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Altermagnets are compensated magnets belonging to spin symmetry groups that allow alternating spin polar-
izations both in the coordinate space of the crystal and in the momentum space of the electronic structure. In
these materials the anisotropic local crystal environment of the different sublattices lowers the symmetry of the
system so that the opposite-spin sublattices are connected only by rotations, which results in an unconventional
spin-polarized band structure in the momentum space. This low symmetry of the crystal structure is expected to
be reflected in the anisotropy of the anomalous Hall effect. In this work, we study the anisotropy of the anoma-
lous Hall effect in epitaxial thin films of MnsSiz, an altermagnetic candidate material. We first demonstrate
a change in the relative Néel vector orientation when rotating the external field orientation through systematic
changes in both the anomalous Hall effect and the anisotropic longitudinal magnetoresistance. We then show
that the anomalous Hall effect in this material is anisotropic with the Néel vector orientation relative to the
crystal structure and that this anisotropy requires high crystal quality and unlikely correlates with the magne-
tocrystalline anisotropy. Our results provide further systematic support to the case for considering epitaxial thin
films of MnsSi3 as an altermagnetic candidate material.

I. INTRODUCTION

The physical properties of magnetic materials are governed
by the intrinsic symmetries of their crystal and spin structures,
which are represented by symmetry groups. A good example
in the realm of magnetotransport properties is the anomalous
Hall effect (AHE) [1], where a longitudinal electric field E
generates a transversal Hall current jg that is perpendicular
to the Hall vector (h = (0, 0y, 0yx)", where o;; are the off-
diagonal terms of the conductivity matrix) i.e. jg =h X E.
As h is an axial vector and odd upon time-reversal (.7), non-
vanishing AHE is only observed in systems where the sym-
metries allow for such a vector. In ferromagnetic materials
the net magnetization is also a .7 -odd axial vector and thus
h is allowed [1] while in magnetic materials with compen-
sated order, h is allowed upon sufficient lowering of the crys-
tal symmetries [2—7]. In antiferromagnetic materials [8, 9]
where the opposite-spin sublattices are connected by transla-
tion or inversion, h is forbidden by symmetry, while in alter-
magnetic materials [10] this connecting symmetry is rotation,
which allows for h [11-17]. This lowered symmetry in alter-
magnets stems from the two sublattices being inequivalent in
terms of the local crystal environment. Altermagnets are char-
acterised by alternating spin-splitting of the energy bands [18—
22] and they show various core spintronic properties such as
the AHE presented above, the Nernst effect (thermal counter-
part of the AHE) [23], spin-polarized current generation [24—
26], as well as giant and tunnel magnetoresistances [27-29] in
heterostructures.

In polycrystalline soft ferromagnets, h is allowed by sym-
metry for any magnetization orientation. Therefore, the AHE

is proportional to the component of the magnetization that is
parallel to h, i.e. to MscosO, where M is the saturation mag-
netization and 0 is the angle between the external field and
the film normal, assuming that the field is strong enough to
saturate the magnetization. Exceptions to this behavior can
arise in crystalline ferromagnets [30, 31] or ferromagnets with
strong magnetocrystalline anisotropy, which causes a lag be-
tween the external field and the magnetization. In altermag-
nets, specific Néel vector (L) orientations can either allow or
exclude the Hall vector h(L) by symmetry [7, 11, 13] so that
anisotropic AHE beyond M cos0 can arise.

Anisotropic AHE beyond Mcosf in compensated magnets
constitutes a hallmark of altermagnetism, as has been recently
demonstrated in RuO, [11] (intrinsic d-wave altermagnet, i.e.
the electronic structure displays four lobes with alternating
spin-polarization) and MnTe showing spontaneous AHE [13]
(intrinsic g-wave, which acquires a d-wave character in the
presence of spin-orbit coupling). Both RuO, and MnTe owe
their altermagnetism to the presence of non-magnetic atoms
that lower the symmetry of the system such that the opposite-
spin sublattices are not connected by either inversion or trans-
lation [10]. The saturation of L in RuO, and MnTe requires
high fields of 68 [11, 12] and 4 T [13], respectively, so for fur-
ther studies on the anisotropy of AHE in altermagnets a new
material candidate where L-saturation is realized at smaller
fields would be ideal.

Recently, epitaxial thin films of MnsSi3 have emerged as
such candidate [15] as the collinear compensated phase of
Mn;sSi; with a hexagonal unit cell and four magnetic Mn
atoms on the Mn?2 sites in a checkerboard arrangement of the
sublattices shown in Figure 1(a) fulfills the symmetry crite-



FIG. 1. (Color Online) (a) The hexagonal unit cell of epitaxial thin
films of MnsSi3. The two magnetically ordered opposite-spin sub-
lattices of Mn-atoms are highlighted in red and blue. Note, that there
are two other options (’quadrupole domains’) for the checkerboard
distribution of the magnetic Mn atoms among the Mn2 sites. (b) Op-
tical image of a typical Hall bar device. (c) Illustration of a Hall
bar with the angle 0 defining the external field H orientation relative
to the film normal z, which coincides with the [0001] crystal axis
of MnsSiz. (d) Top view of a Hall bar showing the angle ¢, which
refers to the orientation of the current channel I, relative to the crys-
tal axis [0110]. Varying « is achieved through the fabrication of a set
of Hall bars oriented along several crystal directions.

ria for altermagnetism [15]. Note, that in the bulk phase of
Mn;Si3 the hexagonal unit cell is not preserved during the
magnetic ordering and the opposite-spin sublattices become
connected by translation making bulk MnsSi3 antiferromag-
netic [32-35]. However, when grown as epitaxial thin films
[16] the substrate stabilises the hexagonal unit cell of MnsSi3
over the entire temperature range [15], fulfilling the symme-
try requirements for making epitaxial MnsSis a potential can-
didate for the altermagnetic phase with a d-wave symmetry.
In good accordance with the theoretical predictions and the
structural properties epitaxial MnsSiz exhibits a sizable spon-
taneous AHE despite a vanishingly small net magnetization
[15].

In this work we investigate the anisotropy of AHE in epi-
taxial MnsSi3 in terms of the external field orientation rela-
tive to the crystal structure. We show that a systematic rota-
tion of the field in different crystal planes inflicts systematic
changes on the magnetotransport properties, indicating that
we are able to control the relative L-orientation with experi-
mentally reasonable external field strengths of the order of 2
T. Moreover, we show that changing the relative L-orientation
yields anisotropic behavior of the AHE, beyond cosf, that
requires a high crystal quality of the epitaxial films and is
unlikely related to the magnetocrystalline anisotropy, which
further demonstrates that the properties of epitaxial MnsSi3
closely match those of altermagnetic materials.

II. METHODS

The epitaxial thin films of MnsSi3 are grown on Si(111)
substrates by molecular beam epitaxy using optimized growth
parameters for realizing films with high crystalline qual-
ity and maximum MnsSi3 content [16]. A few nm-thick
MnSi phase acts as a thin seed layer aiding the nucleation
of MnsSiz on Si(111) [16]. Unless otherwise specified, the
films used in this work contain 96 % MnsSi3 and 4 % MnSi
and they have a thickness of ~17 nm. The high crys-
tallinity and the crystal orientation of the films have been
verified using transmission electron microscopy (TEM) in
our previous works [15, 16]. The epitaxial relationship be-
tween the Si substrate, MnSi seed layer and MnsSi3 film
is Si(111)[110]/MnSi(111)[211]//MnsSi3(0001)[0110]. The
films were patterned into microscopic Hall bars shown in Fig-
ure 1(b) using optical UV lithography and subsequent ion
beam etching. The orientations of the Hall bar current chan-
nels relative to the crystal axis [2110] are defined by the angle
« as illustrated in Figure 1(d). We measure simultaneously
the longitudinal (Vy,) and transversal (V,,) voltages (denoted
in Figure 1(b,c)) as a function of the external field strength
and orientation to obtain the corresponding field- and angular-
dependences of the longitudinal (py,) and transversal (p,y) re-
sistivities. We apply the external field always in the (yz) plane,
i.e. the plane perpendicular to the current channel. Its exact
orientation relative to the [0001] crystal axis (film normal) is
given by the angle 0, as illustrated in Figure 1(c). Note that we
will demonstrate later on in the text that the important param-
eter causing the anisotropic AHE is the crystal plane in which
the external field rotates rather than the exact crystal orienta-
tion of the current channel - we alter the Hall bar orientation
simply to ensure that the external field and the current chan-
nel are always perpendicular to each other unless otherwise
stated. The current density is 3 x 10° A cm~2 throughout this
work. For all the measurements presented in this work, the
temperature was kept at 110 K, which is between the two crit-
ical temperatures of our films [15, 16]. At this temperature the
films exhibit characteristic features of an altermagnetic phase,
i.e. a sizable spontaneous AHE despite a vanishingly small
net magnetization [15].

III. RESULTS AND DISCUSSIONS

First, we study how the AHE resistivity (pagg) evolves
when the external field orientation, parameterized by 0, is
changed. We consider a Hall bar where the external field
rotates in the (0110) plane (¢ = 90 deg). We have first
measured the hysteresis loops of py, for selected 68, from
which a linear poyr background (slope ~ 0.045 uQ cm
T—1), originating from the ordinary Hall effect has been re-
moved and only the antisymmetric-in-field part of the signal
is used: Paz = Pryasym = (Pay (H) — Pry(—H)) /2. The sym-
metric part Py gym = (Pxy(H) + pry(—H))/2, is negligible in
our sample at the specific measurement temperature support-
ing the collinear spin configuration [17]. The different contri-
butions to Py, are summarized in Figure 2(a). For the remain-
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FIG. 2. (Color Online) (a) Disentangling the different contributions - symmetric-in-field pyy,sym, antisymmetric-in-field pyy asym. and ordinary
Hall effect poyE - to the field-dependence of transverse resistivity pyy. The signal of interest here is the antisymmetric contribution, relating
to the anomalous Hall effect (AHE) resistivity pazg. (b) The hysteresis loops of the corresponding AHE conductivity Gayr = pane /P2, at
selected external field orientations 0 at 110 K. The sweep direction is indicated by the small arrows. The cxgyr is at maximum at 6 = 0 deg
(field out-of-plane) and decreases when the field rotates away from it, almost vanishing at 6 = 0 deg (field in-plane). This is in contrast with
the weak magnetization M, which is isotropic for 6 = 0 and 90 deg. Note that we have removed the linear diamagnetic background in the

hysteresis loops of M.

ing of the paper, we will convert psyr to AHE conductivity
CAHE = PAHE/ pfx, which is used to characterize the intrinsic
effects (pyy at 110 K is ~ 180 € cm).

The hysteresis loops of c4pg for various 6 are shown
in Figure 2(b). We observe that the o4yp at saturation
(CAHE max) 1s maximum when the field is close to the out-of-
plane [0001] axis (6 = 0 deg) and vanishes when the field
is close to the in-plane [2110] axis (8 = 90 deg). As ex-
pected from the previous AHE study on the epitaxial MnsSi3
[15], 180 degree rotation of this field changes the polarity of
oaye. The evolution of o4y for the field orientations be-
tween [0001] and [0001] is better visible in Figure 3 where
we directly show o4 as a function of 6 for a 4 T exter-
nal field. Between [0001] and [0001] G4yE shows step-like
behavior: when the field is oriented close to either [0001] or
[2110] (in-plane) crystal axes the slope is considerably more
flat than in-between these directions. We note that the back-
ward sweep does not trace the forward sweep because the sat-
uration is not reached at 4 T at all field orientations as seen in
Figure 2(b).

To unravel the possible origin of this anisotropic behavior
of the AHE, we will first study the option of weak magne-
tization giving a contribution. Analogously to the AHE ex-
periments, we have measured the sample magnetization M
along the external field for two field orientations 8 = 0 and
90 deg as shown in Figures 2b and 3. After removing a linear
diamagnetic background, we observe that the magnetization
loops contain two components: a non-hysteretic part that re-
lates to the substrate and the sample holder, and a hysteretic
part that we attribute to the MnsSi3 film as the magnitude of
its coercivity agrees with that of the AHE-signal. This hys-
teretic component suggests a slight spontaneous canting of
the magnetic sublattice moments and can play a role in the

reversal mechanism of the Néel vector. We observe that the
weak magnetization of the hysteretic component is small, i.e.
~ 0.1 up/u.c., and this value for 6 = 0 and 90 deg is similar.
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FIG. 3. (Color Online) The AHE conductivity c4gg as a function
of the orientation 0 of a 4 T external field, at 110 K (full line), for a
current applied along the [0110] direction ( & = 90 deg). The forward
sweep is indicated by the full line and the backward sweep by the dot-
ted line. The AHE signal does not correlate with the 6-dependence
of the weak saturation magnetization M; of the hysteretic component
(circles), which is isotropic at 8 = 0 and 90 deg. Inset: measurement
geometry recalled and crystal structure of the (0110) plane in which
the external field H is rotated.
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FIG. 4. (Color Online) The field strength (a) and 6-orientation (b)
dependence (at 2 T) of oxyr at 110 K for epitaxial films contain-
ing 96:4 and 75:25 ratios of MnsSiz:MnSi. The former is an alter-
magnetic candidate and shows sizable AHE with large coercivity and
unconventional step-like 8-dependence. The latter is expected not al-
termagnetic and it shows smaller AHE with vanishing coercivity and
conventional isotropic 6-dependence.

We note that the behavior shown in Figure 2(b) would also be
expected for a ferromagnet as M, ~ 0 at 6 = 90 deg, while
the wide plateau in Figure 3 could be a consequence of the
magnetocrystalline anisotropy. We will now discuss further
experiments to show that the anisotropic AHE is more likely
to originate from the altermagnetic phase of our films.

First, we have measured the AHE in MnsSi3 films with
a larger proportion of MnSi, namely 75 % MnsSi3 and 25
% MnSi. Increasing the MnSi content deteriorates the crys-
tallinity of the MnsSiz [16], leading to a more textured film.
We expect this to either prohibit altermagnetism as the strain
necessary for stabilizing the hexagonal unit cell can relax at
the grain boundaries, or even if the hexagonal unit cell is re-
tained in the individual grains their different crystal orienta-
tions result in overall cancelling out of the altermagnetic ef-
fects. Figure 4 confirms that the magnetotransport properties
of this film are different from those of the 96:4 MnsSi3:MnSi)
Mn;Si3 epitaxial films with higher crystal quality. The field
dependence of o4y of the 75:25 control sample has a reduced
amplitude and a vanishing coercivity, while the 8-dependence
of the oqyr shows roughly a cos@ behavior, pointing to a
ferromagnetic character. These results are in stark contrast
with the behavior of the 96:4 sample and demonstrate that the
AHE with anisotropic 0-dependence and non-zero coercivity
requires a high crystal quality of the MnsSi3 epitaxial films,
which is consistent with the altermagnetic phase being at the
origin of the AHE requiring the system to have a specific sym-
metry. Moreover, this shows that the spurious MnSi phase
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FIG. 5. (Color Online) The normalized AHE conductivity
OAHE / OAHE max and the longitudinal anisotropic magnetoresistance
(AMR|) when the external field is rotated in different crystal planes.
In both cases, two distinct behaviors can be observed depending on
whether the crystal plane is equivalent to (0110) or (2110). Here, the
field strength is 4 T and the temperature is 110 K. The inserts recall
the geometry used and the planes in which the field is rotated.

with T, ~ 40 K is also unlikely origin of the AHE signal as
the o4y should in that case be stronger for the 75:25 sample.

Next, to further study the anisotropy of AHE, we vary sys-
tematically the crystal plane in which the external field and in
effect the Néel vector L (confirmed later using the anisotropic
magnetoresistance measurements) is rotated and again ob-
serve how the oyyg is affected. This was realized by pat-
terning multiple Hall bars with their current channels oriented
along different crystal axes. We recall that these orientations
are denoted by ¢, which is the angle between the current chan-
nel and the crystal axis [2110] as was shown in Figure 1(d).
For each Hall bar we rotate the field in a plane perpendicular
to the current channel and thus effectively we are changing the
crystal plane in which the field rotates. We have selected a’s
that reflect the hexagonal crystal structure of our material and
can be divided into two sets: for o¢ = 0,60, 120 deg the current
channel is along [2110] or equivalent so the field rotates in the
crystal plane (2110) or equivalent; for ot = 30,90, 150 deg the
current channel is along [0110] or equivalent and the field ro-
tates in the crystal plane (0110) or equivalent. In Figure 5 we
show the 0-dependence of the cyyr (with 4 T field) for the
two sets of as. For each set, 64y is maximum when the field
is close to [0001] axis but significant differences arise when
the field orients towards the sample plane: for & = 30,90, 150
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FIG. 6. (Color Online) Two perpendicular Hall bars measured simul-
taneously at 110 K with 2 T field. The anisotropic 8-dependence of
oagE relates to the crystal plane in which the field rotates instead of
the crystal axis along which the current channel orients.

deg, when the field orients in the [2110] direction or equiva-
lent, we observe a wide plateau around 6 = 90 deg, familiar
from Figure 3, while for @ =0, 60, 120 deg when the field ori-
ents in the [0110] direction or equivalent we observe a steeper
linear slope instead. We have verified that this anisotropy per-
sists also at 2 and 7 T fields. The hexagonal symmetry of the
AHE signals for the different o suggests that the three possi-
bilities for the distribution of the magnetic Mn2 atoms (Figure
1) are likely present in equal populations: if each Mn2 site is
on average magnetic, the a-dependence of c4yr should re-
flect the hexagonal symmetry of the crystal structure. If one of
these 'quadrupole domains’ dominated, lower symmetry for
the a-dependence of o would be expected. We have veri-
fied that the key factor responsible for the change of behavior
between the different s is the crystal plane in which the field
rotates rather than the crystal axis along which the current
channel is oriented, as observed in Figure 6. We note that for
Figure 6 we have used a different sample of the same material,
which explains some of the differences in the 8-dependence
of the 64yr compared to the other figures. However, the over-
all behavior is the same, which confirms the reproducibility
of the results discussed here. In summary, the results in Fig-
ures 5 and 6 allow us to conclude that the anisotropic behavior
depends on the L-orientation relative to the hexagonal crystal
symmetry of the MnsSi3 epitaxial films.

We also consider magnetocrystalline anisotropy as the ori-
gin of the anisotropic AHE unlikely: if we interpret the results
shown in Figures 3 and 5 considering that the different crys-
tal planes have strongly different magnetocrystalline energy
landscapes, then for o = 30, 90, and 150 deg it is more ener-
getically favorable for L to remain aligned along a crystal axis
yielding oxyg = 0 at 6 = 90 deg compared to o = 0, 60, and

120 deg. However, the hysteresis loops measured at 6 = 90
deg for both o = 0 (not shown) and 90 deg (Figure 2(b)) su-
perimpose at 4 T, indicating that it is unlikely that at this field
L is lagging behind the external field around 6 = 90 deg for
a =30, 90, and 150 deg more than for & =0, 60, and 120 deg.
Moreover, we observe the anisotropy in the ¢-dependence of
oapE persisting up to 7 T, which is well above the satura-
tion field of o4y at any 0, as shown in Figure 2(b). Along
with our demonstration that the anisotropic AHE is crystal
quality-dependent and depends on the L-orientation relative
to the hexagonal crystal symmetry, these observations provide
further support to the main AHE contribution in our MnsSi3
films being from altermagnetism. These results constitute the
main conclusion of our work and they systematically support
the previous calculations and experiments on the same system
[15].

Finally, we confirm the ability to manipulate L with the ex-
ternal field by measuring the anisotropic magnetoresistance
(AMR), which is known to depend on the L-orientation.
As shown in Figure 5, we have measured the o- and 6-
dependence of the longitudinal AMR (AMR|)), which relates
t0 Pxx as AMR||(6) = (pxx(0) — (Pax))/ (Pxx)> Where (pxy) in-
dicates p,, averaged over all angles. AMR is an even func-
tion of the field and known to have two components: a non-
crystalline one scaling with the angle between the order pa-
rameter and the current directions, and a crystalline one re-
lating to the order parameter orientation relative to the crystal
axes [36]. We show the 8-dependence for o = 0, 60, 120 deg
and o = 30, 90, 150 deg Hall bars in Figure 5 at conditions
identical to the AHE measurements. Again we observe dif-
ferent behaviors for the two sets of «, as expected from the
crystalline AMR depending on the crystal plane in which the
order parameter rotates: for o = 0, 60, 120 deg the depen-
dence follows a cos 20 behavior while for a = 30, 90, 150 deg
higher order even cosines appear in the signal.

Although the exact Néel vector orientation and rotation un-
der the action of the external magnetic field cannot be deduced
from the results presented, in this final paragraph we wish to
open a discussion on the interpretation of the anisotropic AHE
in the light of the symmetries of the epitaxial MnsSi3 consid-
ering this material to be a strong candidate for the altermag-
netic phase. First, it should be noted that in our measure-
ment geometry (Figure 1), the changes in cyyg correspond
to changes in the component of h along the [0001] direction
(out-of-plane). In altermagnets, the presence and orientation
of h depend on the L-vector orientation because the latter in-
fluences the symmetries of the system. While accurate cal-
culation of the entire 6-dependence of h(L) is inhibited by
the unknown relevant micromagnetic parameters, the value
of cayg for some specific orientations can be inferred from
symmetry-considerations. The symmetry analysis on the ex-
pected spin structure of the epitaxial MnsSi3 shown in Fig-
ure 1(a) indicates that for non-zero c4yg the L-vector can-
not point along the [0001] axis (h excluded), along the main
in-plane axes (only h in-plane allowed), or in the planes of
the high-symmetry in-plane axes highlighted in Figure 1(a)
(only h in-plane allowed). Here, the crystal symmetries of the
planes corresponding to & = 0, 60, and 120 deg and o = 30,



90, and 150 deg differ, as seen in Figure 5 and therefore the
oank likely differ, too.

IV. CONCLUSION

In conclusion, the implications of our measurements on
the external field orientation dependence of cyyr in epitax-
ial MnsSij3 films are two-fold. First, the systematic changes
in g supported by the systematic changes in AMR) upon
the field rotation underlines our ability to manipulate the L-
orientation with an external field of the order of 2 T or more.
This is an important premise for further experimentally feasi-
ble spin transport studies in altermagnets where control over
the L-orientation is critical. Second, our key result is that the
oagE in epitaxial MnsSi3 films shows anisotropic behavior as
a function of the external field-induced orientation of L rel-

ative to the underlying crystal structure, and this anisotropic
behavior depends on the crystal quality and is unlikely to re-
late to the magnetocrystalline anisotropy. This observation of
the anisotropic c4yr adds to the growing array of properties
of epitaxial MnsSiz advocating the altermagnetic phase in this
material.
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