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Newly discovered altermagnets are magnetic materials exhibiting both compensated magnetic order,
similar to antiferromagnets, and simultaneous non-relativistic spin-splitting of the bands, akin to ferro-
magnets. This characteristic arises from specific symmetry operation that connects the spin sublattices. In
this report, we show with ab initio calculations that semiconductive MnSe exhibits altermagnetic spin-
splitting in the wurtzite phase as well as a critical temperature well above room temperature. It is the first
material from such a space group identified to possess altermagnetic properties. Furthermore, we
demonstrate experimentally through structural characterization techniques that it is possible to obtain
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thin films of both the intriguing wurtzite phase of MnSe and more common rock-salt MnSe using mole-
cular beam epitaxy on GaAs substrates. The choice of buffer layers plays a crucial role in determining the
resulting phase and consequently extends the array of materials available for the physics of
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I. Introduction

Intensive research on the physics of antiferromagnets in
recent years led to the identification of materials that combine
the properties of antiferromagnets (AFM) such as magnetiza-
tion compensation together with the features of typical ferro-
magnets like spin-split band structures. Such coexistence of
effects was shown to originate from the presence of rotation
symmetry operation and the absence of translation symmetry
operation connecting different spin sublattices in a general-
ized symmetry formalism and allowed for a definition of
altermagnets,”> which are distinct from both ferromagnets
and antiferromagnets. Altermagnets are very appealing due to
their potential applications, for example, they can exhibit out-
standing charge-spin conversion efficiency’® and large giant
or tunneling magnetoresistance values’ together with THz
spin dynamics." Numerous materials fulfill the symmetry cri-
teria to be altermagnets ranging from insulators to metals."
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Among them, hexagonal MnTe is an important chalcogenide
semiconductor recently shown to exhibit an anomalous Hall
effect.® This motivated us to search for altermagnetism in
various crystal structures of manganese-based chalcogenides.

In this work, we investigate MnSe, which can form a variety
of phases, although the most common form is the rock-salt
structure. We show the possibility to stabilize the epitaxial
growth of two different phases of thin film MnSe: rock-salt
(RS) or wurtzite (WZ), depending on the appropriate choice of
growth conditions with the use of the same MBE technique
and GaAs substrates. During all of these processes, we
observed sharp and bright reflection high-energy electron diffr-
action (RHEED) patterns as a sign of high-quality 2D growth.
Of particular interest is the wurtzite phase that has been
shown to be unstable in the bulk form® and thus rare. It was
observed either as a minor impurity phase or in colloidal
nanoparticles'® but not for epitaxial thin films. We explore the
structural properties and quality of thin films of MnSe by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
energy-dispersive X-ray spectrometry (EDX), atomic force
microscopy, Raman spectroscopy and superconducting
quantum interference device (SQUID) magnetometry for the
thicker layers of rock-salt MnSe.

Moreover, we performed ab initio calculations to explore the
electronic band structure and found altermagnetic spin-split-
ting in the wurtzite MnSe together with the critical tempera-
ture above room temperature. The altermagnetism depends on
the magnetic space groups, therefore, as a consequence, also
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on the Wyckoff positions of the magnetic atoms, magnetic
order and dimensionality."*"'* Several compounds belonging
to the hexagonal space group no. 194 (NiAs phase) show alter-
magnetism as MnTe and Euln,As, compounds.”®*?* Going to
the hexagonal space group no. 186 (wurtzite phase), MnSe is
the first altermagnetic compound proposed within this space
group to our knowledge.

Historically, the interplay of different phases has been
observed very early for bulk MnSe. Although the most thermo-
dynamically stable form of MnSe is the rock-salt structure
MnSe,'*"® different crystalline phases were believed to trans-
form between each other upon cooling and heating cycles,
which was considered as a likely reason for the strong thermal
hysteretic behavior of its magnetic properties.'® Alternative
explanations have been provided'” but more recent research
proves the existence of an admixture of hexagonal NiAs-type
MnSe at lower temperatures'®'® and correlates it with the exist-
ence of the hysteresis. Remarkably, high pressure may induce
a transformation to the orthogonal phase and
superconductivity.’®*" The epitaxial growth of MnSe on (100)
GaAs is known to result in a rock-salt structure** except for
very thin layers.”*>* Successful efforts of stabilizing the zinc
blende structure in the MBE were undertaken by the growth of
superlattices with ZnSe on (100) GaAs.*>*>?® The growth of
MnSe on c-plane sapphire’” or NbSe,>® substrates has also
been attempted. The latter can result in a monolayer of
unusual ordering. Computations confirm that the choice of
the substrate and the resulting strain can have a tremendous
effect on the magnetic properties of this material.>®

lI. Experimental results and
discussion
A. Rock-salt MnSe

All MnSe layers considered in this work were grown in a II-VI
MBE growth chamber equipped with standard Knudsen
effusion cells for both Se and Mn sources. We start from the
general notice that the growth of MnSe directly on GaAs
without any buffer layers results in a rock-salt structure of the
former (see Fig. 1b). For GaAs(100) with 2° offcut substrates,
the RHEED image gradually transforms from the 2D streaky to
a 3D spotted pattern. The change of the distance between the
lines is a sign of diminishing lattice constant can be observed.
Significant lattice mismatch is expected to promote the for-
mation of defects. The crystal structure quality was studied by
XRD and reflections corresponding to the (002), (004) and
(006) planes of rock-salt MnSe could be observed in 260/w
scans. The width of the (004) reflection was studied as a func-
tion of the temperature of growth. Although a slightly narrower
peak has been observed for a temperature of T = 350 °C, we
chose the temperature of T = 300 °C as optimal for the growth
of all samples considered in this work. This is because elev-
ated temperatures preclude the growth of numerous II-VI
buffer layers.
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Fig. 1 Comparison of the structural characteristics of the top surface of
wurtzite MnSe (left column, sample WZ3) and rock-salt MnSe (right
column, sample RS1). Atomic structure diagrams of (a) wurtzite and (b)
rock-salt MnSe. (c) and (d) RHEED images taken just at the end of the
growth. (e) and (f) AFM topography scans and (g) and (h) profiles of the
relative height along the blue lines indicated in the AFM images.

In contrast to other works considering the growth of MnSe
by the MBE,**>° we also attempted the use of GaAs substrates
with (111)B orientation. Remarkably, such a procedure results
in a 2D RHEED pattern that remains in the form of bright and
sharp lines up to a thickness of hundreds of nanometers
(Fig. 1d). The surface of the 200 nm layer of MnSe (sample
RS1) studied by atomic force microscopy (Fig. 1f) exhibits sub-
nanometer roughness measured over hundreds of nanometers
(Fig. 1h), the presence of terraces of a triangular shape, screw
dislocation patterns and occasional large surface defects of a
round shape. The RMS roughness parameter calculated for a
random 500 nm square region is on the order of 0.6 nm. In
the XRD patterns, reflections corresponding to the (111) and
(222) rock-salt phases of MnSe are clearly visible in the 26/
scans (blue line in Fig. 2). We observed an almost fully relaxed
unit cell (ESIT). Moreover, the sample exhibits a 6-fold sym-
metry with respect to the (111) plane unlike the GaAs sub-
strate, which displays a 3-fold symmetry (ESI}). It is most likely
the sign of crystal twinning that arises due to the high sym-
metry of the plane during the growth and 0° substrate offcut.
It can be likely mitigated with the use of substrates with sig-
nificant offcut with respect to the (111) plane.

Magnetic measurements of the rock-salt RS1 sample were
performed using a SQUID-based magnetometer MPMS XL

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Comparison of 260/w scans for structures with top MnSe(111)
thin-film layers evidencing an emergence of the wurtzite phase when
CdSe buffer is present.

from Quantum Design (San Diego, CA, USA). We followed
strictly the code appropriate for measurements for thin mag-
netic layers of minute magnetic signals deposited on solid-
state bulky substrates.®® The sample was stabilized with the
help of a strongly ethanol-diluted GE varnish on a sample
holder made from a length of about 1.8 mm of a wide Si stick.
To correctly establish the signal specific to the thin MnSe
layer, reference measurements were performed at the same
temperature and magnetic field ranges for an otherwise identi-
cal piece of the GaAs substrate mounted in a similar manner
on the same sample holder. This extra effort is especially
important since commercial solid-state substrates exhibit a
sizable temperature-dependent response,>'?> which can be
easily comparable to that of the investigated layers, in particu-
lar, antiferromagnets, and so it needs to be subtracted accord-
ingly with adequate care. The results of our T-dependent
studies are summarized in Fig. 3. In accordance with the
finding of ref. 18, strong thermal hystereses are seen between
70 and 300 K, as exemplified in the inset of Fig. 3. The magni-
tudes of these anomalies (in comparison with the magnetic
susceptibility y(T) at T > 300 K) decrease substantially at stron-
ger magnetic fields H. So, in order to establish the Néel temp-
erature Ty of rock-salt MnSe, we limit our analysis here to the
results obtained at relatively high magnetic fields. The inverse
of (T) established for uoH = 4 T is given in the main panel of
Fig. 3. It follows a sufficiently straight line at elevated tempera-
tures to allow us to apply the time-honored Curie-Weiss (CW)
approach. The abscissa and slope of this line yield the esti-
mation of the Curie-Weiss temperature Ocw = —530 + 30 K
and the magnitude of spin moment S = 2.4 + 0.2, respectively.
The latter value confirms the expected 3d> configuration of Mn
ions in rock-salt MnSe. The experimental points follow the CW
law only above about 120 K. Below this temperature, the experi-
mental points clearly deviate from the linear dependency. We
assigned this temperature to Ty = 120 + 10 K of rock-salt
MnSe. We marked this point by a thick arrow in Fig. 3. This is
the magnitude of Ty as established previously from heat
capacity measurements."®

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Inverse of the magnetic susceptibility, y, of rock-salt MnSe

(sample RS1) established at yoH = 4 T (solid symbols). The solid line rep-
resents the Curie—Weiss behavior allowing for the estimation of the
Curie—Weiss temperature Ocyw = —530 + 30 K and the magnitude of spin
moment S = 2.4 + 0.2. The thick arrow marks the Néel temperature Ty
of this compound. Inset: thermal hysteresis of y, characteristic of rock-
salt MnSe, evidenced at an external field of yoH =1T.

For Raman spectroscopy measurements, the rock-salt MnSe
sample (RS3) was placed in a helium flow cryostat. The Raman
spectra were recorded with the use of a 532 nm laser and the
signal were collected with a microscope objective of a numeri-
cal aperture of NA = 0.65. Fig. 4a shows the Raman scattering
spectrum of the material recorded at 75 K. Transitions at
around 130 cm™' and 277 ecm™}, characteristic of rock-salt
MnSe,*? are clearly observed. Fig. 4b shows the Raman spectra
in the spectral vicinity of the transition at around 130 cm™
recorded for consecutive temperatures increasing from 70 K to
170 K. The transition is attributed to the excitation of the LA
(X) phonon in rock-salt MnSe.** The intensity of the transition
is presented in Fig. 4c. It exhibits a minimum at around 120 K,
corresponding to the Néel temperature in this material. A
decrease in the Raman transition intensity was observed at
around Ty, which confirms that phonon excitation provides a
probe for the magnetic phase transitions in the studied
system. This can be traced back to a contribution of an
exchange type apart from the ordinary Coulomb-type inter-
action between the Mn cations possessing non-vanishing spin
moment. Similar effects have been previously observed mostly
in 2D layered AFMs, where phonon interactions are much
stronger.>*

Next, we describe the growth of MnSe on the buffer layers
deposited on GaAs(111)B (see the full list of the investigated
samples in Table 1). One of the commonly used buffers for
II-VI semiconductors is ZnSe. However, for the growth of ZnSe
in the (111) orientation, the RHEED pattern evolves into a spotty
3D image precluding the growth of thick layers of high quality.
For a 60 nm ZnSe buffer, the subsequent layer of MnSe
(sample RS2) exhibits rock-salt character but with a mixture of
(111) and (001) orientations and a likely admixture of the
wurtzite phase (purple line in Fig. 2).

Nanoscale, 2024, 16, 6259-6267 | 6261
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Fig. 4 (a) Raman scattering spectrum of the rock-salt MnSe layer
(sample RS3) recorded at 75 K. (b) Raman spectra of the rock-salt MnSe
layer (sample RS3) as a function of temperature in the region of
130 cm™ transition. (c) Intensity of the transition at around 130 cm™ as
a function of temperature exhibits a clear minimum in the vicinity of the

Néel temperature.

Table 1 The list of investigated MBE-grown samples containing rock-
salt (RS) or wurtzite (WZ) MnSe as a top layer. All of the listed samples
were grown on GaAs(111)B substrates

Sample Phase of
number Sample structure (thickness in nm) MnSe
RS1 MnSe (200) RS
(UW1932)

RS2 ZnSe (60)|MnSe (200) RS/WZ
(UW1933)

RS3 MnSe (2500) RS
(UW2097)

Wz1 ZnSe (60)|CdSe (10)|MnSe (60) Wz
(UW1947)

WZ2 ZnSe (70)|ZnTe (50)|(Cd,Mg)Se (50)|CdSe WZ
(UW1961) (10)|MnSe (20)

WZ3 ZnSe (70)|ZnTe (50)|(Cd,Mg)Se (50)|CdSe WZ
(UW1994) (20)|MnSe (20)

B. Wurtzite MnSe

35-37

CdSe can be grown on GaAs(111) in the wurtzite phase
(see Fig. 1a). This holds true even if additional layers of ZnSe|
ZnTe are introduced in between (Fig. 5). Remarkably, we
observed that for every sample in our study in which the MnSe
layer is grown on CdSe, MnSe adopts the wurtzite phase (see
the list of the studied samples in Table 1). This is verified by
XRD and TEM. The reflections corresponding to the (0002),
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(0004) and (0006) wurtzite phases of MnSe can be seen in
Fig. 2. Due to the thin film character of the wurtzite MnSe
layers (unlike rock-salt MnSe, we discuss the thickness limit-
ations in the ESIT), we focus on the detailed TEM analysis for
this phase rather than bulk-sensitive techniques that are
difficult to apply here such as Raman spectroscopy and SQUID
magnetometry.

The (scanning) transmission electron microscopy analysis
in Fig. 5 shows the results for the cross-section of the WZ2
sample (prepared with a focused ion beam), revealing its
chemical composition (Fig. 5a) and a detailed analysis of the
crystal structure of the MnSe layer in Fig. 5b-d. The color-
coded energy-dispersive X-ray spectroscopy (EDX) maps in
Fig. 5a confirm that the heterostructure outcome is in accord-
ance with MBE specifications (see Table 1). Comprehensive
structural studies on MnSe phase identification were per-
formed via high-resolution TEM (HRTEM) imaging in corre-
lation with fast Fourier transform (FFT) analysis (electron diffr-
action analog), which unequivocally confirms the wurtzite
phase of MnSe. Clear evidence is presented in Fig. 5c that a
wurtzite MnSe ball model (in the [2110] zone axis) is superim-
posed on the HRTEM image in its thinnest area (top part) as
well in Fig. 5d, where the simulated kinematic electron diffrac-
tion pattern aligns with the FFT image.

The RHEED pattern of the surface of wurtzite MnSe con-
sists of sharp and bright lines throughout the growth of the
layers of at least 60 nm thickness (Fig. 1c). The surface
measured by AFM is subnanometer flat over hundreds of nm
distances as indicated in Fig. 1e and g and the RMS roughness
parameter calculated for a random 500 nm square region is on
the order of 1.5 nm.

The complex set of buffer layers beneath wurtzite CdSe,
introduced for some of the studied samples, was motivated by
analogous experimental protocols that had been developed
and successfully tested for high-quality CdSe quantum wells
grown on GaAs(001)-oriented substrates.*®*? Therefore, we
noticed that some of our samples should form an interesting
asymmetric quantum well that can be studied optically. The
limitations of the quality of ZnSe growth in the (111) orien-
tation and the simultaneous good quality RHEED pattern for
CdSe in the same samples together with the universal obser-
vation of wurtzite MnSe on CdSe within the studied set of
samples suggest that the crucial factor to obtain wurtzite
MnSe is to proceed deposition on wurtzite CdSe.

[ll.  First principles calculations

Electronic structure calculations were performed within the
framework of first-principles density functional theory based
on the plane wave basis set and the projector augmented wave
method using VASP*® package. A plane-wave energy cut-off of
400 eV and the generalised gradient approximation of Perdrew,
Burke, and Ernzerhof have been used."’ We have performed
the calculations using 10 x 10 X 6 k-points centered in I'. The
Hubbard U effects for the 3d-orbitals of Mn>" have been

This journal is © The Royal Society of Chemistry 2024
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Fig. 5

(a) Scanning transmission electron microscopy (STEM) image of a sample containing wurtzite MnSe (sample WZ2); cross-section with

energy-dispersive X-ray spectroscopy (EDX) color maps showing the GaAs substrate and ZnSe and ZnTe buffer layers, as well as (Cd,Mg)Se, CdSe,
MnSe top layers; (b) high-resolution TEM (HRTEM) image of the dark blue rectangle area indicated in panel a, presenting wurtzite MnSe and wurtzite
CdSe/(Cd,Mg)Se layers in a perfect epitaxial relationship recorded in the [2110] zone axis. (c) Magnified area from panel b (light blue rectangle) with
an atom-ball model of the wurtzite MnSe structure (visualized in the [2110] zone axis) superimposed on the HRTEM image. (d) Kinematic electron
diffraction simulated for wurtzite MnSe (green spots) perfectly overlapping the 2D-fast Fourier transform (FFT) of the image in panel c (grayscale

image in the background).

adopted.**> We have scanned the value of U from 0 to 6 eV (ref.
43 and 44) keeping Ji; = 0.15U. Using first-principles calcu-
lations, we compared the rock-salt crystal structure (space
group no. 225) with the wurtzite crystal structure (space group
no. 186). The band gap changes from indirect in the rock-salt
phase®” to direct in the wurtzite phase as we can see in Fig. 6a
and b. In the wurtzite phase, the valence band is composed of
p-Se from —4 eV up to the Fermi level. The majority-spin
d-bands are quite flat and present in between —5 and —6 eV as
observed in (Cd,Mn)Te.*® At the T" point, the bottom of the
conduction is composed of s bands of Te and Mn. We investi-
gated the band gap E, as a function of the Coulomb repulsion
U in Fig. 6¢. As usual, the band gap increases monotonically as
a function of U for both cases and we found that the band gap
of the wurtzite phase is always 1.5 eV larger than the rock-salt
phase. We recall that ab initio calculations tend to underesti-
mate the gap; this underestimation is particularly severe in the
wurtzite phase as we can see from ZnO calculations.*”
However, we expect that the prediction of the difference
between the gaps would be much more reliable; therefore, we
expect that the wurtzite band gap is around 1.5 eV larger than
the rock-salt phase band gap.

To investigate the magnetic properties, we analyzed the
quantity AE = Ery — Eapm per formula unit as a function of U
for both rock-salt and wurtzite phases. The quantity AE is pro-

This journal is © The Royal Society of Chemistry 2024

portional to the magnetic exchange and therefore to Ty. As we
can see from Fig. 6d, in both cases, the AFM phase is the
ground state. However, in the rock-salt phase, AFM is magneti-
cally frustrated, producing a relatively low value of AE while
the energy difference is much larger for the wurtzite phase.
Considering that the rock-salt phase has Ty = 120 K detected
experimentally, the wurtzite MnSe has Ty well above room
temperature. From ab initio calculations, the Néel vector is in
the ab plane with a small energy difference between the mag-
netic configurations with spins in the plane and out of the
plane. The magnetocrystalline anisotropy is of the order of
0.02-0.06 eV per formula unit for values of the Coulomb repul-
sion U in the physical range of U between 2 and 6 eV.
Regarding the altermagnetism, the rock-salt phase is not
altermagnetic since both magnetic and non-magnetic atoms
are in high-symmetry positions. The altermagnetic properties
are present in the wurtzite phase of MnSe since the two Mn
sites with opposite magneticmoments can be transformed one
into another only by combining a non-primitive translation
with a rotation by 60 degrees around the c-axis due to the pres-
ence of non-magnetic Se atoms. The non-relativistic spin-split-
ting is similar to the NiAs phase except that the splitting is
much smaller in the wurtzite MnSe. Indeed, both groups
belong to the same magnetic Laue class (6'/m'm'm), proving
that the spin splitting of electron bands without spin-orbit

Nanoscale, 2024, 16, 6259-6267 | 6263
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Fig. 6 (a) Magnetic band structure of MnSe in the rock-salt phase (space group no. 225). (b) Magnetic band structure of MnSe in the wurtzite phase

(space group no. 186). The Fermi level is set to zero. In both cases, we have used a value of U = 6 eV. (c) Band gap of the rock-salt phase (purple
line) and wurtzite phase (red line) as a function of the Coulomb repulsion U. (d) Energy difference per formula unit for the rock-salt phase (purple
line) and wurtzite phase (red line) as a function of the Coulomb repulsion. The deviation from the trend for the rock-salt phase at low U is due to the

insulator-to-metal transition of the FM phase at U = 0.

coupling is qualitatively the same in both systems. However,
the magnetic point group of the wurtzite MnSe is 6'm'm,
which differs from that of the hexagonal MnTe in the NiAs
structure, which is 6'/m'm'm.*®*° Therefore, the spin-orbit
effects on the band structure differ between thecentrosym-
metric MnTe and noncentrosymmetric MnSe as it was demon-
strated elsewhere.’® The band structure along the k-path that

4 [T——

2} .
< 1| spin-down 1
L spin-up ——
30
E’ _/
I -1 E o

-2

3 ]

A
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Fig. 7 Magnetic band structure of wurtzite MnSe along the high-sym-
metry positions L;-I'-L, in the absence of SOC. Blue and red lines rep-
resent the spin-up and spin-down channels, respectively. The Fermi
level is set to zero. Altermagnetism is revealed by the lifted degeneracy
of the spin-up and spin-down channels.
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shows altermagnetism is presented in Fig. 7. With subscripts 1
and 2 in Fig. 7, we indicate the two points in the k-space that
have opposite non-relativistic spin-splitting. The points L; and
L, have the same position of the Brillouin zone as it is in the
case of MnTe.”"

IV. Conclusions

In summary, we report on the MBE growth and structural
studies of the thin layers of the semiconductor MnSe in the
(111) orientation for the first time. We revealed the possibility
of controlling the crystal structure of the resulting MnSe. The
growth directly on GaAs substrates leads to the typical rock-salt
structure of MnSe, whereas the presence of a wurtzite CdSe
buffer layer underneath makes MnSe adopt the wurtzite struc-
ture, which is a rare phase for this compound. With ab initio
calculations, we have demonstrated that the wurtzite MnSe is
an altermagnetic compound with lower non-relativistic spin-
splitting with respect to the NiAs phase of MnTe. Moreover,
the calculations show that wurtzite MnSe has a direct band
gap of 1.5 eV larger than the rock-salt phase of MnSe and a
Néel temperature above room temperature. Such interesting
observations extend the array of materials available for the
physics of altermagnetism and highlight the role of the proper
choice of the buffer layers in the epitaxial growth of manga-
nese-based chalcogenides.

This journal is © The Royal Society of Chemistry 2024
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