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Vasilyev,1 M. Kläui,1 J. Demsar,1 G. Schönhense,1 M. Jourdan,1 J. Sinova,1, 2 and H. J. Elmers1

1Institut für Physik, Johannes Gutenberg-Universität Mainz, Staudingerweg 7, D-55099 Mainz, Germany
2Inst. of Physics Academy of Sciences of the Czech Republic, Cukrovarnická 10, Praha 6, Czech Republic
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Parity symmetric photoemission spectra are
ubiquitous in solid state research, being prevalent
in many highly active areas, such as unconven-
tional superconductors, nonmagnetic and antifer-
romagnetic topological insulators, and weakly rel-
ativistic collinear magnets, among others [1, 2].
The direct observation of parity-violating[3–7]
metallic Kramers degenerate bands has remained
hitherto experimentally elusive. Here we observe
the antiferromagnetic parity violation (APV) in
the bandstructure of Mn2Au thin films by using
momentum microscopy with sub-µm spatial res-
olution, allowing momentum resolved photoemis-
sion on single antiferromagnetic domains. The
APV arises from breaking the P symmetry of the
underlying crystal structure by the collinear anti-
ferromagnetism, while preserving the joint space-
time inverison PT -symmetry and in combination
with large spin-orbit coupling [3, 6]. In addition,
our work also demonstrates a novel tool to di-
rectly image the Néel vector direction by com-
bining spatially resolved momentum microscopy
with ab-initio calculations.
Solid-state textbooks and angular-resolved photoemis-

sion spectroscopy (ARPES) studies commonly present
energy bands that are parity symmetric in momentum,
i.e. E(k) = E(−k). This is enforced by the symme-
tries of the materials, such as inversion/parity P, time-
reversal T , time-reversal coupled with translation T t or
time-reversal coupled with the spin rotational symmetry
T RS , where RS rotates the spin by 180◦. Even, the
Rashba materials (and noncentrosymmetric spin-orbit
coupled systems in general), which break parity only in
spin space, do preserve parity due to the T or T t sym-
metry, i.e. E↑(k) = E↓(−k). Therefore, from this per-
spective, bulk band structures violating parity in sys-
tems with Kramer degenerate bands are rather unique
and rare. Bands with broken parity have appeared only
in systems that break Kramers degeneracy by both spa-
tial inversion and time symmetry at interfaces [8], and
have been predicted to appear in complex noncoplanar
magnets that break T RS [4].

More recently, APV, i.e. E(k) 6= E(−k), was pre-
dicted to arise in spin-orbit coupled collinear antiferro-
magnets such as CuMnAs and Mn2Au, which break P
and T symmetries but preserve its PT combination, as
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FIG. 1. (a) Structure of Mn2Au demonstrating the PT sym-
metry in the magnetically ordered phase; (b) Calculated con-
stant energy surface in momentum space at -0.4 eV of Mn2Au
without SOC. The spin-group symmetry RST in the decou-
pled spin and space sector preserve the bandstructure parity,
acting as P in the band structure, denoted by P̃. Color code
denotes the group velocity vg. (c) Asymmetric constant en-
ergy surface at energy -0.4 eV arising from the Néel order and
SOC, shown for two directions of the Neél order connected by
the mirror symmetries Mxy and Mx̄y.

we show in Fig. 1(a), in spite of having crystal parity,
i.e., the crystal is itself centrosymmetric but the antifer-
romagnetic order breaks that symmetry. Without spin-
orbit coupling (SOC), the bandstructure is still symmet-
ric [Fig. 1(b)], and its nonrelativistic symmetry group
P14/2m1m1m[2, 6] exhibits also the two mirror planes
Mxy and Mx̄y marked with dotted lines in black and
blue color, respectively. With SOC, the magnetic sym-
metry group is Fm′mm[6] and breaks the Mx̄y symme-
try. The bandstructure cannot be superposed with its
parity image related by the blue mirror plane Mx̄y, as
we illustrate in Fig. 1(c), exhibiting directly APV. Here
PT maps a state to its equal momentum state (with
opposite spin) since the presence of spin-orbit coupling
prevents the coupling to states with opposite spin and
momenta, hence preserving Kramers degeneracy in these
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systems. Up to now, this predicted APV was observed
only indirectly through the electrical current induced ma-
nipulation of the Néel vector via Néel spin-orbit torques
(NSOT) in CuMnAs [9, 10] and Mn2Au [11], and second-
order magnetoresistance in CuMnAs [12].
The direct observation of APV using conventional

ARPES is not possible due to averaging over many anti-
ferromagnetic domains with typical sizes in the µm range.
While a ferromagnetic capping layer can be used to orient
the Néel vector via exchange coupling [13], the capping
layer prevents surface sensitive ARPES measurements.
In this Letter, we use instead time-of-flight momen-

tum microscopy combined with sub-µm spatial resolu-
tion (sub-µ-ToFMM) to directly observe the APV by
an asymmetric photoemission intensity, E(k) 6= E(−k).
Such a spatial resolution allows one to measure the elec-
tronic structure in areas restricted to single antiferromag-
netic domains with well defined Néel vector orientation.
We also further demonstrate below the direct imaging of
the Néel vector direction, N.

Epitaxial Mn2Au(001) films with a thickness of 40 nm
were grown by rf-sputtering on Al2O3(11̄02) substrates
with a Ta(001) buffer. Mn2Au has a body centered
tetragonal crystal structure (bct2), with the (001) plane
exhibiting a 4-fold structural symmetry and space group
I4/mmm. Details of the sample growth, characterization
by X-ray and electron diffraction, as well as by atomic
force microscopy, are reported in Refs. [14, 15]. Dur-
ing growth, the magnetic in-plane anisotropy aligns the
Néel vector nearly equally distributed along both mag-
netic 〈110〉 easy axes with domain sizes in the microme-
ter range [16]. Details of the sample, ARPES, ToFMM
and photoemission measurements are given in the Sup-
plementary Material.
In the experiment we first identify antiferromag-

netic domains in real space by magnetic linear dichro-
ism (MLD) in the photoemission electron microscopy
(PEEM) mode. We then select single domain areas by
the field aperture. Lastly, we record the photoemission
intensity in momentum space by setting the electron op-
tics to momentum mode.
The ToFMM with the electron optics set to the PEEM

mode detects the spatial distribution of photoemission
intensity, where the sample surface is magnified on
the detector with a field-of-view of 50 µm in diameter
[Fig. 2(a)]. The spatial resolution in this mode is lim-
ited by the spherical aberration of the objective lens that
increases with increasing parallel momentum of the de-
tected electrons. The time-of-flight detection mode al-
lows in addition to measure the kinetic energy of the
photo-emitted electrons, hence simultaneously acquiring
the three-dimensional data array I(EB , x, y).

In order to extract the magnetic contrast from the im-
ages, we exploit MLD. For reflected light, MLD originates
from a magnetic-linear birefringence being sensitive to
the magnetic order axis instead of its direction [17, 18].
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FIG. 2. (a) PEEM image of the Mn2Au(100) sample sur-
face obtained with 6.4 eV photon energy. Scratches (S) on
the otherwise homogeneous surface serve for position deter-
mination. (b) Magnetic linear dichroism (MLD) image for
the area as in (a) with color (red/blue) coded asymmetry
AMLD = (Ip − Is)/(Ip + Is) (EB = 0.6 eV, p- and s-polarized
light). (c) Magnified image from the green square indicated
in (b). The five numbered circles define the regions of inter-
est selected by the field aperture that are used for momentum
microscopy [results shown in Fig. 3(g-1 to g-5)]. (d) Intensity
(black line) and MLD asymmetry, AMLD, (circles) vs. EB .

For this reason, MLD can only distinguish between an-
tiferromagnetic domains with perpendicular orientation.
In the case of near threshold excitation of photoelec-
trons, related magnetic linear and circular dichroism ef-
fects have been observed [19–22]. In photoemission spec-
troscopy a similar effect can be observed [23]. X-ray mag-
netic linear dichroism photoemission electron microscopy
(XMLD-PEEM) was successfully used to observe AFM
domains in a wide range of materials [23–27], including
both CuMnAs [10, 28] and Mn2Au thin films [16, 29].
We perform MLD photoemission microscopy by ac-

quiring two data sets, exciting with linearly polarized
laser light (6.4 eV) parallel (p) and perpendicular (s) to
the reflection plane of the laser beam.
The photoemission intensities for both measurements,

integrated over the field of view, have first been normal-
ized to each other. Then we calculate the spatial distri-
bution of the MLD asymmetry AMLD = [Ip(EB , x, y) −
Is(EB , x, y)]/[Ip(EB , x, y) + Is(EB , x, y)]. Other contri-
butions to the contrast, such as work function contrast,
topographical contrast, impurities, and detector function
are largely eliminated. Figs. 2(b,c) show the resulting
magnetic contrast obtained at a binding energy (EB) of
0.6 eV. The color code for the corresponding Néel vector
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alignment is indicated as an inset in Fig. 2(d).
The result shows that it is indeed possible in this mode

to distinguish domains with N parallel or perpendicular
to x, but not whether N is pointing up or down [16].
We note that AMLD depends on EB . Fig. 2(d) de-

picts AMLD(EB) extracted from a single domain area in
Fig. 2(c), revealing a pronounced asymmetry peak near
EB = 0.6 eV. We attribute the peak to a resonant exci-
tation of a spin-orbit split state at this EB [6].

We next examine the results of photoemission in mo-
mentum space, depicted in Fig. 3. Assuming direct tran-
sitions into quasi-free-electron-like final states [30, 31],
the final state momentum magnitude is given by:

kfinal = (1/h̄)
√

2meffEfinal; Efinal = hν−EB+V ∗
0 , (1)

where meff denotes the effective electron mass, hν the
photon energy, and V ∗

0 ≈ 10 eV the inner potential with
respect to the Fermi energy.
Figs. 3(a,b) show results obtained for excitation with

21.2 eV photons using a hemispherical analyzer (see re-
sults for EB = 0 in Ref. 6 for comparison). In this
case, the maximum value of the perpendicular momen-
tum component is kz = 2.86 Å−1 = 1.9G001. The con-
stant energy sections at low binding energies correspond
to sections of the repeated Brillouin zone scheme close to
the Γ-X-Σ plane. Fig. 3(e) illustrates the actual spherical
section. This measurement averages over many domains
with the Néel vector pointing along all four possible 〈110〉
directions. Correspondingly, the constant energy section
is expected to display a four-fold symmetry. Sections
shown in Figs. 3(a-d) are symmetrized, accordingly.
Figs. 3(c,d) show results obtained for excitation with

6.4 eV photons using ToFMM for comparison. For this
measurement, the photoemission intensity stems from
a region of interest of 4.5 µm diameter on the sample
surface, which still averages over several domains [see
Fig. 2(b,c)]. Here, the lower photon energy leads to a
maximum perpendicular momentum at kx = ky = 0 of
kz = 2.07 Å−1 = 1.4G001. Thus, the probed section in
the repeated Brillouin zone scheme is now close to the
Z-Σ-Y plane, as sketched in Fig. 3(e). The lower pho-
ton energy restricts the observable parallel momentum
to k‖ < 0.6 Å−1, indicating the photoemission horizon.
Using the time-of-flight detection, we simultaneously ac-
quire a data array I(EB , kx, ky) where constant energy
sections can, during post-processing, be selected for dif-
ferent binding energies.
For EB = 0.18 eV, we find the features B in Fig. 3(b),

which originate from the same band as observed for
21.2 eV in Fig. 3(a) closer to the Z point. At the higher
binding energy EB = 0.4 eV this band seemingly broad-
ens [Fig. 3(b)] and leads to the circular-shaped high in-
tensity for 6.4 eV excitation in Fig. 3(d) near the photoe-
mission horizon. These results confirm that I(EB , kx, ky)
probes the spectral function (modulated by photoemis-
sion transition probabilities) also at this low photon en-

ergy, despite the fact that the final state is less free-
electron like, which leads to an integration over a finite
kz-interval.
Next, we inserted a 10 µm field aperture, mounted on

a piezo-adjustable holder, at the position of a Gaussian
image. The latter is magnified by a factor of 11 at this
position. Thus, the field aperture restricts electron paths
to a circular shaped region of interest with a diameter
of 0.9 µm. The electron optics downstream from the
field aperture is then switched to momentum mode such
that only electrons stemming from the selected region of
interest contribute to the momentum image.
Similar data arrays Ii(EB , kx, ky) were measured for

the five positions (1-5) of the field aperture indicated in
Fig. 2(c). These positions have been chosen to cover the
two (red and blue) antiferromagnetic domains shown in
Fig. 2(c). To reveal the asymmetry in the intensity dis-
tribution in momentum space arising from the domains
in the aperture in the spatial position i we rescale the
intensity signal according to

Ĩi(EB , kx, ky) =
Ii(EB , kx, ky)− I(EB , kx, ky)

I(EB , kx, ky)
, (2)

where the mean intensity distribution in momentum
space is given by I(EB , kx, ky) =

∑

i Ii(EB , kx, ky)/N .

In the absence of magnetic order Ĩi will be zero. Fig. 3(g-
1) depicts this asymmetry distribution for position 1 at a
binding energy EB = 0.4 eV, revealing a left/right asym-
metry. To determine its dependence on EB the asym-
metry is averaged over the indicated left and right circu-
lar areas, Ĩl(EB) and Ĩr(EB). We then define the APV
as AAPV ≡ Ĩl(EB) − Ĩr(EB), depicted in Fig. 3(f) by
open blue squares. We find a broad maximum value of
AAPV = 0.03 between EB = 0.2 eV and 0.6 eV. This
is consistent with the DFT bandstructure calculations
shown above panel (f) at energies 0.0, 0.2, and 0.4 eV. At
0.0 eV energy there is no anisotropy.
At position 1 the magnetic linear dichroism observed

in PEEM mode [Fig. 2(c)] indicates a Néel vector align-
ment parallel to the y-axis. According to the theoretical
prediction this should lead to an APV (E(k) 6= E(−k))
perpendicular to the Néel vector, i.e. along the x-axis,
in agreement with the experimental observation. At po-
sitions 2 and 3 the APV is also oriented along the x-axis
but reversed [Fig. 3(g-2,g-3)]. The reversed APV thus in-
dicates antiparallel Néel vectors in regions 1 as compared
to 2 and 3. Positions 4 and 5 show an asymmetry along
the y-axis [Fig. 3(g-4,g-5)], revealing a Néel vector orien-
tation parallel to the x-axis. This is in agreement with
the magnetic linear dichroism observed in the spatial do-
main distribution, too, where these regions appear blue
in Fig. 2(c). The reversed asymmetry between region 4
and region 5 indicates an antiparallel orientation of the
Néel vector in these two domains. The asymmetry dis-
tributions observed for the five regions of interest defined
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FIG. 3. (a,b) Momentum imaging with 21.2 eV photon energy, averaged over many domains. Constant energy section at
a binding energy of (a) EB = 0.18 eV and (b) EB = 0.4 eV of the photoemission intensity I(EB , kx, ky), corresponding to
a cut through the constant energy surface near the Γ-X-Σ plane as indicated in (e). (c,d) Similar data for excitation with
6.4 eV. In this case, the momentum images correspond to cuts through the constant energy surfaces near the Z-Y-Σ plane (c,e).
Red lines indicate the corresponding Brillouin zone boundaries. The low photon energy (6.4 eV) restricts the field-of-view in
momentum space to the violet dashed-circle (photoemission horizon) that is shown also in (a,b) for comparison. (e) Schematic
representation of crystal lattice and repeated Brillouin zone scheme in the kz-kx plane, indicating the kz values and observable
k‖ range for 21.2 eV and 6.4 eV excitation (spherical surface section appearing circular in top view). (f) Photoemission intensity
(black line) and AAPV (squares, see text for definition) for 6.4 eV excitation versus binding energy measured at the spatial
region 1 in Fig. 2(c). Also shown above the graph are the calculated bandstructures at binding energy 0.0, 0.2, and 0.4 eV, as
in Fig. 1(b). (g) Antiferromagnetic parity violation measured at a binding energy of 0.4 eV for the five regions 1-5 defined in
Fig. 2(c). The corresponding asymmetry scale is indicated by the color scale bar in the inset of (g-5). The yellow circles in
(g-1) define the momentum areas used to determine the asymmetry values versus binding energy shown in (f). (h) Calculated
constant energy surfaces in k-space at EB = 0.4 eV for the indicated Néel vectors N (red arrows).

by the position of the field aperture thus reveal all four
possible orientations of the Néel vector, an information
impossible to obtain with conventional ARPES (without
sub-µm spatial resolution).

The calculated constant energy surfaces (see Methods)
shown in Figs. 3(h) reveal the origin of the experimen-
tally observed APV. The APV results in a pronounced
extension of the inner toroidal (blue) surface in the di-
rection perpendicular to the Néel vector. More specifi-

cally, the extension occurs to the right with respect to the
Néel vector orientation. Figs. 3(h) depict the Néel vector
orientations in accordance with the observed asymmetry
in each of the measured regions. The toroidal surface,
completely lying inside the first Brillouin zone, is barely
touched by the nominal section probed with 6.4 eV ex-
citation [see Fig. 3(e)], explaining the absence of clear
direct transition features in the intensity maps. On the
other hand, low photon energies lead to a probed spher-
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ical section integrated over a more extended kz interval.
The extension of the toroidal surfaces in Figs. 3(h) then
result in increased photoemission intensities stemming
from averaged direct transitions. Thus, theory provides
a direct link between the experimentally observed asym-
metry and the broken parity symmetry of energies.
The connection of the DFT calculations and the sub-

µ-ToFMM technique gives us then a novel direct imaging
technique that resolves the direction of the Néel vector
domains, rather than only their alignment. Although
similar information could in principle be obtained by the
second-harmonic generation [32], this Néel vector imag-
ing technique has proven very challenging in metallic sys-
tems, being most successful in insulating magnetoelectric
materials. The method is viable in principle in many an-
tiferromagnets described by one of the 21 PT symmetric
magnetic point groups, which account for a large fraction
(17%) of all magnetic point groups[33].
In summary, we have directly observed an APV,

E(k) 6= E(−k), in the collinear antiferromagnet Mn2Au.
The APV is caused by the combined effect of the collinear
magnetic structure of Mn2Au, where the two magnetic
sublattices are connected via inversion symmetry, lifted
by the magnetic moments, and the spin-orbit coupling.
In addition, we have demonstrated that this APV in com-
bination with the sub-µ-ToFMM technique, allows the
identification of directional Néel vector domains.
This work was funded by the Deutsche Forschungsge-

meinschaft (DFG, German Research Foundation) Grant
No. TRR 173 268565370 (projects A01, A02, A03,
and A05), by the BMBF (projects 05K16UM1 and
05K19UM2), by the EU FET Open RIA Grant no.
766566, and by the Grant Agency of the Czech Republic
grant no. 19-28375X. Sincere thanks are due to A. Oel-
sner (Surface Concept GmbH) for continuous support.
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and M. Jourdan, J. Appl. Phys. 127, 243901 (2020).

[16] A. A. Sapozhnik, M. Filianina, S. Y. Bodnar, A. Lami-
rand, M.-A. Mawass, Y. Skourski, H.-J. Elmers, H. Zabel,
M. Klaeui, and M. Jourdan, Phys. Rev. B 97, 134429
(2018).
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SUPPLEMENTARY MATERIAL AND METHODS

Experimental Details

Samples were transported from the deposition cham-
ber to the photoemission experiment using an ultra-high
vacuum suitcase. For ARPES measurements, photoelec-
trons were excited by a He discharge lamp (21.2 eV)
and by a pulsed laser (6.4 eV, 80 MHz repetition rate,
APE). The incidence angle of the photon beam is 220

with respect to the sample surface along the x-axis. The
samples have been aligned such that the x and y direc-
tions correspond to the magnetic 〈110〉 easy axes, re-
spectively. Photoemission experiments at 21.2 eV have
been performed using the single-hemisphere momentum
microscope described in Ref. [34] with the energy resolu-
tion set to 50 meV and laser ARPES experiments using
a ToFMM (Surface Concept GmbH) with the resolution
set to 40 meV. For the latter experiment, a field aperture
inserted at the position of a Gaussian image allows to re-
strict the region of interest to a circular area with 0.9 µm
diameter, while the downstream electron optics can be
set from Gaussian to Fourier imaging for momentum-
mapping.

Theoretical Methods

For the equilibrium density functional theory calcula-
tions and symmetry analysis, we used the FLAPW code
ELK [35]. We used the BCT unit cell and a k-point mesh
10 × 10 × 10. We plot the Fermi surfaces with the pro-
gram Fermisurfer [36]. More details are given in Refs. 6
and 11.


