν(1) sin2 ϕ tpp − 2µ(1) sinϕ cosϕ tpdπ]
cos2ψ cos2 ϕ(U − 2JH) . (S26)

Interestingly, this exchange is positive for realistic parameters of the charge transfer model of CCO in
Table 1—in this case we obtain

Jorb
NN ≈ 0.022 eV. (S27)

The fact that it is positive is important, since this means that the small, but effectively free orbiton
motion originating from the NN orbital exchange and finite Hund’s exchange, can lead to the dispersion
relation along the ‘downwards’ direction (i.e. opposite as the fully free NNN orbiton exchange).
Note that (just as in the previous subsection) from the above expression for the NN orbital exchange
we can easily extract the NN hoppings of the ground state ∣ψ−⟩

ta = 2[−ν(1) sin(ψ)2 tpp + 2µ(1) sinψ cosψ tpdσ] ≈ 0.52 eV, (S28)

and excited orbital ∣ϕ−⟩
tb = 2[ν(1) sin(ϕ)2 tpp − 2µ(1) sinϕ cosϕ tpdπ] ≈ 0.020 eV. (S29)

S4.6 Orbiton dispersion and the magnetic string effect

The NNN orbital superexchange leads to the free orbiton hopping, not frustrating the AFM order, see
below. This leads to the following orbiton dispersion

εk = 2Jorb
NNN coskx cosky. (S30)

Such a dispersion gives rise to the bandwidth, defined as the energy difference between (π,0) and (0,0)
momenta, Worb = 4Jorb

NNN.
Naturally, besides the NNN orbital superexchange, one should consider the contribution of the NN
orbital superexchange to the orbiton propagation. However, the latter one frustrates the AFM order
(due to the AFM spin exchange J spin

NN ≈ 160 meV [17]) and in the first order of approximation can be
neglected, see below.
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Figure S5: Orbiton propagation in the 2D AFM via the orbital superexchange: the nearest neighbor
(NN) exchange leading to the onset of defects in the AFM background and the magnetic string effect
(left panel); the next nearest neighbor (NNN) exchange leading to a lack of magnetic defects and the
free orbiton propagation (right panel). See text for further details.

∣ sinψ∣2 ∣ sinϕ∣2 Eϕ− −Eψ− Worb

0.42 0.46 1.89 0.058

Table 2: The numerical results of the calculations, assuming the charge transfer parameters from Tab. 1,
that can be compared with their experimental counterparts: the oxygen content in the CCO ground
state ∣ sinψ∣2, the oxygen content in the xy orbital excitation ∣ sinϕ∣2, the energy of the xy orbital
excitations measured by RIXS Eϕ− −Eψ− in eV, the bandwidth of the orbiton excitation, measured as
the difference between energy at (π,0) and (0,0) momenta Worb, in eV.

There is a very simple and intuitive way to understand the qualitative differences between orbiton
propagation with NN and NNN superexchanges, see Fig. S5. When one considers the NN orbital
exchange, subsequent hoppings of the xy excitation leaves a string of misaligned spins. They are
represented in the figure as glowing orange lines. Since each orbiton hop costs magnetic energy, the
orbital excitation tends to be localized by the magnon-orbiton interaction. With the NNN orbital
exchange, instead, the orbiton motion costs no magnetic energy since the superexchange happens
between atoms belonging to the same magnetic sublattice. This effect is characteristic of 2D and 3D
AFM ordered systems: it is absent in 1D AFM compounds [18].

S4.7 Comparison with the experimental results for CCO (and NCO)

The primary result of the calculation is that the orbiton dispersion, which goes ‘upwards’ from the Γ
point both along the nodal and antinodal directions, is in qualitative agreement with the experiment.
Note that at the quantitative level the size of the numerical value of the orbiton bandwidth (for the
realistic charge transfer model parameters of Tab. 1) agrees pretty well with the experimentally observed
value of 50-60 meV (in CCO and NCO), cf. Worb Tab. 2. Besides, we also observe that the on-site
energy cost of the xy orbital excitation in RIXS (which amounts to about 1.6 eV in CCO) is off by about
20% w.r.t. the obtained here numerical value Eϕ−−Eψ− , cf. Tab. 2. This is a surprisingly good estimate,
given the relative simplicity of the model (note that the quantum chemistry calculations typically give
similar agreement with the experimental result [19]). Finally, the obtained oxygen content of the ground
and excited state (∣ sinψ∣2 and ∣ sinϕ∣2) favourably compares against e.g. the values typically observed
for the cuprates in XAS, cf. the 40% ‘covalency’ aspect ratio suggested by [20].
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S4.8 Effect of the apical oxygens and lack od orbiton dispersion in LCO

Finally, one has to check whether the model is capable of rationalizing the very different behaviour
measured in LCO and in the infinite-layer compounds. The key lies in understanding what happens to
the physics of the system when the apical oxygens are included. Then, first of all the oxygen content
both in the σ and π bonding orbitals in the plane is reduced in LCO more than in CCO. This happens
primarily because the charge-transfer energy increases in LCO. Ref. [9] clearly shows that the charge
transfer energy ∆ decreases with an increase in the apical oxygen distance (see Fig. 2 of [9])—and is,
thus, even further reduced once the apical oxygens are absent. Altogether, this leads to overall less
charge participating in the orbital superexchange and thus lowers the value of the exchange constants
in the presence of apical oxygens. Moreover, the work of [13] suggests that the dominant contribution
to the tpp hopping comes from a second-order process which involves virtual occupancy of the copper
4s orbital at energy ∆ps (thus tpp ∼ t2ps/∆ps where tps is the direct oxygen 2p and copper 4s orbital).
Since the hole on-site energy in the 4s orbital goes up when the apical oxygens are present, we can
speculate that the oxygen-oxygen hopping tpp should also be reduced once the apical oxygens are
included (albeit [9] does not seem to suggest that this indeed happens). This would reduce even more
the orbiton bandwidth Worb.
Since small changes in any of the above parameters hugely influence the NNN orbiton superexchange,
the orbiton dispersion may get significantly reduced in LCO. In fact, just changing the charge transfer
energy ∆ from 1.8 eV (the value suggested for CCO or NCO, see above) to 2.6 eV (which is the value
commonly accepted for LCO [9, 21]) reduces the orbiton bandwidth in LCO to Worb ≈ 24 meV, i.e. it
is almost two-and-a-half times smaller as the one calculated for CCO. Furthermore, this number can
be even further reduced once the expected reduction of tpp in LCO is taken into account. In particular,
assuming tpp = 0.5 eV (so 30% smaller than the assumed value for CCO) gives Worb ∼ 13 meV for
LCO, three times smaller than the experimental resolution and well below the level of sensitivity of our
current instrumentation.

S4.9 Validity of the orbital superexchange model:
exact diagonalisation of an effective two-orbital Hubbard model

We verified the validity of the superexchange dispersion by comparing it to numerical spectra obtained
for an effective two-orbital model modelling the processes illustrated in Fig. 2 of the main text. The
models kinetic energy is

Hkin = ta ∑⟨i,j⟩,σ c†i,σ,acj,σ,a + tb ∑⟨i,j⟩,σ c†i,σ,bcj,σ,b+
+ t′a ∑⟪i,j⟫,σ c†i,σ,Acj,σ,A + t′b ∑⟪i,j⟫,σ c†i,σ,Bcj,σ,B (S31)

where c†i,σ,α (ci,σ,α) creates (annhiliates) a hole on site i, with spin σ and in orbital α = a, b. Orbital a has

x2−y2 symmetry and corresponds to the ∣ψ−⟩ introduced above, orbital b represents the ∣ϕ−⟩ state with
xy symmetry discussed above. Hopping parameters for nearest-neighbor pairs ⟨i, j⟩ and next–nearest-
neighbor pairs ⟪i, j⟫ follow from the effective values derived with cell-perturbation theory above [cf.
(S24-S25) and (S28-S29)]: tNN,a = −0.51 eV and tNN,b = 0.03 eV, t′a = −0.069 eV, and t′b = 0.072 eV. The
two NNN hoppings are necessarily of opposite sign, see main text.
In the ground state, the B state (i.e. ∣ϕ−⟩) is empty, as its energy is raised by the crystal field

HCF =∆b∑
i,σ

ni,σ,b =∆b∑
i,σ

c†i,σ,bci,σ,b , (S32)

with ∆b = 1.9 eV. The a (i.e. ∣ψ−⟩) state is half-filled. Onsite Coulomb interactions are

Hint = U ∑
i,α=a,bniα↑niα↓ +

U ′
2
∑
i,σ
∑
α≠β niασniβσ̄ +

1

2
(U ′ − JH)∑

i,σ
∑
α≠β niασniβσ

− JH ∑
i,α≠β(c†iα↑ciα↓c†i,β↓ciβ↑) + JH ∑i,α≠β(c†iα↑c†iα↓ciβ↓ciβ↑) (S33)
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Figure S6: Spectral function obtained by the ED calculations at different momenta. The profile is
reported in black solid curves. The asymmetric lineshape is barely visible, though a small almost
non-dispersive satellite peak at energy higher by ∼200 meV w.r.t. the main peak is relatively well-
pronounced. Also shown is the SE model dispersion, reported with the solid red line.

where U ′ = U − 2JH and effective U = 2.4 eV and Hund’s-rule coupling JH = 0.34 eV are relatively
strong for two electrons (with opposite spin) in the same orbital. Such states are thus treated in
second-order perturbation theory, i.e., the ground state corresponds to that of a t-J model, where
coupling JNN = 160 meV of the effective spin-spin coupling

HHeis = JNN ∑⟨i,j⟩,σSi,aSj,a (S34)

was fitted to experiment.
An orbital excitation moves one particle from the lower into the upper orbital. Such states where two
holes are on the same site, but in different orbitals, are not projected out, but are kept in the model’s
Hilbert space. The model can thus in principle go beyond the superexchange process discussed in the
main text and can e.g. include the impact of Hund’s-rule coupling in more detail. The good agreement
between numerical results and superexchange indicate, however, that the latter provides an excellent
approximation. The orbital excitation can additionally move via analogous NN processes (and these
are automatically included in the model). However, their impact onto orbiton motion turns out to be
small, which is explained above by the fact that they disturb the spin background.
The orbital Green’s function

⟨GS∣T †(k) 1

ω − (H −E0)T (k)∣GS⟩ (S35)

is obtained using the Lanczos algorithm for a cluster with 4 × 4 sites. Operator

T (k) = ∑
j

exp[−ikrj]c†j,σ,bcj,σ′,a (S36)

with c†j,σ,α (cj,σ,α) being the creation (annhiliation) operator for a particle in orbital α and spin σ on
site j. k are the momenta accessible to a 4 × 4 cluster. The excitation can arise without a spin flip
(σ = σ′) or with a spin flip (σ = −σ′). While the associated energies slightly differ due to Hund’s-rule
coupling, the splitting is small, so that only the excitation without flip is plotted in the main text.

S5 Discussion on non-dispersing xy feature

To explain the presence of the non-dispersing xy feature, we propose two possible scenarios (with one
more probable than the other one, with the future experimental studies with better resolution possibly
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being able to discriminate between the two): the xy satellite arises because either i) a coupling of
orbitons to magnetic excitations, or ii) coupling of orbitons to phonon modes.
Before we have a closer look at these two possible scenarios, let us make a small ‘detour’ and make
the point that, disregarding of the type of excitation to which the orbitons couples (either magnons or
phonons), the resulting satellite peak would not show any appreciable dispersion. A first guess here
would be that the satellite peak, which is composed from an orbiton coupled to phonon or magnon,
would ‘inherit’ a dispersion from the first peak (i.e. the orbiton). Nevertheless, the existing research as
well as calculations that we have performed (see below) show the opposite – the inherited dispersion
should be strongly reduced or nonexistent at all. The reason for this is as follows:

• First, if the bosons to which the quasiparticle (=orbiton) couples to are dispersionless, then the
satellite peak would not show any dispersion— even if the (main) quasiparticle peak is strongly
dispersive. This is best visible in the recent RIXS studies on the phonon response, see Fig. 1(a)
of [22]. Such a result can be rationalised by noting that the quasiparticle becomes immobile when
coupled to a massive local excitation (this is the ‘string effect’ which gives rise to the onset of a
ladder spectrum, cf. [23, 24]).

• Second, if a realistic phonon or magnon dispersion is included, then still the acquired dispersion
of the satellite peak should be very small. For instance, in the case of phonons, this is visible in
the realistic calculations of the case when itinerant (so highly mobile) electrons couple to several
distinct phonon modes in the cuprates [25]. Ultimately, coupling to each phonon introduces an
extra peak in the spectrum which has some dispersion—however, its bandwidth is (for realistic
cuprate parameters) of the order of 10 meV (see Fig. 10 of [25]) and hence below the experimental
resolution of the RIXS experiment. We stress that we have verified that a similar situation
happens if we assume that the satellite peak is of magnetic origin, as shown in Fig.S6.

A first explanation of the satellite peak, which perhaps would seem more natural considering the nature
of the orbiton and its strong coupling to magnon, would be that it is of magnetic origin. In other words,
the satellite peak arises due to the coupling between orbiton and magnons which in principle always
leads to the onset of the whole set of satellite peaks, the so-called ladder spectrum [23, 24]. However,
as the spin quantum fluctuations are strong in the quasi-2D quantum antiferromagnet, in the end of
the day only the first satellite peak should be visible in such a case, see Fig. 1(a) of [26]. Indeed, as
our ED calculations show (Fig.S6) also in our model there is just one satellite peak visible in the broad
incoherent orbiton-magnon spectrum. We also note that the peak is located about 80 meV above the
main orbiton peak which well agrees with the experimental observation. Moreover, from the theory
point of view such a peak should also be visible even for the non-dispersive orbiton, for the its origin
comes from a different type of spin-orbital exchange than the free dispersion. The latter statement
also agrees with the experiment, since LCO also shows a satellite peak (as evident e.g. from Fig. S2).
Nevertheless, the theoretically obtained ratio of intensities of the satellite and main peaks do not match
the experimental ones: in the former case this ratio is equal to 10:1, while in the latter is closer to 1:1.
Such a strong discrepancy may partially be explained by the use of small cluster in the calculations
(which from our experience always substantially overestimate the intensity of quasiparticle peaks and
suppress the continuum), yet it is unclear whether this could explain this large mismatch between
theoretical and experimental intensities.
The explanation that we propose as more likely is that the satellite peak arises from coupling to phonons.
This is highly probable, since both theory [25, 27] and experimental data show a phonon mode at this
energy range in RIXS (see e.g. Fig. S7). The strong coupling between dd excitations and phonons
in copper oxides is well-known from optical spectroscopy studies, that reveal the clear presence of
phonon-assisted orbital transitions in the experimental spectra (see e.g. [28]). Besides, typically such a
phonon satellite would show weak dispersion (below the RIXS resolution, see discussion in the previous
answer), has rather strong intensity w.r.t. the electronic-only part [25], and is mostly dominated by the
first phonon peak (with the coupling to more phonons contributing to peaks of smaller intensity) [27].
That is why we tend to believe that the satellite peak is of phonon origin. Nevertheless, further
experimental studies with better resolution should confirm this hypothesis.
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Figure S7: Low-energy RIXS spectra of CCO, measured with incident σ polarization and grazing-
incidence geometry. Evident is a strong phonon mode around 75 meV.
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