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Resonant inelastic x-ray scattering was performed at the Cu L3 edge on the undoped cuprate
Ca2CuO2Cl2. The spin wave dispersion along 〈100〉 and 〈110〉 was measured, yielding an estimate
of the superexchange parameter J = 160 ± 10 meV using a classical spin-1/2 2D Heisenberg model
with nearest-neighbor interactions, or J = 135± 9 meV including quantum fluctuations. The 45 meV
dispersion along the zone boundary points (0.5, 0) and (0.25, 0.25) implies that next-nearest neighbor
interactions in this compound are intermediate between the values in La2CuO4 and Sr2CuO2Cl2.
Comparison of our measurement of the spin superexchange parameter with quantum many-body
calculations are easier, since Ca2CuO2Cl2 is composed of only low Z atoms, and will help improve
our understanding of the role of magnetic excitations and correlations in the cuprates.
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I. INTRODUCTION

Magnetic excitations have been studied intensely for
their possible role in the Cooper pair formation which
leads to high temperature superconductivity (HTS) in
the cuprates.1–4 These excitations have been studied in
many of the cuprates using inelastic neutron scattering
(INS)3. However, several pieces of the puzzle are still
missing, largely due to the lack of a theoretical handling
of correlated electronic systems beyond idealized, sim-
plistic models.

Recently Cu L3 edge resonant inelastic x-ray scatter-
ing (RIXS)5,6 has emerged as an alternative probe of the
same excitations. The new technique extends INS ob-
servation to higher energies7, with the potential to also
probe small volume crystals. However, it has mainly been
used in the HTS cuprates to extend studies of compounds
already measured by INS8. In that case, it is found that
magnetic excitations persist up to very high dopings in
regions of the Brillouin zone that are very difficult to
measure using INS8.

The HTS cuprates Ca2−xCuO2Cl2 and
Ca2−xNaxCuO2Cl2 (Na-CCOC)9–11 are vacancy
and Na doped from the parent compound Ca2CuO2Cl2
(CCOC). They are single layers with a simple quadratic
structure, and without any structural phase transitions.
Moreover, they are the only superconducting cuprates
composed exclusively of low Z ions, with copper being
the heaviest. This is an advantage for standard ab-initio

density functional theory calculations, where large Z
ions pose problems for the pseudopotential optimization.
It is even more advantageous for advanced methods
trying to catch correlation effects, such as quantum
Monte Carlo, where the strong spin-orbit coupling is
highly challenging to treat accurately. Therefore in
order to minimize relativistic effects, these quantum
many-body calculations are mainly done on systems
with light atoms, as pointed out by the authors of Ref.
12. Ca2−xCuO2Cl2 and Ca2−xNaxCuO2Cl2 are the
closest example to such systems among HTS cuprates.
Ca2−xNaxCuO2Cl2 has been extensively studied by
photoemission and scanning tunneling spectroscopy9–11,
therefore RIXS can help to provide a complete charac-
terization of the system’s quasiparticles. Here we study
the parent compound of this HTS cuprate, Ca2CuO2Cl2,
and determine its spin-wave dispersion, from which we
extract the superexchange parameter J using a simple
numerical approximation based on the Heisenberg model
Hamiltonian.

II. EXPERIMENTAL METHODS

A. Crystal growth and characterization

Single crystals of Ca2CuO2Cl2 were grown from
CaCO3, CuO, and CaCl2 by solid state reaction14,16. As
shown in the top of Fig. 1, Ca2CuO2Cl2 has a K2NiF4-
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FIG. 1. (Color on line) (top left) Drawing13 of the
Ca2CuO2Cl2 unit cell14. The square coordination of copper
with its four nearest-neighbor oxygen ions in the CuO2 planes
is shown. The chlorine ions are located in the apical site above
and below the copper. Black arrows show one of the possi-
ble magnetic structures consistent with neutron diffraction15.
(bottom right) Temperature dependence of the fitted inten-
sity of the averaged Bragg reflections ( 1

2
, 1
2
, 5
2
) and ( 1

2
, 1
2
, 7
2
)

and a power law fit (red).

type structure (I4/mmm)17 consisting of alternate stack-
ing of the (Ca,Cl)2 layer and the single CuO2 layer. The
structure is similar to La2CuO4 with the apical oxygens
replaced by chlorine and La replaced by Ca. The lattice
parameters are a=b=3.86735(2) and c=15.0412(1)14,16.
The crystals are easily cleaved along the ab-plane due to
the weak ionic bonds within the (Ca,Cl)2 layer.

The single crystals (1-2 mm width/height and 0.2
mm thickness) were characterized using a Bruker 4-circle
kappa geometry diffractometer. A fixed Mo anode was
used and the filtered Kα emission was collimated at 0.2
mm (3 mrad). A cryogenic N2 flux was used to isolate
the sample from humidity since Ca2CuO2Cl2 is highly
hygroscopic. We found crystal parameters in agreement
with literature14,16 and determined the crystal orienta-
tion with respect to visible facets. The samples were
glued on the holder with silver epoxy and then ceramic
posts were attached with the same epoxy.

Ca2CuO2Cl2 is an antiferromagnetic insulator with a
Néel temperature of TN = 247 ± 5 K15. To check
the magnetic state of the samples we performed neu-
tron scattering on the 1T spectrometer at Laboratoire
Leon-Brillouin, using a sample from the same batch. We
measured very weak magnetic reflections at low temper-
ature for q=( 1

2 ,
1
2 ,

`
2 ) with `=2n+1 (n=0,...,4), but none

for `=0, in agreement with Ref. 15. The temperature
dependence of the fitted Bragg intensity (average of the
( 1
2 ,

1
2 ,

5
2 ) and ( 1

2 ,
1
2 ,

7
2 ) reflections) is shown in the bottom

FIG. 2. (Color on line) RIXS geometry for measuring along
〈100〉 with π-polarization and grazing out emission (modified
from Ref. 18). The scattering angle 2θ is defined between the
incoming beam momentum k and the direction where the an-
alyzer collects the scattered beam k’. 2θ and the azimuthal
angles are fixed, whereas the incident angle can be changed
by a rotation, θ, around the b-axis. The incident angle de-
fines δ, which is the angle between the sample normal c and
the transferred momentum q (red arrow), so that δ = 0 in
specular reflection. The projection of q onto the sample’s ab-
plane is denoted q‖, which is 0 for δ = 0 and maximal for
grazing geometries. Measurements along 〈110〉 are done with
the sample rotated 45◦ around the c-axis with respect to this
figure.

right of Fig. 1 and a power law fit finds TN = 247 ± 6
K.

B. Resonant inelastic x-ray scattering

RIXS measurements at the Cu L3 edge (930 eV) were
performed at the ADRESS beamline19,20 of the Swiss
Light Source using the SAXES spectrometer21. The ex-
periment geometry is shown in Fig. 2 and was similar to
previous RIXS studies on cuprate parent compounds6.
We used π-polarized incident x-rays and a grazing exit
geometry in order to enhance the single magnon spectral
weight7,22–27.

The scattering angle was fixed at 2θ = 130◦, giving
a constant momentum transfer to the sample of q =
2 k sin(θ) = 0.85 Å−1. Although q is fixed, its compo-
nent in the ab-plane, q‖, can be changed by rotating the
sample about the vertical axis (b-axis in Fig. 2). For a
given rotation, θ, the deviation from specular reflection
is given as δ = θspecular− θ, thus q‖ = q sin(δ). The min-
imum (maximum) δ used was +5◦ (+55◦) corresponding
to q‖ = +0.07 Å−1 (q‖ = +0.70 Å−1). Therefore, in
terms of reciprocal lattice units (r.l.u) in the ab-plane,
we measured q‖ from (0.05, 0) to (0.43, 0) along 〈100〉
and from (0.03, 0.03) to (0.3, 0.3) along 〈110〉. In other
terms (Fig. 6 inset), we measured past the first Brillouin
zone along Γ-M, but well short of where thermal neutrons
measure at M=(0.5, 0.5). Along Γ-X we measured very
close to the first Brillouin zone edge at X=(0.5, 0).

The samples were cleaved in situ using ceramic posts
under ultra-high vacuum and low temperature conditions
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FIG. 3. (Color online) RIXS map at q‖ = (0.34, 0) with π
incidence polarization showing the resonant behavior of the
magnetic excitations, dd excitations, and charge transfer ex-
citations. Weak fluoresence is seen at high energy when the
system is excited above the Cu L3 edge threshold. The col-
ormap is a logarithmic scale in arbitrary intensity units.

to avoid hygroscopic damage. Their surface quality was
confirmed with x-ray absorption spectroscopy. All spec-
tra presented in this work were taken at 15 K.

III. RESULTS AND DISCUSSION

A RIXS map of Ca2CuO2Cl2 at q‖ = (0.34, 0) is shown
in Fig 3 and highlights the resonant behavior of the in-
elastic features. From lower to higher energy loss, there is
a mid-infrared peak between 0.1 eV and 0.6 eV, dd exci-
tations between 1 eV and 3 eV, and weak charge transfer
excitations at higher energies. A weak fluoresence line is
visible at energies above the Cu L3 edge and intersects
the dd excitations at resonance. The spectral weight from
this fluorescence line at resonance is unknown, but it is
likely appreciable as evidenced by the diagonal skew of
the dd excitations.

In Fig. 4 the RIXS spectra obtained along both direc-
tions are shown in false color, while Fig. 5(a) shows line
plots for δ = +10 and +55. The spectra are normalized
to the area of the dd excitations to account for the geo-
metrical changes of the RIXS cross-section. There is an
expected increase in elastic scattering near specular, i.e
at (0.09, 0) and (0.06, 0.06). However, the elastic line for
the sample aligned along 〈100〉 was large for all momen-
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FIG. 4. (Color on line) False color plot of RIXS spectra
along two high-symmetry directions. The colormap is a log-
arithmic scale of the intensity normalized by the area of the
dd excitations.

tum transfers. These variations are likely due to finite
surface quality after cleaving and did not impede accu-
rate fitting of the magnetic features, which are clear in
Fig. 4.

The mid-infrared feature is assigned as a magnon with
a higher energy multi-magnon continuum. This assign-
ment was done considering its dispersion (Fig. 4,6) and
past RIXS results on cuprate parent compounds in this
experiment geometry6,7. Furthermore, in our case, mag-
netic excitations are the only excitation in the mid-
infrared energy region due to the ≈ 2 eV Mott gap. These
spin excitations are the focus of our paper and are dis-
cussed below.

The apical chlorine in Ca2CuO2Cl2 increases the
tetragonal distortion much like for Sr2CuO2Cl2, there-
fore based on Ref. 18 we assigned the dd excitation at
1.70 eV to Cu-3dxy, 1.99 eV to Cu-3dxz/yz, and higher
energies in the shoulder to Cu-3d3z2−r2 . The dd excita-
tions were not well fit following the technique of Ref. 18,
possibly because of the fluorescence emission also present
in this energy region or electron-phonon coupling28.

The broad charge transfer feature centered around 5.5
eV did not show dispersion or significant intensity vari-
ations, in agreement with Cu K edge RIXS29. The au-
thor of Ref. 29 assigned this feature as transitions to
an excited state composed of symmetric contributions of
a central Cu-3dx2−y2 orbital and the surrounding O-2pσ
orbitals. Cu K edge RIXS also found a dispersive Mott
excitation from 2.35 to 3.06 eV along Γ-X and from 2.34
eV to 4.14 eV along Γ-M. Therefore, the Mott excita-
tion will fall under the dd excitations for the majority of
our momentum transfers, however, the Mott excitation
at ≈ 3.4 eV for q‖ = (0.3, 0.3) is not visible in our results
(Fig. 5(a)).

A typical fit of the mid-infrared region is shown for
q‖ = (0.21, 0.21) in Fig. 5(b) and the extracted magnon
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FIG. 5. (Color online) Cu L3 RIXS spectra of Ca2CuO2Cl2 at different in-plane transferred momentum, q‖, expressed as
(h, k) in reciprocal lattice units. (a) Representative RIXS spectra along 〈100〉 (red) and 〈110〉 (black). All spectra have been
normalized to the area of the dd excitations. The mid-infrared regions of these spectra are shown in (c,d), where vertical bars
represent energy of single magnon found by fitting. The inset shows TEY-XAS (solid) and TFY-XAS (dashed), with an arrow
indicating incident energy for our RIXS measurements. (b) Example of fitting procedure at q‖ = (0.21, 0.21) shown as black
curve through data points. The elastic (E, blue), phonon (P, red), and single magnon (M, green) peaks were resolution-limited
and the multi-magnon (M, magenta) peak fitting is described in the text.

dispersion is shown in Fig. 6. The elastic, phonon, and
single magnon contributions were all resolution-limited.
The elastic line was measured on carbon tape and showed
a combined resolution of 130 meV full-width at half-
maximum. The resolution function was well described
using an arbitrary combination of two Gaussian func-
tions and a Lorentzian function, which were multiplied
by an intensity scaling factor during the fitting of all
the spectra reported here. The multi-magnon excitation
continuum was modeled as the resolution function con-
volved with a step function with subsequent exponen-
tial decay towards higher energy losses. The background
was a Lorentzian tail of the form y = A(x − x0)−2 + c.
The energy of the phonon contribution is found around
60-70 meV with respect to the elastic, or ∼ 15-17 THz,
roughly corresponding to the Debye cut-off frequency ωD
of Ca2CuO2Cl2

30. The major source of uncertainty for
the magnon energy was determining the elastic energy,
since the elastic line was irregular for the sample aligned
along 〈100〉 and often too weak along 〈110〉. Therefore,
the elastic energy was fixed during fitting with respect to

the energy of the non-dispersive Cu-3dxz/yz orbital ex-
citation, which was found to be 1.985 eV from several
spectra with well-defined elastic lines.

The experimental and calculated dispersion along the
two high-symmetry directions are shown together in
Fig. 6. The calculated dispersion corresponds to a clas-
sical S = 1/2 2D Heisenberg model with superexchange
coupling J between the the spins S of the i and j nearest-
neighbor (NN) :

H = J
∑
〈i,j〉

Si · Sj (1)

where J has only an in-plane component J . In this sim-
ple case, using classical linear spin-wave theory31,32, the
dispersion for an in-plane wave-vector q‖ = (h, k) is lin-
ear in J :

~ωq = J
√

4− [cos(2πh) + cos(2πk)]2/4 (2)

and the energy at the zone boundary peaks at 2J ,
and we obtain J = 160 ± 10 meV using the “SPIN-
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WAVE” code32. Including spin quantum fluctuation
renormalization33,34 we have:

~ωq = JZC
√

4− [cos(2πh) + cos(2πk)]2/4 (3)

where ZC is a constant renormalization factor which low-
ers J to 135 ± 9 meV. This value is similar to other un-
doped cuprates such as La2CuO4 (136 ± 3 meV)34 and
Sr2CuO2Cl2 (130 meV)7. Having a similar J reflects the
fact that our data reaches a maximum energy at the zone
boundary of 319 ± 10 meV, matching that of La2CuO4

(317 ± 7 meV) and slightly higher than Sr2CuO2Cl2
(310 meV), although within experimental uncertainty.

There is a 45 ± 10 meV energy difference between the
two BZ boundaries, (0.5, 0) and (0.25, 0.25), which can-
not be explained with a simple NN Heisenberg model.
This difference is an indication of extended magnetic
interactions7,34 and was already observed in Sr2CuO2Cl2
and La2CuO4 and . The behavior has been well described
in terms of the Hubbard Hamiltonian in Ref. 7 and 35.
Their results are interesting in terms of understanding
the in-plane anisotropy of the spin dynamics, however
it does not fundamentally change the estimation of the
superexchange parameter from the NN model7,34. The
45 meV energy difference between the two zone bound-
aries is larger than in La2CuO4 (22 ± 10 meV)34 and
smaller than in Sr2CuO2Cl2 (70 meV)7, possibly indi-
cating that Ca2CuO2Cl2 has a larger (smaller) contribu-
tion from exchange terms beyond nearest-neighbors, with
respect to La2CuO4 (Sr2CuO2Cl2). Using additional ex-
change terms beyond NN in a Heisenberg model for 2D
cuprates36,37 gives an energy of ≈2.2J at (0.5, 0), corre-
sponding to J ≈ 145 meV for our results.

IV. CONCLUSIONS

We performed Cu L3 edge RIXS on the un-
doped, antiferromagnetic HTS cuprate parent compound
Ca2CuO2Cl2. We measured the spin wave dispersion
along the two high-symmetry directions and determined
the leading exchange term J = 160 ± 10 meV from a
classical S = 1/2 2D Heisenberg model with nearest-
neighbor exchange. Including spin quantum fluctuation
renormalization, this corresponds to J = 135 ± 9 meV.
To our knowledge, this is the first measurement of the
spin-wave dispersion and their zone-boundary energy in
Ca2CuO2Cl2 since INS has not been performed, nor
two-magnon Raman scattering measurements. Due to
the possibility of quantum many-body simulation for the
low Z cuprate Ca2CuO2Cl2, our results combined with
future calculations will offer a unique comparison be-
tween experiment and state-of-the-art theory of corre-
lated systems, which is currently unavailable for other
HTS cuprates.

X Γ (1/4,1/4) M

q  (r.l.u)

0

50

100

150

200

250

300

E
n
e
rg

y
 (

m
e
V

)

M(1
2
,1
2
)

X(1
2
,0)

Γ

FIG. 6. (Color online) Dispersion of Ca2CuO2Cl2 mea-
sured using Cu L3 RIXS. The red line is a calculation for a
classical spin-1/2 2D Heisenberg model with nearest-neighbor
superexchange as described in the text. (inset) 2D Brillouin
zone showing high-symmetry points. The first Brillouin zone
boundary is represented by a dashed line, while the AFM zone
boundary is represented by the thick black line. The region
where we measured is shown as two thick blue lines along Γ-X
and Γ-M.
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