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Temperature Dependence of Relativistic Valence Band
Splitting Induced by an Altermagnetic Phase Transition

Mahdi Hajlaoui,* Sunil Wilfred D’Souza, Libor Šmejkal, Dominik Kriegner,
Gauthier Krizman, Tetiana Zakusylo, Natalia Olszowska, Ondřej Caha, Jan Michalička,
Jaime Sánchez-Barriga, Alberto Marmodoro, Karel Výborný, Arthur Ernst, Mirko Cinchetti,
Jan Minar, Tomas Jungwirth, and Gunther Springholz*

Altermagnetic (AM) materials exhibit non-relativistic, momentum-dependent
spin-split states, ushering in new opportunities for spin electronic devices.
While the characteristics of spin-splitting are documented within the
framework of the non-relativistic spin group symmetry, there is limited
exploration of the inclusion of relativistic symmetry and its impact on the
emergence of a novel spin-splitting in the band structure. This study delves
into the intricate relativistic electronic structure of an AM material, 𝜶−MnTe.
Employing temperature-dependent angle-resolved photoelectron
spectroscopy across the AM phase transition, the emergence of a relativistic
valence band splitting concurrent with the establishment of magnetic order is
elucidated. This discovery is validated through disordered local moment
calculations, modeling the influence of magnetic order on the electronic
structure and confirming the magnetic origin of the observed splitting. The
temperature-dependent splitting is ascribed to the advent of relativistic
spin-splitting resulting from the strengthening of AM order in 𝜶−MnTe as the
temperature decreases. This sheds light on a previously unexplored facet of
this intriguing material.

1. Introduction

Exploring the unique properties of electron spins and tai-
loring their spin splitting holds significant potential for the
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development of more efficient and versa-
tile spin-electronic devices.[1–5] In conven-
tional antiferromagnets with antiparallel
magnetic order, symmetries usually prevent
a spin splitting of bands.[6] For this reason,
materials where those symmetries are bro-
ken have been considered.[7–11] This led to
the recent theoretical breakthrough that al-
lowed to identify a new class of materials
termed “altermagnets” (AMs)[12] which are
distinct from conventional (collinear) an-
tiferromagnets and exhibit a momentum-
dependent spin splitting despite the com-
pensation of magnetic moments. The spin
splitting in AMs can be of non-relativistic
origin, displaying energy splitting orders
of magnitude larger than those typically
induced by relativistic spin-orbit coupling
(SOC). The direction of the spin po-
larization alternates throughout the Bril-
louin zone, changing sign upon crossing
symmetry-enforced nodal surfaces where
spin degeneracy in the non-relativistic

electronic structure is maintained. Altermagnetic crystals can ex-
hibit two, four, or six spin-degenerate nodal surfaces, correspond-
ing to d-wave, g-wave, or i-wave type of the non-relativistic spin-
polarization order, respectively.[6,12] Here, we focus on 𝛼−MnTe,
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Figure 1. Properties of altermagnetic 𝛼−MnTe. a) AM structure of 𝛼-MnTe with opposing spin-sublattices connected by a non-symmorphic sixfold
screw-axis rotation C6zt1/2 combined with C2y spin rotation: [C2y ||C6zt1/2]. The Néel vector is oriented along the [11̄00] direction. b) Bulk Brillouin zone,
displaying the four nodal degenerate surfaces (grey and blue planes). The two red lines delineate the cuts in k-space on the nodal surfaces (ΑΗΚΓ)
where temperature-dependent ARPES is conducted at hv = 21 and 48 eV (see Figure 3). c) HAADF-STEM image along the [112̄0] direction. A corrugation
of approximately five atomic layers is observed at the MnTe/InP(111) interface, which is attributed to the high-temperature annealing necessary to
remove the native oxide of the InP surface. A zoomed view of the MnTe epilayer is displayed in the upper left corner, while the lower left inset presents
in situ RHEED patterns recorded at the MnTe (0001) surface during MBE growth. d) The electronic structure of AM-MnTe along the Γ−Κ and Γ−Μ

directions with spin-orbit coupling, highlighting the spin-polarized states at the kz = 0 plane, with red and blue colors representing spin up and spin
down, respectively. e) Temperature-dependent susceptibility measured under different magnetic field directions.

identified as a g-wave altermagnet in the absence of SOC.[6,12]

We delve into the implications of the relativistic SOC in the AM-
MnTe in inducing additional relativistic spin splitting on these
nodal surfaces.

𝛼−MnTe crystallizes in the hexagonal NiAs- structure with a
space group symmetry of P63/mmc (see Figure 1a). In the mag-
netically ordered phase, the Mn moments align parallel within
each c-plane but stack antiparallel along the c–axis, resulting
in a collinear magnetically compensated phase. Without SOC,
the spin sublattices are connected by a non-symmorphic six-
fold screw-axis rotation C6zt1/2 combined with C2y spin rotation:
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[C2y||C6zt1/2]. The resulting non-relativistic spin-group symmetry
(26/2m2m1m) reveals a strong time-reversal symmetry breaking
and alternating spin splitting in the band structure.[6,12,13] Con-
sequently, 𝛼−MnTe falls into the g-wave AM category, character-
ized by three spin-degenerate nodal planes crossing the Γ−point
and parallel to the c–axis (grey planes in Figure 1b), and one
more spin-degenerate nodal plane crossing the Γ−point orthog-
onal to the c–axis (the kz = 0 plane; the blue plane in Figure 1b).
When SOC interaction is introduced, the relativistic magnetic
point group varies depending on the Néel vector orientation.[13]

By inclusion of SOC in the AM symmetry, the spin degener-
acy within these nodal planes is lifted. This effect is illustrated
in Figure 1d for the case of kz = 0 plane, along the Γ−Κ and
Γ−Μ directions, depicting the spin-polarized band structure,
with red and blue colors representing spin up and spin down,
respectively.[14]

The experimental exploration of AM properties of 𝛼−MnTe
has started with the observation of the spontaneous anomalous
Hall effect[13,15] serving as a signature rather than direct evidence
for AM. Angle-resolved photoemission spectroscopy (ARPES)
thus, plays a pivotal role in investigating the altermagnetism of
𝛼−MnTe.[14,16,17] Soft X-ray ARPES and Spin-ARPES have been
recently employed to measure the bulk and spin polarized elec-
tronic structure, providing the first experimental evidence of
AM lifting of Kramer’s spin degeneracy.[14] In addition, ARPES
along k-space directions not aligned with nodal surfaces was
used to measure the energy splitting induced by the AM phase

Adv. Mater. 2024, 36, 2314076 2314076 (2 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 31, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202314076 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [12/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. The relativistic electronic structure of 𝛼−MnTe: a) Photon energy dependence of UV-ARPES integrated over the bulk B1 band near the Fermi
level at T = 40 K (AM-phase). Here, the red color corresponds to the highest intensity. b) The kz values as a function of photon energy at normal emission
and near the Fermi level, assuming a parabolic final state of bands and an inner potential of V0 = 11 eV. The positions of Γ and Α are indicated. c) UV-
ARPES E(k‖) band maps (left) and their second derivative in blue (middle) recorded at hv = 21 eV at 40 K along the Γ−Κ (top) and Γ−Μ directions
(bottom). The corresponding bulk GGA+U calculations are shown on the right, showcasing the emergence of three groups of bulk bands B1, B2, B3
each consisting of two spin split bands, and group B4 consisting of four split bands. d) Constant energy cuts of the UV-ARPES data mapped to the (kx,
ky) plane at different energies of −0.15, −0.3, −0.8, and −1.2 eV below the Fermi level.

transition[16] and micro-focused ARPES on a single crystal pro-
vided insights into the anisotropic spin-split band structure of
the AM phase.[17] The application of ARPES also identified the
AM properties in other prototypical materials, such as RuO2

[18]

and CrSb.[19]

In the present work, we present temperature-dependent UV-
ARPES measurements spanning over the whole magnetic phase
transition, with particular attention directed toward states on the
nodal surfaces. The results unveil a temperature-dependent rel-
ativistic spin splitting that diminishes gradually as the system
approaches the paramagnetic (PM) phase. Through the utiliza-
tion of disordered local moment (DLM) calculations to model
the PM-AM transition, we demonstrate the magnetic origin of
the AM valence band splitting. The microscopic rationale for this
magnetism-induced splitting lies in the establishment of the rel-
ativistic AM symmetry as the temperature decreases below the
Néel temperature. This sheds light on an important unexplored
facet of this intriguing class of materials.

2. Results and Discussion

For our investigations, single crystalline 𝛼−MnTe films were
grown on InP (111) substrates using molecular beam epitaxy,
as detailed in the Experimental Section. Under optimized con-
ditions, we obtained high-quality epitaxial layers with hexago-
nal NiAs-type structure in the (0001) orientation and excellent
surface properties. The characterization of the film was car-
ried out using high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) and reflection high-
energy electron diffraction (RHEED), as shown in Figure 1c. X-
ray diffraction (XRD) and atomic force microscopy (AFM) were

also employed, yielding consistent results with our previous
works.[20–23] For further insights into the magnetic transition, we
conducted temperature-dependent susceptibility measurements
under various magnetic field directions, revealing an AM phase
transition at TN = 307 K (see Figure 1e). For UV-ARPES inves-
tigations, the films were transferred from our molecular beam
epitaxy system to the U125-2-PGM and URANOS beamlines at
SOLARIS and BESSY II synchrotron facilities without breaking
the ultra-high vacuum conditions (<10−10 mbar).

2.1. The Relativistic Altermagnetic Electronic Structure

To reveal the electronic band structure of the AM phase, we first
focus on the ARPES photon energy dependence at T= 40 K to elu-
cidate the dispersion of the band structure along the kz-direction
and thereby, determine the positions of the high symmetry points
Γ and Α as a function of photon energy in the range of 19 to 65 eV.
Pure surface states typically do not disperse with photon energy,
whereas surface resonances and bulk projected bands usually sig-
nificantly disperse along the kz direction. Figure 2a presents in-
tegrated photon energy-dependent ARPES spectra within an en-
ergy window of 50 meV, centered at a binding energy of 150 meV
below the Fermi level. This exclusive focus reveals the dispersion
of states corresponding to band B1. The results indicate a dis-
tinct kz-dispersion of B1 across different photon energies. A pe-
riodic pattern in the dispersion is noticeable, particularly around
h𝜈 = 22 and 46 eV, where a broader k|| momentum dispersion
is observed. Conversely, at h𝜈 = 36 and 64 eV, the map illus-
trates dispersion within a narrower k|| range. The Γ and Α points
have been attributed to these photon energies, respectively. This
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is supported by Figure 2b, showing the positions of Γ and Α in
kz values, assuming a parabolic final state with an inner potential
V0 = 11 eV. The same inner potential was also used to calculate
the kz-dependence of the soft-X-ray ARPES data, revealing a con-
sistent dispersion as in one-step photoemission calculations.[14]

This observation suggests that B1 may exhibit characteristic fea-
tures indicative of its bulk nature. We would like to note that be-
cause the data in Figure 2a shows the kz dispersion at 100 – 200
meV below the Fermi level, it does not indicate the position of
the valence band maximum, as discussed in Ref. [24].

For further analysis, we show in Figure 2c the E(k||) ARPES
maps recorded at 21 eV close to the Γ−point, along the two
high-symmetry k||-directions Γ−Κ (top) and Γ−Μ (bottom), re-
spectively. For better visualization, the second derivative of these
maps is shown in the middle panels to highlight the individual
band dispersions. Evidently, the band B1 splits up in two branches
away from the Γ-point with a nearly quadratic increase of the
splitting with increasing k||, which is more pronounced in the
Γ−Κ compared to the Γ−Μ direction. This unique feature is at-
tributed to the spin splitting of the AM bands shown in Figure 1d,
and it perfectly agrees with the bulk GGA+U (GGA; general-
ized gradient approximation) calculations including SOC shown
on the right-hand side of Figure 2c. The importance of includ-
ing SOC is shown in Note S1, Supporting Information, which
presents the comparison of the ARPES data with the GGA+U
without SOC, clearly evidencing the spin splitting due to the rel-
ativistic effect in the electronic structure.

The temperature-dependent measurements presented below
provide additional clarity, reinforcing that the observed energy
splitting is a result of spin splitting induced by the AM order. The
comparison with the GGA+U calculation reveals that in ARPES,
we consistently observe the energy-momentum dispersions for
all bands B1, B2, B3, and B4, confirming their dominant bulk char-
acter. This is elucidated further in the next section through a com-
parison of the temperature dependence of these bands and DLM
calculations that model the PM-AM transition.

It is important to consider the effect of SOC in the presence
of the magnetic order. In fact, as outlined in Note S2, Support-
ing Information and detailed in Refs. [24,25] the combination of
an in-plane Néel vector and SOC interaction breaks the in-plane
sixfold symmetry of the electronic structure.[26] In real materials,
however, the magnetic structure will form domains with differ-
ent orientations of the Néel vector along one of the six equiva-
lent in-plane easy axes.[20,21,27] The size of these domains typically
varies strongly as a function of temperature and sample growth
conditions, but is expected to be well below the spot size of our
UV-ARPES measurements (>100 μm). As a result, in our mea-
surements we average the band structure over multiple domains.
This averages out the anisotropy as is demonstrated in Figure 2d
by the constant energy cuts of the ARPES data, which display a
perfect hexagonal symmetry of the band maps for all energies be-
low the Fermi level, with no discernible evidence of anisotropy or
the presence of twofold symmetry. Unlike the works of Ref. [16]
which lacked information on the anisotropic electronic struc-
ture in the presence of SOC, our present density functional the-
ory (DFT) and ARPES data detail this effect and demonstrate
an isotropic electronic structure due to the presence of multiple
magnetic domains. As shown in Note S2 and Figure S3, Sup-
porting Information, fortuitously, the band structure varies only

slightly from one domain to another, so that the main features
of the bands—namely their splitting, remain well visible in our
experiments even when multiple domains are superimposed. As
a result, the large relativistic AM splitting of the band B1 is well
visible in our ARPES maps even after the averaging process.

2.2. Spin Splitting Induced by the Altermagnetic Phase Transition

To elucidate the influence of AM order on the lifting of spin de-
generacy during the magnetic phase transition, we systematically
studied temperature-dependent ARPES from 50 K (below TN) to
320 K (above TN). Figure 3a presents the resulting ARPES data
(first derivative) acquired at hv = 21 eV along Γ−Κ, revealing a
strong temperature evolution of the band structure. Similar data
was measured at hv = 48 eV as depicted in Figure 3b, where the
corresponding kz value lies also in close proximity to Γ (refer to
Figure 2a,b). At both 21 and 48 eV the ARPES maps are paral-
lel to the Γ−Κ direction, as indicated by the respective red cut
lines in Figure 1b, capturing the electronic structure on the same
nodal surface (ΑΗΚΓ, see Figure 1b). The complete raw data and
its derivatives are shown in Note S3, Supporting Information.
We would note that the prime feature of altermagnets lies in the
strong dependence of the spin splitting in different k-space direc-
tions. Accordingly, the choice of k-space directions along which
the temperature-dependent ARPES experiments are performed
is of key importance for the assessment of the AM spin splitting.
While the temperature dependence in Ref. [16] are measured par-
allel to Γ−M direction (D-U direction) that is not on the nodal
surface, on which the spin splitting can be present even in the
case of weak or absent SOC, our focus centers on discerning the
spin splitting on the nodal surfaces that require the presence of
SOC within the altermagnetic order (see Figure 1d).

Analyzing the ARPES images for hv = 21 eV (Figure 3a), we
clearly find that with increasing temperature the splitting of the
B1, B2, and B3 bands gradually diminishes, whereas from 270
K the splitting apparently disappears. Similar features are also
observed for the spectra at hv = 48 eV (Figure 3b). Notably, the
drastic change of the splitting is most prominent for bands B1, B2,
and B3, while band B4 remains more or less unaffected. Hence,
our ARPES measurements at photon energies of 21 and 48 eV
demonstrate a temperature-dependent valence band splitting on
the nodal surface that is clearly induced by the altermagnetism
of the system.

The detailed analysis of the splitting evolution is pre-
sented in Figure 4a, illustrating the pronounced change in
the momentum-integrated energy dispersion curves (EDC) pre-
sented as ΔEDC(T) = EDC(T < 320 K) − EDC (320 K), clearly
demonstrating the strong increase of the splitting when the tem-
perature is lowered from 270 to 50 K. In particular, the differ-
ence spectra clearly reveal the transition from the large split-
ting of bands B1 and B2 of the low-temperature AM phase to
the merged bands in the high-temperature PM phase. Simul-
taneously, the intensity of the B3 band increases and it shifts
to high binding energy. To evaluate the values of temperature-
dependent splitting, we focus on the splitting of band B1. We
accomplish this by fitting the spectra of ΔEDC(T) with two
Gaussian curves near these states (depicted as black curves in
Figure 4a). The results are presented in Figure 4b, along with the
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Figure 3. Temperature-dependent spin splitting across the AM-PM transition. Temperature-dependent UV-ARPES maps from 50 to 320 K recorded
parallel to the Γ−Κ direction. Data shown in (a) in red was recorded at a photon energy h𝜈 = 21 eV, b) data at h𝜈 = 48 eV is shown in grey scale. The cut
lines in k-space corresponding to these two-photon energies are highlighted as two red lines in Figure 1b.

temperature-dependent inverse susceptibility from Figure 1e. Ev-
idently, the splitting reaches a maximum value of ≈150 meV
at 50 K and gradually decreases until it becomes nearly indis-
cernible at 270 K. Both the splitting as well as the susceptibil-
ity exhibit a similar evolution with temperature, confirming the
magnetic origin of the PM-AM transition in 𝛼−MnTe.

To further corroborate the observed valence band splitting,
we compare the low and high-temperature ARPES spectra to

band structure calculation using the DLM approach in conjunc-
tion with the coherent potential approximation (CPA) to model
the electronic structure of both the disordered PM and ordered
AM phases (see Experimental Section). The results are displayed
in Figure 4c and compared to the ARPES spectra shown in
Figure 4d. The calculated band structure shows a remarkably
good agreement with the ARPES data both for high-temperature
and low-temperature phases, evidencing clearly that the observed

Figure 4. Temperature-dependent splitting: ARPES versus DLM-CPA calculations. a) Momentum integrated difference ΔEDC (T < 320 K) ARPES profiles
minus the EDC at 320 K, that is, ΔEDC(T) = EDC(T) − EDC (320 K) as a function of temperature. b) Derived splitting ΔE of B1 (red symbols) plotted as
a function of temperature, alongside the temperature-dependent inverse susceptibility represented by the black line. c) DLM-CPA calculations of the AM
(top) and PM (bottom) phases, revealing the pronounced difference in the band structure and spin splitting in the AM and PM states. d) Corresponding
UV-ARPES maps at 50 and 320 K below and above TN along the ΓΚ direction (first derivative, h𝜈 = 21 eV). The raw data of EDCs at different momenta
are shown on the right.

Adv. Mater. 2024, 36, 2314076 2314076 (5 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 31, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202314076 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [12/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

band structure changes are indeed due to the PM-AM phase tran-
sition. Specifically, the splitting of bands B1, B2, and B3 is consis-
tently observed in both DLM-CPA and low-temperature ARPES
(50 K) but is absent for the high-temperature PM phase, while
the B4 band remains nearly unaffected both in theory and experi-
ments. This validates the bulk nature of these bands and affirms
that the observed valence band splitting is of magnetic origin.
Thus, the influence of the magnetic order on the energy split-
ting of the electronic structure is well-described by the DLM-CPA
model, supporting our observation with ARPES. It is important
to note that in the present DLM-CPA calculation, we are using
a static U to accommodate the electronic correlations. Although
the overall agreement with the experiments is quite convinc-
ing with respect to our primary objective to prove that the spin
splitting observed for the AM phase is of magnetic origin, de-
scribing finer aspects of the band dispersion, particularly for the
paramagnetic phase, requires dynamic electronic correlations,
which is beyond the scope of the present manuscript.

The microscopic physics underlying the observed
temperature-dependent valence band splitting can be attributed
to the emergence of relativistic spin splitting resulting from the
strengthening of AM symmetry as temperature decreases. As
outlined in the introduction, the altermagnetism of 𝛼−MnTe
implies that in the absence of SOC, the spin degeneracy is
preserved on the nodal surfaces. Simultaneously, 𝛼−MnTe is
centrosymmetric, meaning that SOC alone cannot induce spin-
splitting states. Indeed, our calculations in Figure 1d directly
confirm that the unique combination of both SOC and AM order
together leads to the emergence of a relativistic spin splitting
on the nodal surfaces, emphasizing that the spin splitting on
the nodal surfaces is fundamentally relativistic and requires the
presence of AM order. Our ARPES spectra, acquired at 21 and
48 eV, capture the states on the nodal surface (cf. Figure 1b).
Moreover, our data showcases the strong increase in energy
splitting of these states within the electronic structure as the
temperature decreases. This observation is attributed to the pres-
ence and strengthening of the AM order, a conclusion supported
by DLM-CPA calculations. The temperature-dependent ARPES
spectra, thus, effectively reveal the impact of altermagnetism-
induced spin splitting on the electronic structure manifested
through emergent splitting of the valence bands. Thus, it occurs
exclusively in the AM phase.

It is noteworthy that the spin-polarized band structure calcula-
tions were made under the assumption that the material exists in
a single domain. Averaging over the multiple domains, as we do
in our ARPES measurements, cancels out the spin polarization
unless an unequal domain population is present by growth[14] or
applying external magnetic fields. Thus, although our domain-
averaged ARPES spectra do not yield information on the spin po-
larization, yet they effectively unveil the energy splitting of the
electronic structure caused by the altermagnetic phase, which is
absent in the PM phase. This is revealed in detail in Note S2 and
Figure S3, Supporting Information), where it is shown that the
energy splitting in the domain averaged band structure indeed
retains the prominent band splitting even if the band structure
of multiple domains is super-imposed. Consequently, the large
splitting of B1 emerging due to the formation of the AM order
is well resolved in our experiments. Thus, our observation of the
temperature-dependent valence band splitting across the mag-

netic transition is a clear hallmark of the altermagnetic state of
𝛼−MnTe.

3. Conclusions

Through angle-resolved photoemission spectroscopy and DFT,
we have elucidated the electronic structure of altermagnetic
𝛼−MnTe in both its low-temperature altermagnetic and high-
temperature paramagnetic phases. In the altermagnetic phase,
we identified a valence band splitting as large as 150 meV on
the nodal surface that gradually diminishes as the temperature
increases toward the Néel temperature, and ultimately vanishes
above in the paramagnetic phase. This discovery strongly sup-
ports the notion that the valence band splitting in altermagnets
is intricately linked to the unique momentum-dependent spin
splitting caused by the altermagnetic order, as confirmed by our
DLM calculations. The presence of a temperature-dependent va-
lence band splitting on the nodal surface unequivocally reveals
the crucial role of relativistic altermagnetic symmetry in induc-
ing relativistic spin splitting in 𝛼−MnTe that stands for a proto-
typical altermagnetic material. Thus, our work not only expands
our understanding of altermagnetic phenomena but also opens
new avenues for the development of advanced materials with
unique electronic properties. As we delve deeper into the intrica-
cies of altermagnetic systems, we anticipate that further discover-
ies will drive advancements that have profound implications for
both fundamental science and technological applications.

4. Experimental Section
Growth and Characterization: Single crystalline 𝛼−MnTe films were

grown by molecular beam epitaxy on InP (111) A substrates using ele-
mental Mn and Te sources and substrate temperatures in the range of
370 to 450 °C. The structure of the films was determined using X-ray
diffraction (XRD) and scanning transmission electron microscopy (STEM)
at room temperature. The surfaces were assessed using reflection high-
energy electron diffraction (RHEED) and atomic force microscopy (AFM),
while the magnetic transition was characterized through superconducting
quantum interference device measurements.

Angle-Resolved Photoemission Spectroscopy: The measurements were
performed at the high-resolution URANOS beamline at SOLARIS syn-
chrotron in Krakow, Poland. Preliminary measurements were also con-
ducted at the U125-2-PGM beamline at BESSY II synchrotron in Berlin. The
samples were transferred from the MBE to the synchrotron under UHV
conditions using a battery-operated Ferrovac vacuum suitcase. In these
experiments, the photon energy was varied within the range of 17 to 70 eV
(p-polarized) and the sample temperature between 320 and 40 K. The pho-
toelectrons’ kinetic energy and their emission angles were measured by a
VG Scienta DA30L electron spectrometer with energy and angular resolu-
tion better than 3 meV and 0.1°, respectively.

Density Functional Calculation + U (DFT+U): To compare with ARPES
spectra, self-consistent electronic structure calculations were performed
for the magnetically ordered phase of 𝛼−MnTe (P63/mmc space group)
using the lattice parameters a = 4.15 Å and c = 6.71 Å. These calculations
utilized projector augmented wave pseudopotentials[28] and adopted the
implementation of the VASP electronic structure code.[29] The exchange-
correlation functional GGA was chosen according to Perdew, Burke, and
Ernzerhof.[30] BZ integral were sampled on a Γ−centered 9 × 9 × 4 mesh,
and a consistent energy cutoff of 400 eV was applied in all calculations.
The screened on-site Coulomb interaction U and exchange interaction J
for Mn were set to 4.80 and 0.80 eV, respectively, based on previous lit-
erature estimates.[31] In these calculations, SOC was included on top of

Adv. Mater. 2024, 36, 2314076 2314076 (6 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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the Schrödinger Hamiltonian and the direction of the Néel vector was
set along [11̄00] direction, in accordance with experimental evidence from
neutron diffraction and magneto-transport measurements.[21] As detailed
in Note S2 and Figure S3, Supporting Information, it was observed that the
band structure varied only slightly from one domain to another, enabling
the main features of the bands to remain clearly visible in the experiments.
In this case, it was assumed that the electronic structure along the ΓΚ and
ΓΜ directions was equivalent to that along the ΓΚ3 and ΓΜ2 directions,
respectively.

DLM Combined with the CPA: Self-consistent calculations were car-
ried out using the fully relativistic Korringa-Kohn-Rostoker (SPRKKR)
Green’s function method in the atomic sphere approximation, within the
rotationally invariant GGA+U scheme as implemented in the SPRKKR
formalism.[32,33] The screened on-site Coulomb interaction U and ex-
change interaction J of Mn were set to 4.80 and 0.80 eV respectively, which
were estimated based on the previous literature.[31] The angular momen-
tum expansion up to Imax = 4 has been used for each atom on a 28 ×
28 × 15 k-point grid. To simulate the paramagnetic phase, the DLM ap-
proach was employed, assigning an equal 50% probability to either sign
for the magnetic orientation of antiparallel Mn atoms at T ≥ TN. The to-
tal energy convergence has been set to 10−5 Ry. The Lloyd’s formula has
been employed for accurate determination of the Fermi level.[34–36]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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