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Piezomagnetic properties in altermagnetic MnTe
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We examined the piezomagnetic effect in an antiferromagnet MnTe, which is a candidate material for alter-
magnetism with a high critical temperature. We observed that the magnetization develops with the application of
stress and revealed that the piezomagnetic coefficient Q is 1.38x 1078 u, /Mn/MPa at 300 K. The poling-field
dependence of magnetization indicates that the antiferromagnetic domain can be controlled using the piezo-
magnetic effect. We demonstrate that piezomagnetic effect is one of the suitable methods for the detection of
broken time-reversal symmetry and the domain control in antiferromagnets with broken time-reversal symmetry,

including altermagnets.
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Recently, antiferromagnets with broken time-reversal sym-
metry in magnetic point groups have attracted much attention
[1-9]. Among them, an altermagnet is defined as an anti-
ferromagnet in which the spins with different orientations
are not connected by time-reversal and translation opera-
tions [10,11]. In altermagnets, spin current generation due to
the spin-dependent band splitting is expected, making them
promising new spintronics materials [4,5,12,13]. To develop
altermagnet-based spintronics, controlling antiferromagnetic
domains is one of the key challenges because a multidomain
state generally masks the expected functionalities.

However, unlike a ferromagnet with net magnetization,
controlling antiferromagnetic domains is difficult using an
external magnetic field. An effective approach has been re-
alized in antiferromagnets exhibiting linear magnetoelectric
effects [14]. Nevertheless, since the control of antiferromag-
netic domains through the magnetoelectric effect is limited
to insulators, developing domain control methods applicable
to a broader class of antiferromagnetic materials remains an
important issue.

The target material of this study is MnTe with the NiAs
structure (space group of P63/mmc), which has been pro-
posed as a typical example of an altermagnet [10,11,15-19].
MnTe exhibits an antiferromagnetic transition at the Néel
temperature (7y) of 307 K, below which Mn?* spins order fer-
romagnetically in the ¢ plane and antiferromagnetically along
the ¢ axis [Fig. 1(a)] [20-23]. The altermagnetism in MnTe
is well understood by considering the structural features. The
NiAs structure consists of a hexagonal close-packed lattice
of anions, which involves the ABAB stacking of triangular
lattices. The cations occupy the octahedral sites between the
anion layers, forming a simple hexagonal lattice. Since the
octahedral sites between the AB and BA layers are inequiva-
lent, sublattice degrees of freedom appear in the cation sites.
If magnetic moments with opposite directions are aligned on
these two sites, the global time-reversal symmetry is broken
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[Fig. 1(b)]; this is because the spin reversal cannot be achieved
by a single symmetry operation on the crystal lattice, such as a
rotation and translation. Similar considerations apply to other
altermagnets, such as RuO,, MnF,, and CrSb [8,11,24], which
possess the NiAs derivative structure.

To evaluate altermagnetism in MnTe, we focused on the
piezomagnetic effect. The piezomagnetic effect, a linear cou-
pling between magnetization and stress, is allowed when the
free energy includes a term of F' = Q;; H;oj; [25-29] (H
being the magnetic field and o being the stress tensor). Here,
the piezomagnetic tensor Q; j is a third-rank axial-c tensor and
becomes finite when the time-reversal symmetry is globally
broken, which is a useful probe for detecting the altermag-
netism [2,30,31]. Another aspect of the piezomagnetic effect
is that it may enable the control of the antiferromagnetic do-
mains associated with broken time-reversal symmetry, which
are unique to altermagnets, as shown in Fig. 1(b). These
two domains related to breaking the time-reversal symmetry
have different signs of Q;jx in the free energy F' = Q;x0;;Hy.
Hence, an energy difference between the two domains can be
induced by applying o and H in the appropriate directions.
Particularly, applying o and H during cooling across the Ty is
an efficient way to achieve a single-domain state.

In this study, we examined the piezomagnetic effect in
MnTe by measuring the stress dependence of magnetiza-
tion. We revealed that the piezomagnetic tensor is as large
as 1.38x107% uz/Mn/MPa at 300 K. Controlling the anti-
ferromagnetic domains using the piezomagnetic effect was
demonstrated by changing the poling field in a cooling process
across Ty.

The samples used in this study were polycrystals purchased
from Kojundo Chemical Lab Co., Ltd. (lump, 99.9% purity)
and single crystals grown by chemical vapor transport using I,
as an agent gas [32—-34]. The temperature (7') dependence of
electrical resistivity (o) was measured in a *He cryostat using
the standard four-terminal method. A commercially available
SQUID magnetometer was used for magnetization (M) mea-
surements under selected H. Strain (ATL) was measured using
the active-dummy method with a commercial strain gauge
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FIG. 1. (a) Crystal and magnetic structure of MnTe viewed from
the ¢ axis. Mn ions (purple) are in the octahedral sites between two
close-packed layers of Te (gold). Red arrows represent the magnetic
moments of the Mn?* ions. The symmetry operations allowed in the
magnetic ordered phase are shown in projection onto the ¢ plane. The
indexes of 2 and m indicate twofold rotation and mirror operations.
The superscipt of prime (') is time-reversal symmetry operation. The
left (right) panel is corresponding to the magnetic point group of
m'm'm (mmm). (b) Two inequivalent antiferromagnetic domains (o
and B), which are formed below 7y. Antiferromagnetic domains «
and B are mutually transformed by the time-reversal symmetry oper-
ation (see text for details). Therefore, the sign of the piezomagnetic
tensor (Q;;x) is opposite in between, so the application of stress (o)
produces a net magnetization (M) in the opposite direction. A and B
represent the closed-packed layers of Te.

(Kyowa KFL-02-120-C1-11), and the thermal expansion co-
efficient (o) was derived by differentiating the obtained AL/L
by T. The piezomagnetic effect was evaluated by measuring
the magnetization under constant o'. The sample with a typical
mass of 25 mg was inserted into a piston cylinder made of an
engineering plastic and pressurized using a hydraulic press for
the stress application, which was applied in a parallel direction
to the magnetic field. The stress was maintained using a clamp
cell made of CuBe, and the generated stress was calculated
from pressure gauge measurements. The magnetization of the
cell was estimated to be 2.4x107® emu at H = 10 Oe and
the magnetization of the pressure cell was subtracted from the
raw data.

Figure 2(a) shows the T dependence of p in the ¢ plane
of single crystalline MnTe. The metallic behavior of p over
a wide T range is consistent with the previous results for the
bulk and thin film MnTe [32,35,36]. However, several reports
indicate an insulating behavior [36,37]. These discrepancies
suggest that MnTe significantly changes its electronic state
depending on the chemical composition and epitaxial strain.
The sharp decrease in p at 307 K is attributed to the decrease
in magnetic scattering due to the antiferromagnetic transition.
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FIG. 2. Temperature dependence of (a) the c-plane electrical re-
sistivity (p), (b) the magnetization divided by the magnetic field
M/H, and (c) the strain (%) in the ¢ plane. Inset of (b) represents the
magnetization taken at H = 10 Oe in a heating process, after cooling
from the paramagnetic phase at H = 10 000 Oe. Inset of (c) is thermal
expansion coefficient [o = 8(%) /oT].

The small upturns in p below 50 K are likely a result of
localization phenomena.

Figure 2(b) shows the T dependence of M/H observed
under H = 1000 Oe [Fig. 2(b)]. Upon cooling below Ty,
M/H with H L c decreases, and M/H with H || ¢ remains
approximately constant, indicating that the magnetic moment
is lying in the c¢ plane. This agrees with previous neutron
scattering and magnetic torque studies [20,38]. Moreover, the
magnetization measurement at a weak magnetic field of H =
10 Oe reveals a parasitic magnetization on the order of 1x
1076 ugy/Mn along the c axis [inset of Fig. 2(b)]. The small
spontaneous magnetization observed in the ¢ axis provides a
clue to identify the magnetic point group of MnTe. If the spin
in the ¢ plane is oriented toward [2110], the magnetic point
group is mmm, whereas if it is oriented toward [1010], the
magnetic point group is m'm'm [15] [Fig. 1(a)]. Under the
magnetic point group of m'm’'m, spontaneous magnetization
in the ¢ axis becomes admissible. Therefore, the spin is likely
oriented toward [1010] in MnTe. This is consistent with the
anomalous Hall effect observed in thin film [22].
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FIG. 3. (a) Temperature dependence of magnetization (M) for
polycrystalline MnTe measured under various stresses. Measure-
ments were performed at H = 10 Oe during a heating process, after
cooling from 320 K to 250 K at H = 10 Oe. (b) Stress dependence of
AM at 250 and 300 K, where AM represents the relative change in
magnetization from 320 K. The AM value includes no contributions
from the paramagnetic susceptibility.

Figure 2(c) shows the strain and thermal expansion coef-
ficient in the ¢ plane of single crystalline MnTe. The lattice
constant in the ¢ plane decreases upon cooling; the decreasing
tendency enhances below 7y, as observed in the T dependence
of «. This implies that the ferromagnetic interactions are
favored in the shortened bonds. The presence of strong spin-
lattice coupling should produce a significant piezomagnetic
effect.

Figure 3(a) shows the T dependence of the magnetization
measured under various stresses. These data were collected
during a heating process at H = 10 Oe after cooling at
10 Oe from a paramagnetic phase. The spontaneous mag-
netization develops below Ty at all stresses measured and
increases monotonically with increasing stress. To evaluate
the systematic change in magnetization, we plot AM at the
fixed temperature against the stress in Fig. 2(b), where AM is
the relative change in magnetization from 320 K. The linear
development of magnetization with respect to stress is direct
evidence of the piezomagnetic effect. Fitting with the linear
function M = Q.0 shown by the solid gray line yields
Que = 2.68x1078 uz/Mn/MPa at 250 K and 1.38x107%
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FIG. 4. (a) Poling field (H,,) dependence of magnetization at o
= 167 MPa and Hy,e.s = 10 Oe. After cooling from 330 to 250 K at o
= 167 MPa and Hy,eos = 10 Oe, measurements were performed dur-
ing a heating process at Hpe,s = 10 Oe. (b) Poling-field dependence
of magnetization at various temperatures.

ug/Mn/MPa at 300 K. Here, Qay. is the powder-averaged
piezomagnetic tensor of Qv, Oy, Qzzzs Oyyzs and Oy in
MnTe, assuming the magnetic point group of m’m’'m. This
value is comparable to the piezomagnetic effect tensor Quye =
6.1x 1078 ugz /Mn/MPa for MnF,, which also contains Mn?*
ions [26].

In MnTe, six types of domains associated with breaking
the time-reversal symmetry and threefold rotational symmetry
are formed by magnetic ordering. Among them, the 120°
domains related to the threefold rotational symmetry are suit-
ably treated in the powder-averaged procedure. Herein, we
demonstrated the control of two types of domains associated
with breaking the time reversal symmetry [Fig. 1(b)] using
the piezomagnetic effect. We first cooled the samples from
the paramagnetic state at 330 K to the antiferromagnetic
state at 250 K with a cooling rate of 10 K/min under vari-
ous poling fields (Hpo1), where we fixed the stress condition
of 0 = 167 MPa. We then measured the magnetization in
the heating process under Hpe,s = 10 Oe. As a result, a
significant H,, dependence of the temperature evolution of
magnetization was observed, as shown in Fig. 4(a). The spon-
taneous magnetization below 7Ty decreases as Hy, decreases
from 10000 Oe to —10000 Oe. The magnetization becomes
negative when a negative H, is applied, even though Hpeas
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is positive. The observed H,, dependence is understood as
the population of the antiferromagnetic domain changes as
a function of Hyy according to the mechanism described
above.

To evaluate the poling field required to achieve the single-
domain state, the data sets of magnetization at several
temperatures were plotted against the poling field, as shown
in Fig. 4(b). The M-H, curve saturating at as small as Hp
= 1000 Oe indicates that the antiferromagnetic domain of
MnTe is highly controllable. This is likely related to the
isotropic nature of the Mn?* spins with quenched orbital an-
gular momentum; the energy barrier between the two domains
is relatively small. Another important aspect is that the Hpo
required for magnetization saturation is approximately inde-
pendent of temperature. This means that the antiferromagnetic
domain population depends only on Hy, across Ty, and the

single-domain state is robust against temperature variation
after it is formed.

In conclusion, we investigated the piezomagnetic effect in
the MnTe altermagnet and observed a stress-induced magne-
tization below the antiferromagnetic transition temperature of
307 K. The piezomagnetic coefficient was estimated to be Qaye
= 1.38x107% uz/Mn/MPa at 300 K. We also demonstrated
antiferromagnetic domain control using the piezomagnetic
effect by evaluating the poling-field dependence of the mag-
netization. The poling field of Hp, = 1000 Oe is sufficient to
obtain the single-domain state at ¢ = 167 MPa.
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