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While ferromagnetism and antiferromagnetism are well-established classes of magnetic order, a third class
of collinear magnetic order, termed altermagnetism, has recently attracted scientific interest. We measured
magnetic circular dichroism (MCD) in core-level photoemission (XPS) at the Ru 2p3/2 and 2p1/2 core levels
in epitaxial RuO2(110)/TiO2(110) films using circularly polarized x rays at 6 keV, as well as x-ray magnetic
circular dichroism (XMCD) in resonant x-ray absorption at the Ru M3,2 (3p3/2 and 3p1/2) edges. Charge transfer
multiplet calculations show that the MCD-XPS and the XMCD can be explained by an altermagnetic locking of
Ru magnetic moments and a distorted crystal field orientation. The distortion is caused by the epitaxial strain.
The collinear magnetic moments in RuO2 occupy sublattice sites with distorted octahedral crystal fields that are
rotated by 90◦ with respect to each other. A change in the sign of the MCD-XPS at different sample positions
indicates the presence of altermagnetic domains with the size of around hundreds of micrometers.

DOI: 10.1103/x2h4-rtky

I. INTRODUCTION

The two elementary classes of crystals with collinear
magnetic order—ferromagnetic and antiferromagnetic—have
applications in the field of spintronics [1–7]. The spin
polarization of ferromagnetic conduction bands breaks time-
reversal symmetry, leading to spin-polarized currents in
spintronic devices. In antiferromagnetic crystals, time reversal
with lattice translation restores the spin symmetry, resulting
in Kramer’s degeneracy and the cancellation of all first-order
magnetic circular dichroism (MCD) effects. Nevertheless,
antiferromagnetic materials have recently attracted scientific
interest due to their potential for exploiting intrinsic spin-
orbit torques [6,8,9]. Unlike ferromagnets, their compensated
magnetic moments avoid stray field interaction and enable
faster switching thanks to their similarly compensated angular
momentum [9–11].

Following an early prediction of spin-polarized conduction
electrons in MnTe [12], a third class of collinear magnetic
order, called altermagnetic, has been predicted [13,14] and
confirmed spectroscopically [15–17]. In altermagnets, the
symmetry is given by a combination of time reversal in spin
space combined with a rotation in real space instead of a
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translation. Consequently, spin-polarized conduction bands
are permitted despite the presence of compensated magnetic
moments. The combination of advantages of ferromagnetic
and antiferromagnetic properties could enable a wide range of
technological applications. Altermagnets could be particularly
useful in spintronics, a field in which signals are carried by the
spins of quasiparticles rather than charge.

Ab initio calculations have predicted the presence of time-
reversal symmetry-breaking MCD in altermagnets across the
entire spectral range, including x rays [18–20]. This phe-
nomenon has recently been used to visualize the altermagnetic
band structure in RuO2 [15].

Although rutile RuO2 was among the first materials for
which altermagnetism, related to spin-dependent transport
properties, was discussed [21–33], its magnetic ground state
has recently been debated. While neutron diffraction [34],
transport measurements [35,36], x-ray scattering [37], and
spin- and angle-resolved photoemission spectroscopy [38]
revealed altermagnetism in RuO2, recent ab initio theory
[39] and experiments [40–48] have called into question the
magnetic order in particular of bulk RuO2. Theoretical stud-
ies suggest that the onset of altermagnetism in epitaxial
RuO2 films could occur near a quantum critical transi-
tion, whereby oxygen deficiencies, symmetry breaking at the
interfaces, or epitaxial strain [39,49–51] would stabilize the
magnetic order. Indeed, recent experimental data on thin films
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seems to support the occurrence of altermagnetism in RuO2

[15,52–57].
We measured the magnetic circular dichroism in the soft

and hard x-ray ranges. MCD has previously been used suc-
cessfully in the study of ferromagnetic materials [58–66].
Since the photon operator acts exclusively on orbital states,
MCD in collinear magnets requires the combination of ex-
change spin splitting and spin-orbit interaction [67–69]. With
the exception of resonant x-ray absorption [70,71], even
in ferromagnets, MCD is typically quite weak because, for
core-level excitation, the exchange splitting is small. For va-
lence band excitations, the relativistic spin splitting is small,
too [58]. However, for the antiferromagnetic order, which
has combined time-reversal and parity/translation symmetry,
MCD and other time-reversal symmetry-breaking linear re-
sponses are absent [14].

We previously established the key signature of the alter-
magnetic phase in epitaxial RuO2 films using MCD in valence
band photoemission spectroscopy [15]. Here, we demonstrate
that a substantial MCD is evident at the Ru 2p core-level
x-ray photoemission spectra and x-ray absorption at the Ru
M3,2 edges in epitaxial RuO2(110)/TiO2(110) films. This
elucidates the role of epitaxial strain in these films. We have
performed charge transfer multiplet calculations [72,73] to
trace the MCD back to the locking of Ru magnetic moments
and the local crystal field orientation at the Ru4+ ions, con-
sidering the strain-induced distortions of the crystal field. The
MCD could be useful in investigating the structure of alter-
magnetic domains.

II. EXPERIMENT

The rutile crystal structure of metallic RuO2 has a collinear,
compensated magnetic order [34,37]. The alternating orien-
tation of the distorted octahedral crystal fields at Ru4+ ions
enables the occurrence of altermagnetism [13,74]. It is pre-
dicted that this rutile crystal family will exhibit topological
properties as well [75].

We have grown epitaxial RuO2(110) films with a thickness
of 7 nm to 34 nm by pulsed laser deposition on TiO2(110)
substrates that were heated to 400 ◦C during deposition. The
oxygen pressure used was 0.02 mbar and typical growth rates
were 1.9 nm/min with the KrF excimer laser operating at
10 Hz and 150 mJ pulse energy. The film thicknesses were
determined from x-ray reflectometry (XRR) at grazing inci-
dence. In addition, XRR indicates that all samples have a
surface roughness of less than 0.3 nm. � scans reveal the
epitaxial relation between substrate and film. They show a
twofold symmetry of (200) peaks aligned with that from the
substrate. The peak width in � is 2◦. The widths of the out-
of-plane scattering peaks in 2� indicate a coherent scattering
size that increase from D = 7 nm for the 7-nm-thick film to
D = 30 nm for the 32.5-nm-thick film, respectively.

For the 7-nm-thick film, the x-ray diffraction data shown
in Fig. 1(a) reveal a lattice spacing between the (110) planes
of d = 3.23 Å when measuring the scattering vector normal
to the (110)-oriented rutile TiO2 substrate. Assuming an an-
gle of 90◦ between the a and b axes, d results in a lattice
constant a = 4.56 Å. This corresponds to a 0.57% expansion
with respect to the bulk RuO2 value (a = 4.543 Å). Note that

the pseudomorphic growth mode suggested in Refs. [36,76]
requires a 2.3% expansion (TiO2 lattice constant a = 4.653 Å)
of the in-plane lattice spacing in the ab plane, i.e., be-
tween the (1 − 10) planes. Explaining the spacing between
the (110) and (1 − 10) planes simultaneously necessitates
a deviating angle of 90.7◦ between the a and b axes. Fit-
ting a Laue oscillation model to the oscillations observed to
the left and right of the main peak in Fig. 1(a) results in
a thickness of 6.1 nm, which is reasonably consistent with
the thickness of 7 nm obtained from the x-ray reflectome-
try (XRR) data at grazing incidence. Figure 1(b) shows the
reflection high-energy electron diffraction (RHEED) pattern
of the 7-nm-thick TiO2(110)/RuO2(110) film, obtained with
the electron beam aligned along the TiO2[001] direction. The
diffraction pattern indicates that the single crystalline film is
well aligned with the substrate and has a very low roughness.
The presence of the RHEED pattern indicates that the film is
crystalline at the surface. Figure 1(c) shows the x-ray reflectiv-
ity data. From the fit values for the thickness (7.1 nm), for the
roughness (0.34 nm), and for the density (7.43 g/cm3) were
extracted.

X-ray diffraction experiments were also conducted for
thicker films. A 17-nm- and a 32.5-nm-thick film show a (110)
lattice spacing of d = 3.20 Å and d = 3.18 Å, respectively.
A determination of the lattice constant c from higher order
x-ray reflexes was only possible for the 32.5-nm-thick film,
resulting in a compressive strain of −1.4% with respect to the
RuO2 bulk value.

In the following discussion of MCD spectroscopy, we
focus on the 7-nm-thick film. This sample was capped in

situ with a 2-nm-thick Al film using magnetron sputtering
at room temperature. The presence of Laue oscillations in
the XRD data [Fig. 1(a)] indicates that the film has sharp
interfaces. Previous results also revealed that the capping does
not modify the underlying film [77], as confirmed by the
x-ray absorption and x-ray photoelectron spectroscopy, which
show a unique Ru4+ ionic state. Additional structural and
XMCD results for a 32.5-nm-thick film can be found in the
Supplemental Material [78].

The samples exhibit no discernible remanent magnetiza-
tion, consistent with prior SQUID magnetometry studies of
comparable RuO2/TiO2 thin films [76]. The upper limit of
the net remnant magnetization is estimated at 0.001 µB per Ru
atom.

Photoelectrons were excited by circularly polarized hard x
rays at an angle of incidence of 10◦ (beamline P22, PETRA
III, DESY, Hamburg) and recorded using the time-of-flight
momentum microscope [79,80]. Circular polarization was
formed using a diamond phase retarder acting as a λ/4 plate.
At 6 keV, circular polarization is obtained with a 400-µm-
thick (100) diamond phase plate at a glancing angle of 84.8◦,
where the quarter-wave condition corresponds to an angular
offset of 93 in. from the Bragg position. Independent reference
measurements revealed a degree of polarization of >99.8%.
The photon bandwidth is set to 500 meV and the sample
temperature used is 30 K. The azimuthal orientation of the
sample [see Fig. 2(a)] has been adjusted so that the photon
incidence plane coincides with the easy spin axis of RuO2, i.e.,
the [001] c axis [34,76,81]. The lattice structure is sketched in
Figs. 2(b) and 2(c).
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FIG. 1. Structural and surface characterization of TiO2(110)/RuO2(110) films. (a) XRD intensity as a function of 2� measured with the
scattering vector normal to the (110)-oriented rutile substrate for the 7-nm-thick film. The black line represents the experimental data and
the red line is a two-peak fit to the sharp substrate peak and the broader RuO2 peak. (b) RHEED pattern (before Al capping) for the same
sample, with the electron beam aligned along TiO2[001]. (c) X-ray reflectivity shown as intensity versus 2� for the same sample. The black
line represents the experimental data; the full blue line is a fit resulting in a thickness of 7.1 nm.

The XMCD spectroscopy measurements were performed
using the VEKMAG end station [82] at BESSY II, Helmholtz
Zentrum Berlin (HZB), Germany, during the multibunch op-
erational mode of the synchrotron storage ring. The x-ray
absorption spectra (XAS) were measured at 6 K for x-ray
energies in the vicinity of the M3,2 absorption edges of Ru in
a zero magnetic field. The photocurrent was normalized to the
current of a Ta-mesh monitor located in the x-ray beam path
in order to compensate for variations in the ring current and in
the transmission function of the optical elements. The XMCD
spectra were obtained by subtracting the intensity between
the XAS spectra measured for right- and left-circular x-ray
polarizations with a degree of polarization of 77%.

III. RESULTS

In order to characterize the structural properties of the
sample volume under investigation, x-ray photoelectron
diffraction (XPD) was performed at the Ru 2p core levels.
Figure 2(d) shows the XPD pattern measured at the Ru 2p3/2

level. Prominent sets of parallel Kikuchi lines occur at kx,y =

±2 Å−1. An additional pair of horizontal Kikuchi lines is
visible at ky = ±1 Å−1 indicating the (110) orientation and the
rectangular unit cell of the epitaxial film. The sharpness of the
XPD pattern is insufficient to determine the epitaxial strain.
Meanwhile, the in-plane strain caused by the lattice mismatch

between the TiO2 substrate and the pseudomorphic growth of
RuO2 has been confirmed by x-ray diffraction [15].

Figure 2(e) shows the calculated XPD pattern obtained
using the Bloch wave approach described in Refs. [83,84].
While this method captures the low-intensity (dark) Kikuchi
lines visible in the experimental data quite well, the distribu-
tion of high-intensity (white) areas differs.

The XPD pattern calculated using multiple-scattering the-
ory and the fully relativistic one-step photoemission model
[85] captures both features, the low-intensity Kikuchi lines
and the high-intensity areas of the experimental data, very
well. The good agreement between the calculated and experi-
mental patterns, as shown in Fig. 2(e), confirms the structural
quality of the probed sample volume.

Figure 3 shows typical experimental results for the XPS
spectra, measured at hν = 6000 eV. The photoelectron inten-
sity was averaged over a parallel momentum circle with a
diameter of 7 Å−1 centered on the surface normal, correspond-
ing to a polar angle range of 0–5◦.

The small differences in the incident x rays for opposite
helicities were accounted for by normalizing the measured
photoelectron intensities to reference spectra of the Si 2p peak
of a pure silicon crystal, which were measured in the same
configuration. These reference measurements also confirmed
the absence of any shifts in photon energy between right- and
left-circularly polarized x rays.
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FIG. 2. (a) Sketch of the experimental geometry. (b) A
RuO2(110) layer highlighting the octahedral crystal field of a bulk
single crystal of RuO2 formed by the oxygen ions (red) around a
Ru ion (blue). The two inequivalent sublattices are labeled A and B.
(c) An epitaxial RuO2(110) layer viewed along the c axis, indicating
tensile epitaxial strain in the [1 − 10] direction. The strain in the
sketch is exaggerated for clarity. (d) Experimental x-ray photoelec-
tron diffraction (XPD) at the Ru 2p3/2 core level excited at 6 keV.
(e) A calculated XPD pattern using the Bloch wave approach. (f) A
calculated XPD pattern using multiple-scattering theory and the fully
relativistic one-step photoemission model.
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FIG. 3. Top: Ru 2p3/2 and 2p1/2 XPS spectra at a photon en-
ergy of 6 keV (open circles), averaged over circularly polarized x
rays of both helicities. The averaged spectra are normalized to the
maximum, divided by a factor of 100 and shifted by 0.01 for better
visibility. Bottom: the MCD difference (I+ − I−) of the spectra mea-
sured with opposite helicity is shown as open triangles. The full lines
represent the results obtained by charge transfer multiplet calcula-
tions using the approach of Refs. [72,73]. The appearing minus-plus
and plus-minus features are indicated by arrows.

The top part of Fig. 3 shows the total intensity curve in the
region of the spin-orbit split 2p lines of ruthenium, averaged
over the two helicities of the x rays. The lower part of Fig. 3
shows the difference in the partial intensities. As the binding
energy increases, a plus-minus feature appears at the 2p3/2

peak and a weaker, broader minus-plus feature appears at the
2p1/2 peak.

The plus-minus features correspond to a peak shift of the
I+ peaks with respect to the I− peaks. These peak shifts occur
in opposite directions for the 2p3/2 and 2p1/2 peaks of the
two components of the 2p spin-orbit doublet. The observed
differences correspond to peak shifts of 0.1 eV.

The main result of this experiment is that the XPS spectra
reveal a finite difference when exciting with either circu-
larly right- or left-polarized light, which is similar to that
observed in ferromagnetism. Therefore, we attribute this ef-
fect to a magnetic circular dichroism. This finding directly
confirms the time-reversal symmetry breaking in the alter-
magnetic RuO2 films. Strictly speaking, circular polarization
only tests the mirror symmetry of the experimental setup
when photon momentum is disregarded. It does not test time-
reversal symmetry. If the setup is symmetric, as in our case,
an asymmetry could be caused by a chiral crystal structure
or a magnetic origin. However, a chiral crystal structure has
never been reported for either RuO2 or the substrate material,
TiO2. Therefore, we do not consider a chiral structure to be
the origin of the observed asymmetry. In our opinion, the
magnetic origin, which is time-reversal asymmetric, is the
most plausible explanation.

The microscopic origin of the magnetic circular dichro-
ism in altermagnets starts from a similar picture to that in
ferromagnets [86]. In this model, the emission from the two
magnetic sublattices with opposite magnetizations is consid-
ered separately. Excitation of electrons from the spin-orbit
split 2p3/2 and 2p1/2 core levels into free electron states by
right-circularly polarized light leads to preferential emission
of up electrons from the 2p3/2 level and down electrons from
the 2p1/2 level, due to the spin-orbit interaction. Assuming
free-electron final states is justified since the kinetic energy
is approximately 3 keV above the Fermi level. X rays with
reversed helicity excite electrons with opposite spins. In both
cases, the emitted intensity is exactly the same, but the emitted
electrons are spin polarized along the photon spin orientation.

The exchange splitting, which is caused by the intra-atomic
exchange interaction between the conduction band and the
core level, is much smaller than the spin-orbit splitting. Thus
the two 2p states are split further with respect to the total
angular momentum component m j . Consequently, circularly
polarized x rays of positive helicity will preferentially excite
spin-up electrons from the 2p1/2 state and spin-down electrons
from the 2p3/2 state. The essential condition is that the spin
orientation of the sample must be aligned with the photon
spin. Reversing the helicity reverses the spin orientation; how-
ever, due to the exchange splitting, the energetic positions of
the spin-down and spin-up electrons in the emission spec-
trum are swapped. The difference between the two spectra
for opposite helicity exhibits the plus-minus and minus-plus
features, respectively [86], as indicated by the arrows in Fig. 3.

The same dichroism profile, but with an opposite sign,
is obtained when the magnetization is reversed. Therefore,
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TABLE I. Parameters used for the simulation of XAS and XPS
spectra given in eV. The crystal field parameters 10Dq, Ds, and
Dt are adapted to the experimental spectra. The Slater integrals
(SI) correspond to 80% of the Hartree-Fock values. The spin-orbit
interaction SO is given by the atomic value. For simulating the XPS
spectra the additional Hubbard parameters �, Upd , Udd , Teg, and T2g

are used.

XAS/XPS 10Dq Ds Dt SI SO

2.96 ±0.06 ±0.10 80% HF 0.15

XPS � Upd Udd Teg T2g

6 3 2 2.0 1.0

one would expect the difference spectra of the two magnetic
sublattices to cancel each other out. However, in the alter-
magnetic compound RuO2, the orientation of the sublattice
magnetization is locked to the orientation of the crystal field
of distorted octahedral crystal field [see Fig. 2(b)]. In bulk
RuO2, a rotation around the c axis by 90◦ combined with time
reversal restores the original relationship between the crystal
field and the spin direction. Since time reversal also swaps
the helicity of the circularly polarized x rays, the MCD-XPS
effect is not permitted. In contrast, the epitaxial growth of
RuO2/TiO2(110) films causes tensile epitaxial strain along
the [1 − 10] direction and compressive strain along the [001]
direction, similar to that observed in Ref. [87]. Consequently,
the rotational symmetry around the c axis is slightly distorted
as shown qualitatively in Fig. 2(c). The octahedral crystal field
of sublattice B is stretched along its long axis, whereas the
octahedral field of sublattice A is compressed.

This distorted crystal field further alters the spectra due to
the direct interaction of the initial and final state levels within
the crystal field, as well as due to correlation effects described
by atomic multiplet theory. As the crystal field differs between
the two sublattices, complete compensation of the difference
spectra is not achieved, resulting in residual altermagnetic
circular dichroism.

To further confirm this model, we performed charge trans-
fer multiplet calculations using the approach described in
Refs. [72,73], in which the crystal fields were described
empirically using the crystal field parameters 10Dq = 2.96,
Ds = 0.06, and Dt = 0.1 (numbers are in eV) for a dis-
torted octahedral symmetry. Additional parameters describe
the Slater integrals SI, which were assumed to correspond
to 80% of the Hartree-Fock values [88,89], spin-orbit in-
teraction SO of 0.15 eV, charge transfer energy (� = 6),
Hubbard parameters (Upd = 3, Udd = 2), and hopping inte-
grals (Teg = 2.0, T2g = 1.0), as suggested in Refs. [73,90,91].
(See Table I.)

The main crystal field parameter, which splits the Ru 4d

orbitals with eg and t2g symmetry, is set to 10Dq = 2.96 fol-
lowing previous work [92,93]. The boundary condition Ds =

(5/3)Dt further sets the energies of the occupied low energy
4d orbitals with dxy and dzx,zy symmetries to equal values in
order to define the local magnetic moment. The difference
in crystal fields between the two magnetic sublattices, which
correspond to strained and squeezed octahedra, is modeled by
Dt > 0 and Dt < 0. The calculated MCD of the contributions
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FIG. 4. MCD difference spectra (I+ − I−) for the Ru 2p3/2 and
2p1/2 signals, which were measured at different positions on the
sample. The scale is identical to Fig. 3.

of the two magnetic sublattices with opposite signs increases
with increasing octahedral field distortion Dt . The total cal-
culated MCD-XPS asymmetry varies little for Dt in the range
0.03–0.09, but increases steeply for larger values of Dt . The
asymmetry calculated for Dt = 0.06 corresponds well with
our experimental data. This value corresponds to 2% of the
10Dq value, which determines the significant splitting of the
eg and t2g orbitals. Given the epitaxial strain, this value seems
reasonable. Note that the charge transfer energy � and the
Hubbard parameters cause a shift in binding energy but do
not singificantly change the spectra.

Assuming lifetime broadening (modeled by a Lorentzian
function) of 0.5 eV, a value of Dt = 0.06 results in a differ-
ence similar to that observed experimentally. The calculated
spectra are in good agreement with the experimental spectra.
However, the exchange splitting of the initial state is much
smaller than the lifetime broadening, meaning no further spec-
tral details can be resolved.

Figure 4 shows the measured MCD spectra at selected
positions on the sample, separated by several hundred mi-
crometers. The footprint of the incident x rays is an ellipse
with a diameter of 10 × 15 µm. Both signs of the MCD signal
are observed (see spectra A and B in Fig. 4), indicating the
presence of altermagnetic domains with opposite directions
of the Néel vector. At some positions, we observe an almost
vanishing MCD signal (see spectrum D in Fig. 4), which we
tentatively attribute to the presence of multiple domains and
domain walls within the probed region.
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FIG. 5. (a) X-ray absorption spectrum within the energy range of
the Ru M3,2 edges, averaged for right- and left-circularly polarized x-
ray light. The peak at 485 eV corresponds to the Ru M2 edge, which
is smaller by a factor of 20 due to the smaller cross section of the M
edges. The large peaks between 455 and 465 eV correspond to the Ti
L-edge peaks of the underlying substrate, which overlap with the Ru
M3 absorption edge. (b) The XMCD spectrum was calculated from
the difference in the x-ray absorption spectra measured for opposite
x-ray helicities. Arrows indicate the prominent minus-plus-minus
and plus-minus-plus features at the positions of the Ru M3,2 edges.

While the effect of different crystal fields on the XPS
spectra is comparatively small, resulting in magnetic circular
dichroism close to the detection limit after summation of
the signal from two sublattices with opposite magnetization,
larger dichroism effects can be expected for resonant x-ray
absorption, where the final states are spin-polarized valence
states.

Figure 5 shows the experimental data for the x-ray absorp-
tion (XAS) and x-ray magnetic circular dichroism (XMCD)
spectra of 7-nm-thick epitaxial RuO2 films, which were mea-
sured using a geometry similar to that used for the MCD-XPS
spectra. The large peaks between 455 eV and 465 eV are the
Ti L-edge peaks from the substrate, which overlay the Ru M3

absorption edge at 460 eV. The peak at 485 eV corresponds to
the Ru M2 edge, which is smaller by a factor of 20 due to the
smaller cross section of the M edges.

The difference (XMCD) spectra shown in Fig. 5(b) have
been smoothed using a digital Sawatzky-Golay filter with an
energy interval of 2.5 eV (25 data points). The Ru M2 edge,
which is not obscured by the Ti signal, exhibits a plus-minus-
plus structure (D, E, and F, indicated by the red arrows).
The maxima of this XMCD signal reach values of ±10%
of the Ru M2 edge absorption maximum. A similar-sized
minus-plus-minus feature (A, B, and C) can be identified in
the energy region of the Ru M3 edge at 460 eV. Due to the
strong overlying signal from the Ti L3 edge, there may also
be an overlying XMCD signal. However, as TiO2 is known
to be diamagnetic and lacks occupied d-electron orbitals, we
assume that the XMCD signal is not caused by the Ti ions.
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charge transfer multiplet calculations [72,73] with the same correla-
tion and crystal field parameters as in the case of the XPS spectra
shown in Fig. 3. The calculated sum and difference spectra of the
calculated intensities for opposite x-ray helicities I+

i and I−

i and
sublattices i = A, B are shown as dashed and full lines, respectively.
The full lines indicate the expected total XAS and XMCD spectra for
altermagnetic RuO2.

Therefore, the XMCD of the superimposed Ru M3 edge is
still visible.

In the representation shown in Fig. 5(a) the energy-
independent background signal has been subtracted. There-
fore, the total measured XMCD asymmetry, calculated by
dividing the XMCD by the total intensity including the back-
ground signal, is significantly smaller than Fig. 5 suggests.
The XMCD maxima at both Ru M edges then correspond to
a maximum asymmetry of 5 × 10−3. An even smaller XMCD
asymmetry of 1 × 10−3 was observed for a 32.5-nm-thick film
(see the Supplemental Material [78]).

In principle, sum rule analysis of the measured XMCD
spectra could yield distinct values for the spin and orbital
moments. However, it is not possible to uniquely separate the
contributions from opposite sublattices and the total XMCD
spectra result in zero magnetic moments within error limits.

The corresponding calculated spectra are shown in Fig. 6.
The phenomenological crystal field parameters are identi-
cal with the parameters used for the MCD-XPS simulation
shown in Fig. 3. We did not allow charge transfer for this
multiplet calculation to restrict the initial state to 4d4. The
fact that in 2p XAS the electron is excited to a 4d state
implies that the 2p XAS process is self-screened and therefore
a simplified description without charge transfer is justified.
The x-ray absorption spectra differ for the two sublattices,
which have different crystal field parameters Dt = ±0.06,
IXAS,A = I+

A + I−

A , and IXAS,B = I+

B + I−

B . Similarly, the x-ray
magnetic circular dichroism spectra differ: IXMCD,A = I+

A −

I−

A and IXMCD,B = I+

B − I−

B . Due to the opposite orientation of
the magnetic moments in sublattices A and B, the correspond-
ing XMCD spectra have the opposite signs. Consequently,
the total XMCD signal, resulting from IXMCD,A − IXMCD,B, is
not fully compensated, unlike the sublattice magnetization.
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Sublattice A shows a positive maximum at the rising M3

edge (Fig. 6). In this calculation, sublattice B also exhibits
a positive maximum at the rising edge; however, considering
the opposite direction of the magnetic moment, the spectrum
reverses its sign. As these two maxima occur at different
photon energies, they do not cancel out.

The total XMCD signal calculated from both sublattices
exhibits minus-plus-minus (A, B, and C) and plus-minus-plus
(D, E, and F) features at the M3 and M2 edges, respectively,
which are in good agreement with the features observed ex-
perimentally. The order of magnitude of the calculated XMCD
signals also agrees with the observed XMCD maxima, which
means that the assumed strain factor is realistic.

The magnetic moments calculated from the theoretical
simulation using sum rule analysis are −1.44 µB at site A and
+1.85 µB at site B; orbital magnetic moments are negligible.
Consequently, the theoretical system does not describe com-
pensated magnetic order, but rather ferrimagnetic order. This
discrepancy with the experimental system may be due to the
ionic model, combined with crystal fields, only poorly de-
scribing the actual electronic states. Nevertheless, we believe
it is valuable to present the results of this simple modeling, as
it provides a useful phenomenological insight into the under-
lying processes.

IV. SUMMARY

Observing magnetic circular dichroism both in Ru 2p

core-level photoemission and in photoabsorption of the
Ru M3,2 edges confirms the presence of magnetic or-
der with time-reversal symmetry breaking in thin epitaxial
RuO2(110)/TiO2(110) films. The Néel vector lies in the in-
plane [001] direction. In this geometry, XMCD is forbidden
in undistorted RuO2 when the Néel vector lies strictly along
the c axis [19,94]. However, it has been demonstrated that
XMCD is permitted when the Néel vector has a finite pro-
jection onto the ab plane. For instance, a canted Néel vector
from the c axis towards the [110] out-of-plane direction in
combination with a finite angle of incidence θ allows for a
finite XMCD in nonstrained bulk RuO2. We cannot exclude
this possibility. Nevertheless, previous experimental reports
[37,54] suggest a Néel vector orientation that is parallel to the
c axis. Therefore, we searched for an alternative explanation.
Charge transfer multiplet calculations suggest that magnetic

circular dichroism originates from the distortion of the oc-
tahedral crystal field at the Ru ions. The close correlation
between the calculated and experimental spectra indicates that
the crystal distortion caused by epitaxial strain is responsible
for the observed magnetic circular dichroism effects in both
the x-ray absorption and in the x-ray photoelectron spectra.
Strictly speaking, epitaxial strain leads to inequivalent mag-
netic sublattices, breaking the rotational symmetry that is
usually associated with altermagnetic order when combined
with time-reversal symmetry. Since in our system the sublat-
tice magnetization remains fully compensated and Kramer’s
degeneracy is lifted leading to spin-split bands, we observe
altermagnetic order enabled by the strain in RuO2 thin films.
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