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The ability to control and manipulate time-reversal (T) symmetry-breaking phases with near-zero net
magnetization is a sought-after goal in spintronic devices. The recently discovered hexagonal altermagnet
manganese telluride (α-MnTe) is a prime example. It has a compensated altermagnetic ground state where
the magnetic moments are aligned in each layer and stacked antiparallel along the c axis, yet it exhibits a
spontaneous anomalous Hall effect (AHE) that breaks the T-symmetry with a vanishingly small c-axis
ferromagnetic moment. However, the presence of three 120° separated in-plane magnetic domains presents
a challenge in understanding the origin of the AHE and the effective control of the altermagnetic state. Here
we use neutron scattering to show that symmetry breaking anisotropic strain, induced by compressive
uniaxial pressure along the nearest-neighbor (NN) Mn-Mn bond directions, detwins α-MnTe into a single
in-plane magnetic domain. This control over in-plane domains allows us to unambiguously establish that
the in-plane moments are aligned along the next-nearest-neighbor (NNN) Mn-Mn bond direction,
irrespective of the applied strain directions. Mounting the sample on a piezoelectric strain cell along
both NN and NNN directions can drive the sample into a single-domain state that significantly sharpens the
AHE hysteresis loop and extends the AHE to lower temperatures. Furthermore, tuning the uniaxial strain
reverses the sign of the AHE near room temperature. Remarkably, this is achieved without altering the
altermagnetic phase-transition temperature. Combined with our phenomenological model, we propose that
these effects result from the modification of the electronic Berry curvature by a combination of both spin-
orbit coupling and strain. Our work not only unambiguously establishes the relationship between the in-
plane moment direction and the AHE in α-MnTe but also paves the way for future applications in highly
scalable, strain-tunable magnetic sensors and spintronic devices.

DOI: 10.1103/589s-s1yy Subject Areas: Condensed Matter Physics, Magnetism,
Strongly Correlated Materials

I. INTRODUCTION

Altermagnets are collinear magnetic states with com-
pensated moments and “alter”nating orientations of local
crystalline environments, possessing a joint time-reversal
(T) and crystalline rotational symmetry that enables ferro-
magnetic (FM) like behaviors (nonzero spin splitting) but
with vanishingly small net magnetization [1–33]. The
rotational symmetry that relates the sublattices hosting
the opposite magnetic moments in altermagnets gives rise
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to spin splitting in the energy bands with even-parity d-, g-,
or i-wave symmetry even without relativistic spin-orbit
coupling (SOC). With finite SOC, as is generally the case
for real materials, a nonzero net magnetic moment and a
finite anomalous Hall effect (AHE) can emerge for certain
moment orientations [3–10,34]. For altermagnets such as

hexagonal manganese telluride (α-MnTe), whose antipar-
allel spins are connected by a screw symmetry operation
[16–19], the momentum k-resolved Berry curvature
[35,36] depends sensitively on the direction of the in-plane
moments relative to the underlying crystalline lattice
[Figs. 1(a)–1(c)] [19,20]. If the in-plane moments are

FIG. 1. Neutron scattering experiments under uniaxial strain. (a) Crystal structure of α-MnTe. (b) In-plane magnetic structure with the
Mn2þ moments along the next-nearest-neighbor Mn-Mn bond direction, corresponding to ½11̄0�. (c) Similar to (b) with the Mn2þ
moment along the nearest-neighbor Mn-Mn bond direction, corresponding to [110]. (d)–(i) Schematics of the magnetic domains and
corresponding simulated Bragg-intensity pie charts for Mn moments along the NNNMn-Mn bond direction [as in (b), yielding three in-
plane magnetic domains labeled as A, B, C]. (d) In the freestanding crystal, six symmetry-equivalent domains are uniformly populated,
each color represents a pair of time-reversal-related domains ⇄ and ⇆ with the same in-plane moment direction, which in turn can be
along one of three directions related by threefold rotation. (f) Under compressive uniaxial strain along the NNMn-Mn bond direction the
sample is detwinned, leaving a single pair of domains with moments aligning perpendicular to the uniaxial strain direction. (h) Under
compressive uniaxial strain along the NNN Mn-Mn bond direction, the sample becomes partially detwinned: the domain with moments
parallel to the strain axis is fully suppressed, leaving only the two remaining in-plane domain orientations. (j)–(o) Schematics and
simulations analogous to (d)–(i), but for Mn2þ moments aligned along the NNMn-Mn bond direction [as shown in (c), yielding three in-
plane magnetic domains labeled as A0, B0, andC0]. Panels (j), (l), and (n) present symmetry-allowed domain configurations (under strain)
that qualitatively reproduce the intensity patterns. Details of the domain selection inferred from the strained data are provided in
Methods. (p),(q) Elastic neutron scattering intensity maps in the HK plane at L ¼ 1 (r.l.u.) under compressive uniaxial strain along the
NN Mn-Mn bond direction at 240 and 320 K. Dashed white circles mark the magnetic peaks positions. The white arrow defines
the azimuthal angle ϕ in the following panel. (r) Azimuthal angular dependence of magnetic peak intensities for the freestanding and
NN-strained samples, along with their difference. Color shading highlights that the two peaks perpendicular to the uniaxial-stress
direction are enhanced (red), while the other four are suppressed (blue). (s) Azimuthal angular dependence of magnetic peak intensities
for the freestanding and NNN-strained samples, measured in a separate neutron experiment with uniaxial stress applied along the NNN
Mn-Mn bond direction. All panels (p)–(s) are at L ¼ 1 (r.l.u.). (t) Calculated diffraction-intensity ratio Ired=Iblue versus the volume
fraction of Domain Awithin them0m0mmagnetic point group. The ratio is defined as the averaged integrated intensity of one symmetry-
related set of magnetic peaks (red) divided by that of the complementary set (blue). The black dash lines mark the experimentally
determined ratio. (u) Corresponding calculation for Domain A0, B0, and C0 within the mmm magnetic point group.
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aligned along the next-nearest-neighbor (NNN) Mn-Mn
bond direction [Fig. 1(b)] a finite AHE is symmetry
allowed, which could be generated from the nonzero
integration of the k-dependent Berry curvature. In contrast,
no AHE is expected if the moments are aligned along the
nearest-neighbor (NN) Mn-Mn bond [Fig. 1(c)] [19,20].
However, in freestanding α-MnTe, neutron diffraction
experiments cannot conclusively determine the direction
of the in-plane moments owing to three 120° separated in-
plane magnetic domains. Domain averaging yields identical
in-plane magnetic scattering intensity distributions for
moments oriented along either the NNN or NN Mn-Mn
bond direction [Figs. 1(d), 1(e), 1(j), and 1(k)] [11–15]. By
carrying out neutron-scattering experiments under uniaxial
compressive strain applied either along the NN or NNN
Mn-Mn bond direction, we observe two complementary
patterns of Bragg-intensity redistribution in α-MnTe. The
opposite strain responses are only compatible with the
detwinning process expected for a magnetic configuration
in which the Mn moments lie along the NNN Mn-Mn bond
direction, and this easy axis is unaffected by strain directions
[Figs. 1(t), 1(u), and 6–8]. These results therefore directly
establish the link between the in-plane moment orientation
and the AHE [19,20].
Since α-MnTe is a self-doped semiconductor with

residual resistivity sensitively dependent on sample
preparation methods, we carried out systematic transport
measurements on freestanding single crystals with differ-
ent residual resistivity and find that the AHE only appears
for samples with a charge gap of ∼15–18 meV (Fig. 2).
Furthermore, we find that anisotropic strain (ϵ) controls
the sign of the AHE near room temperature (Figs. 3 and
10–16). Since strain changes neither the in-plane moment
direction relative to the underlying crystalline lattice [37]
nor switches the in-plane moment to the c axis [19,20],
the observed sign change of the AHE (Fig. 3) cannot
be explained by the piezomagnetic effect [38]. Instead,
we propose that this effect arises from strain-induced
changes in electronic structure and k-resolved Berry
curvature [39]. Theoretical results from our phenomeno-
logical model are consistent with this interpretation,
revealing that the combination of strain and SOC leads
to an additional contribution to the AHE that is linear in
strain and in the altermagnetic order parameter. Our Hall
resistivity measurements across varying temperatures and
strain levels applied along the NNN and NN directions
reveal that the AHE in strained α-MnTe persists over a
substantially broader temperature range and exhibits
much sharper hysteresis loops than in freestanding crystal
(Figs. 4 and 10). Because our elastocaloric (EC) effect
measurements show no evidence of additional phase
transitions beyond the altermagnetic one at TAM near
room temperature [Fig. 4(o)] [40,41], the dramatic
widening of the AHE temperature window in strained

α-MnTe is unlikely to originate from a new phase.
Instead, we attribute it to the single-domain state stabi-
lized by anisotropic strain, which removes the twin-
domain boundaries that do not contribute to the AHE
(Fig. 4). Given that the strain-induced AHE and
T-symmetry breaking in α-MnTe occur near room tem-
perature (Figs. 3 and 4), α-MnTe can be used as a strain-
tunable magnetic sensor and spintronic device when
integrated with other superconductors and topological
insulators [1,2,5–9,29–32].
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FIG. 2. The AHE measurements in freestanding α-MnTe.
(a) Schematic of the five-terminal Hall bar used for electrical
transport measurements. The current is applied along either the
NN or NNN Mn-Mn bond direction, and the magnetic field is
applied along the c axis. Colored hexagons indicate the in-
plane magnetic-domain orientations. (b) Illustration of uni-
formly distributed magnetic domains and domain boundaries.
(c) ρAxy as a function of temperature. Inset: Hall resistivity and
magnetization hysteresis loops at 260 K after linear background
subtraction. (d) Temperature dependence of the normalized
longitudinal resistivity ρxx for samples grown by different
methods. Samples No. 8 and No. 10, grown by flux method,
exhibit AHE, whereas Samples No. 1 and No. 6, grown by
chemical vapor transport and flux methods with different
procedures, show no AHE. The vertical line marks the alter-
magnetic transition temperature (TAM). (e) Arrhenius plot for
extracting the thermal activation energy, with the same data
in (d). The dashed lines represent linear fits based on
ρxx ∝ eΔ=2kBT , where kB is the Boltzmann constant and Δ is
the activation energy gap, i.e., the charge gap. (f) Summary of
the charge gap for various samples. All samples exhibiting
AHE (yellow stars) lie within a narrow range of 15–18 meV.

STRAIN-TUNABLE ANOMALOUS HALL EFFECT … PHYS. REV. X 16, 031033 (2026)

031033-3



II. NEUTRON SCATTERING UNDER UNIAXIAL
COMPRESSIVE STRAIN

Figures 1(a)–1(c) show the compensated magnetic
structure of α-MnTe below TAM ≈ 307 K with the space
group P63=mmc and the NiAs structure, in which Mn2þ
spins are parallel within the ab plane and antiparallel along
the c axis [Figs. 1(a)–1(c)] [11–15]. The opposite spins are
located in two atomic positions that are related by a screw
symmetry (a sixfold rotation followed by a half translation),
making this ordered state an altermagnet [4]. In the NiAs
structure, anions form a hexagonal close-packed lattice
and cations occupy octahedral sites between the anion
layers [Figs. 1(a) and 1(b)]. By symmetry of the layers
and the ABAB stacking of the triangular anion lattice
[Figs. 1(a)–1(c)], freestanding α-MnTe in the altermagnetic
state has six symmetry-equivalent domains: three in-plane
domains related by threefold rotation with moment
orientations separated by 120° [Fig. 1(d) or 1(j)], and,
within each, two c-axis altermagnetic stacking variants

⇄ and ⇆ related by time reversal, as shown in Fig. 1(a)
[21–26,50,51]. Within the three 120° separated magnetic
domains, SOC determines the in-plane easy axes relative to
the underlying lattice [37]. However, domain averaging in
freestanding α-MnTe prevents prior neutron diffraction
experiments from identifying whether the realized orienta-
tion is along the NNN [Fig. 1(b)] or the NN Mn-Mn bond
[Fig. 1(c)] [11–15]. In this context, the two candidate
magnetic point groups for in-plane moments are m0m0m
and mmm, corresponding to moments along the NNN and
NN directions, respectively [50].
In previous work on the orthorhombic antiferromagneti-

cally ordered iron pnictide BaFe2As2 with twinned struc-
tural and magnetic domains below TN [52,53], a
∼10–20 MPa uniaxial compressive stress induces a small
lattice distortion (Δa=a ≈ −1 × 10−3 near TN ≈ 140 K,
where a is the orthorhombic lattice parameter) that detwins
the structural and magnetic domains, but that is insufficient
to change the direction of the ordered moment relative to

FIG. 3. Sign reversal of the AHE in α-MnTe driven by uniaxial strain and temperature. (a) Schematic showing the orientation of
uniaxial stress applied along the crystal NNN Mn-Mn bond direction in strained transport measurements. Blue arrows represent
compressive stress σ−, while red arrows indicate tensile stress σþ. The electrical current is along the same direction. Magnetic field is
applied out-of-plane. (b) Comparison of Hall resistivity Δρxy (linear background subtracted) as a function of magnetic field between a
sample in the freestanding state and strained state at 290 K. Arrows denote the magnetic-field sweep directions.Hþ

c andH−
c represent the

coercive fields. (c)–(e) Δρxy (linear background subtracted) at 240, 233, and 230 K under different strain levels; the legend denotes the
total strain experienced by the crystal (including both the mechanically applied strain and the thermally induced strain). Thin (thick)
black arrows indicate field sweeps down (up). Curves are offset for clarity. (f)–(h) Corresponding longitudinal resistivity ρxx measured
under the same strain and temperature conditions as in (b)–(d). The data have been shifted vertically by subtracting constant offsets.
(i) Extracted anomalous Hall resistivity ρAxy versus total strain at different temperatures. The red shading denotes negative ρAxy,
corresponding to the black dot in the bottom-right inset, whereas the light-blue shading indicates positive ρAxy, corresponding to the black
dot in the top-left inset.
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the lattice [54,55]. For α-MnTe, despite a sizable sponta-
neous magneto-volume contraction below TAM (jΔV=Vj >
7 × 10−3) indicating a strong magnetoelastic coupling [56],
the compressive strain applied in our neutron experiment
is comparably small. From the load and cell geometry
we estimate an upper bound Δa=a ≈ −1 × 10−3 (i.e.,
ϵ ≈ −0.1%), which is comparable to that in BaFe2As2
and lies below the resolution of conventional neutron
diffraction measurements (Fig. 9).
In principle, a uniaxial compressive strain lowers the in-

plane threefold rotational symmetry and can redistribute
the in-plane magnetic domains observable in neutron
diffraction pattern. If this strain detwins the three 120°
separated magnetic domains in α-MnTe below TAM—
thereby eliminating the domain averaging effect—then
neutron scattering experiments across TAM should be able
to conclusively identify the in-plane moment direction
relative to the lattice [Figs. 1(e), 1(g), 1(i), 1(k), 1(m),
and 1(o)]. Guided by this idea, we performed neutron
diffraction measurements under two distinct strain geom-
etries: compressive uniaxial strain applied along the NN
Mn-Mn bond direction [Figs. 1(p), 1(q), and 1(r)] and,
in a separate experiment, along the NNN Mn-Mn bond
direction [Figs. 1(s), see Methods]. We focus on the
ðH;−0.5HÞ × ð0; KÞ plane with L ¼ 1 (r.l.u.), where six
reciprocal-lattice positions with vanishing nuclear structure
factor [marked in Fig. 1(p)] show magnetic intensity at
T ¼ 240 K (< TAM) and no intensity at T ¼ 320 K
(>TAM), confirming their magnetic origin. Under either
strain direction, these six magnetic peaks separate into two
symmetry-equivalent sets, marked by red and blue in
Figs. 1(t) and 1(u). Because peaks within each set transform
identically, while the two sets respond differently as
domains are redistributed as a function of increasing strain,
we track the domain evolution using the ratio Ired=Iblue,
where Ired and Iblue are the average integrated intensities of
the red and blue sets, respectively.
When compressive strain is applied along the NN

Mn-Mn bond direction [Fig. 1(r)], the two red reflections,
i.e., ð2; 1̄; 1Þ and ð2̄; 1; 1Þ, are strongly enhanced while the
other four blue reflections are suppressed, giving
Ired=Iblue ¼ 3.190ð8Þ∶1. The observed ratio only matches
the nearly single-domain A state within the m0m0m mag-
netic point group [Figs. 1(f) and 1(g)]. No domain
configuration belonging to the alternative mmm point
group can reproduce this ratio, as demonstrated in
Figs. 1(t) and 1(u). In contrast, applying strain along the
NNN Mn-Mn bond direction produces the opposite
response. As shown in Fig. 1(s), the intensity pattern
reverses, yielding Ired=Iblue ¼ 1∶2.89ð2Þ. Although this
ratio is compatible either with a 1∶1 B/C domain pair
within m0m0m or a partially detwinned state within mmm
[Figs. 1(t) and 1(u)], our strain-dependence measurements
show that it remains unchanged as the NNN strain is
increased (Fig. 7). The absence of strain evolution indicates

that the domain population is already saturated as in
Fig. 1(h) and thereby rules out the mmm scenario in
NNN strain geometry as in Figs. 1(l) and 1(n). Therefore,
while compressive strain applied along the NN direction
gives a single-domain state, compressive strain applied
along the NNN direction results in a two-domain state.
Taken together, the NN- and NNN-strain experiments

independently converge to the same magnetic symmetry in
α-MnTe: the m0m0m point group, with ordered moments
lying along the NNN Mn-Mn bond direction regardless of
the applied strain direction [Figs. 1(f) and 1(h)] [50].
Therefore, our results rule out strain-direction-dependent
rotation of the in-plane moments in α-MnTe, consistent
with the notion that the applied strain is insufficient to
modify the underlying easy axes dictated by SOC. We also
demonstrate that, in freestanding sample, both magnetic
point groups reproduce the magnetic intensity equally well
due to domain averaging in line with previous neutron
diffraction results [Figs. 1(d), 1(e), 1(j), and 1(k)] [11–15].

III. STRAIN-TUNABLE AHE AND T-SYMMETRY
BREAKING

Since α-MnTe is an intrinsically hole-doped semicon-
ductor, where holes arise from defects in the material’s
crystal structure [57], we first systematically study the
sample-dependent AHE in freestanding α-MnTe single
crystals. Figure 2(a) shows the experimental setup where
the externally applied magnetic field is along the c axis,
and the three 120° separated magnetic domains are
shown in the inset of Fig. 2(a) and in Fig. 2(b).
Fourteen samples were measured, and the results are
summarized in Figs. 2(d)–2(f). Although all measured
samples have a similar TAM [Fig. 2(d)], the spontaneous
AHE is only observed for samples with charge gaps falling
between 15–18 meV [Figs. 2(e) and 2(f)]. The inset of
Fig. 2(c) shows the representative field dependence of the
Hall resistivity or magnetization with linear background
subtracted (see Methods for background subtraction
details), which exhibits clear hysteresis loops. The main
panel of Fig. 2(c) shows the temperature dependence of the
anomalous Hall resistivity (ρAxy, defined as ρxy at zero field
extracted from positive-to-negative field sweeps), which
was only observed between 200–300 K, consistent with the
earlier work on freestanding bulk α-MnTe [20].
To determine the strain-dependent AHE, we applied

tunable uniaxial strain along both the NNN and NN Mn-
Mn bond directions in α-MnTe single crystals exhibiting
the AHE. The total uniaxial strain experienced by the
sample, ϵtot, has two contributions: a nominal piezo-driven
mechanical strain (ϵnom) and a thermal-mismatch strain
(ϵth), arising from the different thermal expansion coef-
ficients of MnTe and the titanium frame of the strain cell
(ϵth ≈ 0.2% at 200 K; see Methods and Fig. 17).
Throughout the manuscript, the displayed strain values
correspond to the total effective sample strain,
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FIG. 4. Strain tunable AHE across all temperatures. (a)–(d) Hall resistivity Δρxy (linear background subtracted) measured at
various temperatures under different strain levels with uniaxial stress σ applied along the NN Mn-Mn bond direction. The magnetic-
field sweep directions follow the definition in Fig. 3. (e)–(h) Corresponding Hall resistivity Δρxy with uniaxial stress σ applied along
the NNN Mn-Mn bond direction. The hysteresis loops exhibit a sign reversal below 233 K. A pronounced exchange-bias effect is
evident in (h). Much weaker effects also occur at higher temperatures and can be modified by changing the magnetic-field sweep
range. To ensure consistent comparison across temperatures and strain levels, all sweeps were performed up to �9 T. The strain
values in the legends of (a)–(h) denote the total strain experienced by the sample, ϵtot. (i) ρAxy as a function of total NN strain ϵtot at
different temperatures. Arrows indicate the mapping between strain sign and equivalent compressive loading: positive NN strain
(tension along NN) is symmetry-equivalent to compression along the NNN direction (blue arrow), whereas negative NN strain
corresponds to compression along NN (red arrow); see the corresponding neutron results in Figs. 1(p), 1(r), and 1(s). (j) Temperature
dependence of ρAxy evaluated at the two strain extrema in (i): most negative NN-strain (maximum NN-compressive strain ϵmax

comp NN),
and most positive NN-strain (symmetry-equivalent to maximum NNN-compressive strain ϵmax

comp NNN loading), compared with the
freestanding data (gray). (k),(l) Analogous to (i) and (j), but for the NNN-loading configuration. (m) Temperature dependence of
dρAxy=dT and dρAxy=dϵ with strain along the NNN direction. The vertical lines indicate 233 and 260 K, corresponding to the
temperatures where ρAxy crosses zero and reaches its maximum value, respectively. (n) −dT=dϵ versus temperature, calculated as
−ðdρAxy=dϵÞ=ðdρAxy=dTÞ. (o) Elastocaloric oscillation temperature −dTEC at various strain levels near the TAM, showing no evident
shift in TAM under strain. (p) Log-log plot of jσAxyj versus σxx in various magnetic materials [42–49]. The blue lines represent the
typical scaling behavior in semiconductors, with an exponent of 1.6 in the localized hopping regime. The anomalous Hall
conductivity in α-MnTe is dramatically different from others. (q) The enlarged AHC in α-MnTe. It exhibits two primary scaling
behaviors. A scaling exponent of ∼1.8ð1Þ appears below 80 K (blue line), where the resistivity diverges, consistent with localized
hopping picture. In contrast, the scaling exponent is ∼3.12ð3Þ between 100–200 K (red line).
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ϵtot ¼ μðϵth þ ϵnomÞ, where η is the strain-transmission ratio
(see Methods and Fig. 18).
We first focus on the NNN configuration. Figure 3(a)

shows the experimental setup. The dark and light gray lines
in Fig. 3(b) show the hysteresis loop of the background
subtracted Hall resistivity Δρxy in a strain-free α-MnTe
sample at 290 K, measured before mounting on the piezo-
strain cell. We note that the hysteresis loop in the strain-free
sample is always highly stretched, indicating a high level of
disorder [17]. However, when the sample experiences
tensile uniaxial strain (ϵtot ≈ 0.11%), the switching of
anomalous Hall resistivity sharpens and the coercive fields
(H�

c ) are significantly reduced, forming a squarelike
hysteresis loop (more details in Fig. 10). Such tensile
strain along the NNN direction is symmetry equivalent to a
compressive uniaxial strain along the NN Mn-Mn bond
direction, which stabilizes a single magnetic domain
according to our neutron scattering analysis [Fig. 1(f)].
This dramatic change suggests that the formation of a
single in-plane magnetic domain and the elimination of
domain boundaries are critical to the optimal control of the
⇄ and ⇆ altermagnetic domains related by time reversal
[Figs. 1(d) and 1(e)].
Figures 3(c)–3(e) show the field dependent Δρxy under

various compressive and tensile strains at T ¼ 240, 233,
and 230 K, respectively. The corresponding longitudinal
resistivity Δρxx is shown in Figs. 3(f)–3(h). At 240 K, the
size of AHE reduces systematically without significant
change ofHcðTÞwhen the strain is tuned from compressive
to tensile. On decreasing temperatures to 233 [Fig. 3(d)]
and 230 K [Fig. 3(e)], we continue to see a strong tunability
of AHE by strain without much change in HcðTÞ. A clear
exchange-bias effect (EB), characterized by asymmetric
coercive fields, is observed in the strained sample, whereas
it is absent in the freestanding sample [Figs. 3(d) and 11].
We ascribe the low-temperature EB to impurity-induced
pinning. Surprisingly, at T ¼ 233 K the sign of the AHE
switches from negative to positive when the strain is tuned
from compressive to tensile. At T ¼ 230 K, the sign of the
AHE becomes positive and its size increases when the
strain is tuned toward the tensile side. A nearly identical
sign-switching AHE controlled by uniaxial strain along the
NN bond direction is shown in Fig. 12. The size of the
coercive field remains about the same when the AHE
vanishes, which can be seen from the longitudinal resis-
tivity ρxx [Figs. 3(g) and 12(b)]. Since it is well established
in some compensated ferrimagnets that the coercive field
diverges when the net magnetization vanishes while switch-
ing from positive to negative [58–60], we conclude that the
weak c-axis canted moment remains finite throughout the
sign change of AHE. Therefore, this phenomenon cannot
be explained by the piezomagnetic effect, as has been
observed in Mn3Sn where the net magnetization reverses
while the anomalous Hall vector remains unchanged
[38,50,51]. Instead, we propose below that it arises from

strain-induced changes in the electronic k-dependent Berry
curvature [19,20,61]. Finally, Fig. 3(i) summarizes the
phase diagram of the strain-dependent AHE, ρAxyðϵtotÞ.

IV. TEMPERATURE AND STRAIN-TUNABLE AHE

Figures 4(a)–4(h) show the AHE hysteresis loops mea-
sured at different temperatures under uniaxial strain applied
along the NN and NNN Mn-Mn bond directions. In the
single domain states—stabilized naturally by ϵth in the
NNN configuration or by applying sufficiently large
compressive uniaxial stress in the NN configuration
[Fig. 1(f)]—the AHE hysteresis loops remain sharp and
squarelike at all temperatures, in stark contrast to the
behavior of freestanding samples [20]. Figures 4(i)
and 4(k) show the anomalous Hall resistivity ρAxy as a
function of strain applied along the NN and NNN directions
at various temperatures, respectively. Figures 4(j) and 4(l)
present ρAxyðTÞ at the two strain extrema that are symmetry-
equivalent to compressive NN (ϵmax

Comp;NN, red) and com-
pressive NNN (ϵmax

Comp;NNN, blue), together with ρAxy
measured without applying strain (gray). The extrema
are labeled by their equivalent compressive direction to
facilitate comparison with the neutron scattering results.
Compared with the strain-free sample [20], the det-

winned single domain state [Figs. 1(f) and 1(g)] exhibits
AHE over a much wider temperature range consistent with
a reduced density of domain boundaries. Remarkably, the
AHE changes sign around 230 K, an energy scale com-
parable to the size of the 15–18 meV charge gap identified
in Fig. 2(f). We also note that applying NNN-strain from
compressive to tensile on top of the existing ϵth effectively
translates the ρAxy versus T curve along the temperature axis.
To illustrate this point, we plot [dρAxy=dT] and [dρAxy=dϵ] in
Fig. 4(m), which exhibit strikingly similar temperature
dependence. By comparing these two curves, we conclude
that the effect of 1% uniaxial strain is equivalent to a shift of
AHE by ∼100 K over a wide temperature range [Fig. 4(n)].
A natural explanation for the strain-induced temperature
shift of the AHE is that uniaxial strain changes the TAM. To
test this, we carried out strain and temperature-dependent
elastocaloric effect measurements [40,41], which track the
change of entropy induced by strain, and are especially
sensitive to the heat capacity anomaly near a phase
transition. The altermagnetic phase transition is clearly
visible as a peak in the elastocaloric effect at TAM ≈ 307 K
[Fig. 4(o)] [11–15]. However, varying the applied uniaxial
strain from compressive to tensile results in no measurable
change of TAM, as observed in both the elastocaloric effect
[Fig. 4(o)] and the derivative of resistance (Fig. 14). This
robustness contrasts with the clear increase in transition
temperature observed under a large hydrostatic pressure
(>0.3 GPa) [62,63].
To gain more insight into the microscopic origin of the

AHE in α-MnTe, we plot the anomalous Hall conductivity
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(AHC) jσAxyj as a function of longitudinal conductivity σxx
on a log-log scale with other magnetic materials [Fig. 4(p)]
[42–49]. The σxx of α-MnTe is much smaller than all the
metallic or semi-metallic magnetic materials in the intrinsic
regime [42–46]. The low conductivity and short mean
free path (< 0.5 nm, Fig. 19) place the observed AHE in
α-MnTe deep inside the localized hopping regime [47–49].
Figure 4(q) shows an enlargement of the jσAxyj versus σxx of
α-MnTe on a log-log scale. In the localized hopping
regime, it was empirically observed that σAxy is related to
σxx via σAxy ∝ σ1.4∼1.8xx , which has also been confirmed by
theoretical calculations [64,65]. Below 80 K, where resis-
tivity diverges [Fig. 2(d)], we indeed observed a scaling
behavior (blue solid line) with an exponent of 1.8, con-
sistent with localized hopping behavior. However, the AHC
in α-MnTe above 100 K deviates from this simple scaling
law. Above 220 K, the AHC shows nonlinear behavior
without a clear scaling relation. Most interestingly, in
between 100 and 210 K, the AHC exhibits a perfect
scaling behavior with an exponent of ∼3.1 (red solid line).
This scaling exponent, which is tunable by strain [see
Figs. 15(a) and 15(b) for the NN and NNN-strained
samples, respectively], is beyond our current understanding
of AHC [36,39].

V. SUMMARY AND DISCUSSION

Figures 1–4 reveal several important findings in bulk
single crystals of α-MnTe: (i) A uniaxial compressive strain
along the NN and NNNMn-Mn bond directions effectively
stabilize one [Fig. 1(f)] and two [Fig. 1(h)] in-plane
magnetic domains, respectively. For both strain directions,
the in-plane moment direction is along the NNN Mn-Mn
bond direction relative to the underlying lattice [Figs. 1(b),
1(f), and 1(h)]; (ii) the spontaneous AHE only appears in
samples with charge gaps around 15–18 meV [Fig. 2(f)];
(iii) detwinning the sample into a single in-plane domain
state sharpens the AHE hysteresis loop; (iv) all samples
exhibit a dominant linear dependence of the AHE on
uniaxial strain; (v) the AHE reverses its sign both as a
function of temperature and strain at ∼230 K or ∼20 meV
[Fig. 3(i)]. The AHE in the single domain state also persists
down to a much lower temperature range compared to the
freestanding sample [Figs. 4(j) and 4(l)]; (vi) there is no
observable change in TAM or a new magnetic transition
induced under applied uniaxial NNN compressive strain
up to ϵ ¼ −0.27% and tensile strain up to ϵ ¼ 0.2%
[Fig. 4(o)]; (vii) The spontaneous AHC in α-MnTe falls
within the localized hopping regime at low temperatures,
yet it exhibits an unusual scaling exponent in the inter-
mediate temperature range [Figs. 4(p), 4(q), and 15].
To understand the microscopic origin of these observa-

tions, we consider the following picture. A freestanding
(strain-free) α-MnTe has three 120° separated in-plane
magnetic domains [Fig. 1(d)] and two ⇄ and ⇆ magnetic

stacked domains associated with each in-plane moment
direction [Fig. 1(a)]. While a c-axis aligned magnetic field
in the range of a few Tesla in the AHE measurements
(Fig. 2) cannot modify the population of the three in-plane
domains, it switches the two ⇄ and ⇆ domains via the
coupling to the weak c-axis FM moment [17], which gives
rise to the observed AHE hysteresis [19,20]. However, the
AHE in the strain-free α-MnTe can only be observed in
the temperature regime above ∼180 K and below TAM. The
hysteresis loop is also stretched, indicative of high level of
magnetic disorder. The magnetic disorder likely originates
from the in-plane magnetic domain boundaries, at which
the in-plane moment direction does not allow the existence
of a canted moment and the AHE. When applying tensile
strain along the NNN direction or qualitatively equivalently
compressive strain along the NN direction, it induces a
single in-plane magnetic domain and eliminates domain
boundaries [Fig. 1(f)], thus sharpening the hysteresis loop
and reducing the coercive field Hc [Fig. 3(b)]. The temper-
ature range where the AHE can be observed is also
significantly extended. We note that a small compressive
strain along the NN direction sharpens the hysteresis loop
but is still insufficient to reveal the low-temperature AHE
(see Fig. 13). This suggests that a single-domain state is
required to reveal the low-temperature AHE, consistent
with our phenomenological theory [see Eqs. (A21) and
(A22) in Methods].
It is important to contrast our results with previous work

on Mn3X (X ¼ Sn, Ge, Pt), which reported a sign change
of the AHE with in-plane uniaxial strain or hydrostatic
pressure [38,66–69]. First, while these compounds display
a noncollinear magnetic configuration that hosts a multi-
polar moment similar to d-wave altermagnets, they are not
altermagnets [9,32]. In contrast, the collinear magnetic
configuration of α-MnTe corresponds to a g-wave alter-
magnet, whose symmetries are therefore distinct from both
d-wave altermagnets and Mn3X. Second, Mn3Sn has a
giant piezomagnetic coefficient, which makes its net
magnetization, which contributes to the AHE, very sensi-
tive to strain. Specifically, at the critical strain value for
which the sign change of the AHE is observed in Mn3Sn, a
concomitant reversal of the net magnetization also takes
place [38], strongly supporting a scenario in which the
strain-induced changes in the net magnetization are respon-
sible for the strain-induced changes in the AHE. In contrast,
using the reported piezomagnetic coefficient of α-MnTe
[50], and estimating the stress applied in our sample to be
100 MPa, we obtain an induced FM moment of about
10−6μB, much smaller than the measured FM moment
of about 10−5μB of our unstrained sample [see inset of
Fig. 2(c)]. This is consistent with our elastocaloric obser-
vation that the largest strains used in our experiment are
insufficient to modify TAM. Third, in Mn3Sn, the Hall vector
associated with the observed AHE is in the same plane of the
non-collinear magnetic moments, whereas in our case it is
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perpendicular to the collinear moments. Although our results
rule out a bulk spin-reorientation scenario, we note that spins
may still locally align along the NN bond direction under
certain conditions, such as within domain walls, near
impurities, or at sample boundaries [17,70–72].
The considerations above imply that piezomagnetism is

not the origin of the observed strain dependence of the
AHE in α-MnTe, and that a different mechanism than the
strain-induced changes in the AHE of Mn3Sn is at play.
Moreover, while a strain-induced change in the altermag-
netic ground state was theoretically proposed [27,73], the
required strain values are much larger than the ones applied
in our experiments. We propose, instead, that it arises from
strain-induced changes in the z-component of the electronic
Berry curvature ΩzðkÞ. Without SOC and in the absence of
applied strain, ΩzðkÞ is a Berry curvature hexadecapole,
consistent with the g-wave symmetry of the spin-splitting
of the bands in α-MnTe [16–26]. As such, it cannot give
rise to a finite AHE σxy. Generally, however, SOC [3,20]
and strain [61] can distort the Berry curvature multipole of
altermagnets, resulting in a net Berry curvature monopole
and thus a finite σxy. We investigate both possibilities via a
phenomenological model (see Methods). Without SOC, we
find that in-plane strain alone cannot induce a non-zero σxy.
In contrast, SOC alone, without strain, generates a non-zero
AHE that depends on the two-component altermagnetic
order parameterL as σxy ¼ AL3 (see also [74,75]), which is
consistent with our observations (here, A is a temperature-
dependent parameter). Interestingly, we find that the
combination of SOC and uniaxial strain ϵ along the
NNN Mn-Mn direction leads to a new contribution to
the AHE, σxy ¼ AL3 þ BϵL (B is another parameter),
provided that the system is not in a three-domain state.
Crucially, this contribution is not only linear in the strain,
but also linear in the altermagnetic order parameter. As a
result, close to the temperature where the zero-strain AHE
switches sign, it is reasonable to expect that this additional
contribution can become comparable to the zero-strain
AHE, causing the observed sign change induced by strain.
Indeed, we can fit the dependence of σxy on ϵ in both cases
of strain applied along the NNN and NN directions using
this expression, as shown in Fig. 16. Performing this fitting
over all temperatures enables us to extract the temperature-
dependent combinations C0 ≡ AL3 and C1 ≡ BL, plotted
in Fig. 16. The nonmonotonic behavior of both quantities
indicates that the parameters A and B have their own
temperature dependence, which ultimately reflects the
microscopic mechanism by which an AHE appears in a
self-doped semiconducting material. Nevertheless, consis-
tent with our conclusions, we find that AL2 ≪ B near the
regimes in which we observe that even small strain values
can change the sign of the AHE. Note that the magnitudes
of the coefficients C0 are rather different for the two
samples in which NNN and NN strains were applied,
reflecting the sensitivity of the AHE to sample properties

observed in Fig. 2(f). Interestingly, this is not the case for
the coefficients C1, which show similar behaviors for the
two samples—the opposite signs just reflect the fact that
tensile strain along the NNN direction is qualitatively
equivalent to compressive strain along the NN direction.
We emphasize that the symmetry constraints derived

above for the dependence of the anomalous Hall conduc-
tivity on strain and on the altermagnetic order parameter do
not imply a specific microscopic mechanism for the AHE.
Thus, since our experiments do not directly measure the
Berry curvature, other mechanisms cannot be ruled out.
Moreover, while a microscopic model to describe the Berry
curvature of α-MnTe is beyond the scope of this work, the
strong dependence of the AHE on the charge gap, shown in
Fig. 2(f), suggests that the temperature dependence of the
number of holelike and electronlike carriers in the semi-
conductor plays a key role in enabling a nonzero AHE. We
also note that an intrinsic origin of the AHE in α-MnTe
is consistent with a recent theoretical analysis [39]. In
this regard, it is interesting to note that the unexpected
temperature-induced sign change of the AHE in samples
where the nominal strain is zero happens in the temperature
range where jσxyj does not show a clear scaling behavior
with σxx, as shown in Fig. 4(q). More broadly, our
experiments demonstrate that detwinned material with a
single-domain structure with moments along the NNN
Mn-Mn bond direction in altermagnetic α-MnTe enables
an abrupt switching of the AHE with reduced coercive field
over a wide temperature range [19,20]. Therefore, alter-
magnetic α-MnTe can potentially be used for highly
scalable, strain-tunable magnetic sensors and spintronic
devices with vanishing fringing fields for near room
temperature operation [1,2,5–9,29–32].
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APPENDIX: METHODS

1. Sample preparation and characterizations

Single crystals of α-MnTe were synthesized by Te-flux
and chemical vapor transport (CVT) methods [18,20]. The
flux methods can produce centimeter-size single crystals
[Fig. 5(a)] while the CVT method typically produces
crystals of size ∼1 × 1 × 1 mm3.The crystals are stable
in air. The phase purity of the crystals was confirmed by
powder X-ray diffraction (Rigaku SmartLab II), followed

by Rietveld refinement using the FullProf Suite. Chemical
composition was verified by energy-dispersive X-ray
spectroscopy (EDS) in an FEI Nano 450 scanning electron
microscope at the Shared Equipment Authority at Rice
University (Fig. 5). No significant differences were found
across samples grown by different methods using these
probes. The crystals used for the neutron and transport
measurements in this study were obtained primarily from
flux growth.
The in-plane crystal axes were determined by x-ray

Laue diffraction in a backscattering geometry [Fig. 5(b)],
after which the samples were manually polished into
rectangular plates with the long axis in either NNN or NN
Mn-Mn bond direction. The typical dimensions are about
1.5 × 1 × 0.1 mm3. Electrical contacts in a standard five-
terminal Hall bar geometry [Fig. 2(a)] were first fabri-
cated by sputtering a ∼40 nm thick gold layer to reduce
contact resistance. Then the contacts were connected to
the sample holder using DuPont 4929N silver paste and
gold wires (25 μm). Transport measurements were per-
formed in a Quantum Design DynaCool system, with
signals detected by SR860 lock-in amplifiers. High-field
transport measurements were conducted in a resistive
magnet (�35 T) at the National High Magnetic Field
Laboratory in Tallahassee, Florida (Fig. 20).
To estimate the activation energy, we analyzed the

temperature dependence of the longitudinal resistivity
using Arrhenius plots of lnðρÞ versus 1=T, based on the
relation ρxx ∝ eΔ=2kBT , where kB is the Boltzmann constant
and Δ is the activation energy gap, i.e. the charge gap.
Because lnðρÞ versus 1=T is not expected to be perfectly
linear over the full temperature range of a doped semi-
conductor, the extracted activation energy can depend on
the fitting window. In our analysis, this fitting-range
dependence was explicitly taken into account and is
reflected in the error bars reported in Fig. 2(f). For each
sample, we first selected a reference temperature window
that showed good linearity in lnðρÞ versus 1=T and
performed a linear fit in this window to obtain the baseline
reduced chi-square, χ2r;ref . The reduced chi square, which
characterizes the goodness of fit, is defined as

χ2r ¼
1

N − 2

XN
i¼1

ðyi − ŷiÞ2; ðA1Þ

where N is the number of data points within the fitting
window, and ŷi is the fitted value. We then systematically
scanned nearby fitting windows and retained only those
with at least five data points and a reduced chi square
satisfying χ2r ≤ 10χ2r;ref . The reported activation energy was
taken from the fit in the reference window, while the error
bar was defined as the maximum deviation between this
baseline value and the activation energies obtained from all
accepted fitting windows.
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Magnetic susceptibility and magnetization were mea-
sured in a Quantum Design MPMS system using SQUID-
VSM mode [Figs. 5(d) and 5(e)]. The larger susceptibility
for out-of-plane fields indicates that the c axis is the easy
axis. The peak feature in dχ=dT denotes the altermagnetic
transition temperature TAM. These results are consistent
with a previous report [20].

2. Uniaxial strain transport experiments

In situ tunable uniaxial strain was applied to a thin-plate
sample using a homemade three-piezostack uniaxial strain
cell based on the technology in Refs. [77,78]. The polished
sample was glued across the gap of the strain cell using
Stycast 2850FTepoxy, with a typical gap size of∼1 mm. In
practice, a thin cigarette paper (∼0.03 mm thick) was also
inserted beneath the sample to prevent direct contact
between the sample and the titanium plates. Uniaxial strain
was applied to the sample by tuning the gap size, controlled
by differential motion of the three piezostacks driven by
an external dc voltage. In our experiments, we utilized a
Keithley 2400 source meter to supply positive voltage on
the inner piezostack and reverse voltage to the outer
piezostacks to generate compressive strain, and the oppo-
site voltage configuration was used to apply tensile strain.

The amplitude of the nominal strain ϵnom can be extracted
by measuring the strain on the piezostack ϵpiezo via a silicon
strain gauge (SS-150–124–15P, Micron Instruments,
Semi Valley, CA) glued to the side wall of one piezostack.
The strain on the piezostack is given by ϵpiezo ¼ ½ðR − R0Þ=
R0�=g, where R is the strain gauge resistance, R0 is the
resistance at zero strain, and g is the gauge factor of the
silicon strain gauge. The gauge factor is 80 at room
temperature and 165 at 2 K, and the temperature depend-
ence of g was calibrated previously [79]. Consequently, the
nominal strain can be obtained from

ϵnom ¼ 2 ×
ϵpiezo × Lpiezo=g

Lgap
; ðA2Þ

where Lpiezo and Lgap are the piezostack length (9 mm) and
the gap size, respectively. In practice, however, the actual
strain experienced by the sample often deviates from ϵnom
due to two major factors. The first is differential thermal
expansion between the sample and the strain cell, which
primarily shifts the effective zero-strain point. The thermal-
expansion induced strain from the piezostacks is eliminated
by the strain cell configuration [77]. Thermal strain can
nevertheless arise from differential contraction between the

FIG. 5. Characterizations of single crystal hexagonal MnTe. (a) Single crystal image. (b) X-ray Laue diffraction pattern of an α-MnTe
single crystal. The crystallographic orientations along the [1, 1, 0] and ½1; 1̄; 0� directions in real space are marked. Real-space axes (a, b)
and corresponding reciprocal lattice vectors (a�, b�) are marked by blue and green arrows, respectively. (c) Powder x-ray diffraction
pattern at room temperature. Black circles represent experimental intensities and the red line shows the calculated intensities. The
refinement yields χ2 ¼ 1.04, confirming the pure α-MnTe phase. (d) Temperature dependence of magnetic susceptibility with magnetic
fields applied along the in-plane and out-of-plane directions. (e) Derivative of data in (d), where the peak features mark the altermagnetic
transition TAM. (f) Energy-dispersive x-ray spectroscopy at room temperature. Tellurium and manganese peaks are marked by black and
purple stars, respectively. The measured Mn:Te ratio is 1.026� 0.014.
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titanium frame and the sample, producing a temperature-
dependent thermal strain ϵth on the sample. To quantify this
effect, we estimate the temperature-dependent change of the
frame gap using a silicon strain gauge. A silicon gauge was
mounted on the strain cell, fixed at one end to measure the
freestanding R0ðTÞ and at both ends to measure RðTÞ under
thermal strain. As shown in Fig. 17(a), RðTÞ remains
smaller than R0ðTÞ, indicating that the titanium gap
decreases on cooling. Taking the freestanding measurement
as the zero-strain baseline R0ðTÞ, we compute ϵSiðTÞ (with
gauge factor g as calibrated previously) and convert it to the
gap change via ΔGapðTÞ ¼ ϵSiðTÞLSi. Because the MnTe
crystal also contracts on cooling, the net thermal strain
experienced by aMnTe crystal glued across the gap is given
by the mismatch between the frame-gap contraction and the
MnTe in-plane lattice contraction [80]:

ϵth ¼
ΔGap
Gap

−
Δa
a

: ðA3Þ

Using the reported MnTe lattice parameter aðTÞ, we find
that at 200 K the MnTe lattice contracts by ∼0.3% relative
to room temperature, whereas the titanium gap contracts
by only ∼0.1%. The resulting mismatch corresponds to a
tensile thermal strain of ϵth ≈þ0.2% at 200 K.
The second factor is incomplete strain transfer through

the epoxy layers, resulting in a transmission ratio μ < 1,
which we estimate by finite element analysis (FEA). We
performed FEA using the ANSYS academic research
mechanical software. The elastic properties of α-MnTe
were taken from the Materials Project database [81],
while those for the epoxy were provided by the manu-
facturer. The FEA results are shown in Fig. 18. In our
simulation, we assumed an epoxy layer with a total
thickness of 50 μm, corresponding to the cigarette paper
thickness (30 μm) plus the two thin epoxy layers (10 μm).
The sample is enclosed by two epoxy layers of ∼50 μm
each at the top and bottom ends, within a total gap size of
1 mm. By applying 1 μm displacement on the two ends,
the nominal strain is −0.2%. The FEA results in Fig. 18
exhibit a uniform strain distribution in the sample within
the gap region, yielding a maximum strain of −0.14% at
the center position. Consequently, by comparing to the
nominal strain, it gives a strain transmission ratio of
μ ¼ 0.7. Accordingly, the total strain values displayed in
the manuscript are given by ϵtot ¼ μðϵnom þ ϵthÞ, consis-
tent with Ref. [82].
The elastocaloric effect measurements were performed

using the same strain cell described above, but operated
under both dynamic and static strains on different
piezostacks [40,41]. The dynamic voltage supply was
driven by a Stanford Research SR860 Lock-in amplifier
following a TEGAM 2350 high-voltage amplifier.
The oscillation temperature was monitored by a type-E
thermocouple attached on the center of the sample using

silver paste. The thermocouple signal was detected by
the SR860, synchronized to the ac voltage source for
piezostack. Considering the low tensile breaking point of
hexagonal MnTe crystal at high temperatures, the elas-
tocaloric effect measurements were only carried out in
the compressive strain regime by applying a positive
dc voltage to the inner piezostack and oscillating ac
voltage to the outer piezostacks.

3. Background subtraction of AHE

Hall resistivity ρxy is often contaminated by the longi-
tudinal ρxx due to imperfect contacts alignment. However,
as shown in Fig. 3(b), the ρxy of the freestanding sample
differs from that of the strained sample. Accordingly, we
employed two methods to subtract the linear background
and extract the pure anomalous contribution to ρxy. For the
freestanding data, the raw ρxy data were first antisymme-
trized as follows:

ρB↓xy;asym ¼ ðρB↓xy − ρ−B↑xy Þ=2ρB↑xy;asym ¼ ðρB↑xy − ρ−B↓xy Þ=2:
ðA4Þ

A linear background was then subtracted from both
antisymmetrized datasets to obtain ΔρB↓xy and ΔρB↑xy ,
respectively. The anomalous Hall resistivity shown in
Figs. 2(c) and 3(b) is defined as

ρAxy ¼ ΔρB↓¼0
xy : ðA5Þ

Typical subtraction data are presented in Fig. 10(a).
In contrast to the spindle-shaped hysteresis loop of the

freestanding sample, the AHE loop in the α-MnTe sample
under uniaxial strain exhibits a sharp transition at the
coercive fields, as shown in Figs. 3(b) and 10. Furthermore,
asymmetric coercive fields are observed, indicating an
exchange bias effect (Fig. 11). Although the exchange
bias Heb is weak at high temperatures [Fig. 11(d), inset],
applying the simple antisymmetrization procedure of
Eq. (A4) introduces an artificial step at the coercive fields.
To avoid this artifact, we employed an alternative method
described below.
For example, the ρB↓xy data (hereafter denoted simply as

ρ↓xy) can be divided into three magnetic-field windows: the
left side of the step (ρ↓Lxy ), the step region (ρ↓Mxy ), and the
right side of the step (ρ↓Rxy ). We first shift ρ↓Lxy vertically by
removing a step size of δρxy to compensate ρ↓Mxy and obtain

ρ↓L
0

xy . Then we merge the ρ↓L
0

xy and ρRxy↓ to form a new

smooth dataset ρ↓merg
xy . This dataset is antisymmetrized

according to

ρ↓asxy ¼ ½ρ↓merg
xy ðþBÞ − ρ↓merg

xy ð−BÞ�=2: ðA6Þ
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After antisymmetrization, ρ↓asxy crosses the zero field point.
The final corrected dataset ρ↓Cxy is then reconstructed across
the three magnetic-field windows as

ρ↓Cxy ¼
�
ρ↓as;Lxy þ δρxy=2 ðleft regionÞ
ρ↓as;Rxy − δρxy=2 ðright regionÞ: ðA7Þ

The step region data in ρ↓Cxy was obtained by vertically
shifting ρ↓Mxy with a proper constant. The pure anomalous
component Δρ↓xy is then determined by subtracting a linear
background, extracted by fitting ρ↓asxy with a straight line.
The same procedure is applied to the ρB↑xy data to yield the
anomalous component Δρ↑xy [Figs. 3(b)–3(e) and 10].
Finally, the anomalous resistivity ρAxy is obtained following
the definition given in Eq. (A5).

4. Neutron scattering experiments

Neutron scattering under compressive uniaxial stress was
performed at the Spallation Neutron Source, Oak Ridge
National Laboratory (ORNL), USA. We performed initial
experiments at SEQUOIA (BL-17), and follow-up mea-
surements at CORELLI (BL-9) [83] and HB-1A. The
momentum transfer Q in three-dimensional reciprocal
space in Å−1 was defined asQ ¼ Ha� þ Kb� þ Lc� where
H, K, and L are Miller indices and a� ¼ 2πðb × cÞ=
½a · ðb × cÞ�, b� ¼2πðc×aÞ=½b ·ðc×aÞ�, c� ¼ 2πða × bÞ=
½c · ða × bÞ�. For the hexagonal setting, we take a ¼ ax̂,
b ¼ aðcos 120°x̂þ sin 120°ŷÞ, and c ¼ cẑ with lattice
parameters a ¼ b ≃ 4.15 Å and c ≃ 6.72 Å at room tem-
perature. A square plate-shaped sample with mass of
∼90 mg (∼4 × 4 × 0.5 mm3) was mounted inside a uni-
axial strain device machined from 6061 aluminum alloy, as
shown in Fig. 6(a). The scattering plane in this configu-
ration is (H, K, 0). In-plane uniaxial stress was applied
by tightening the side M3 × 0.5 screw. After the screw was
in firm contact, an additional 1=4-turn was applied to
impose a uniaxial stress. The device was subsequently
loaded into a cryofurnace capable of warming up to 400 K.
Measurements in the strained configuration were per-
formed at 320 and then 240 K. The device was sub-
sequently unloaded and the screw was loosened to remove
stress. The sample was then reinstalled, and the same
measurements were repeated at 320 and 240 K. The
neutron data were reduced and integrated by Mantid.
Since the current design lacks a loading spring, we

estimate only an upper bound for the compressive strain
applied to the sample. A 1=4-turn of the M3 × 0.5 screw
would ideally produce a displacement of δ ¼ 0.125 mm.
However, microscopic inspection indicates that the major-
ity of the displacement was attributable to contact inden-
tation at the aluminum plate-screw interface (∼0.12 mm),
leaving an effective displacement of ∼5 μm. Treating the

aluminum frame and slider as rigid and allowing deforma-
tion only in the sample and the contacting aluminum plate,
we model them as two springs connected in series with
spring constants k ¼ EA=L, where E is the Young’s
modulus, A is the cross-sectional area, and L is the length
along the stress direction. The spring constants of the
sample and the aluminum plate are estimated to be 23.5 and
92 GPa · mm, respectively, so the sample’s share of the
effective distortion is ∼4 μm, corresponding to a compres-
sive strain of about −0.1%. This strain value is comparable
to our strain transport measurements. Nevertheless, this
strain value is a rough estimate and should be regarded as
an upper bound for the strain applied in our neutron
experiments.
The applied uniaxial strain can have two major effects.

As reported in previous strain studies in iron pnictides [79],
a small uniaxial strain first reorients twin (nematic)
domains and, once detwinning is achieved, can further
tune the lattice constants and the associated order param-
eter. In α-MnTe, a similar principle applies to magnetic
domains: applying a uniaxial strain first detwins the
magnetic domains, as evidenced by the changing of the
hysteresis loop from a broad feature to sharp magnetic
transitions at the coercive fields [Fig. 3(b)]. Once a single-
domain state is established, the uniaxial strain can further
interact with altermagnetic order, as discussed later in the
phenomenological model.
From a symmetry point of view, ideally, a compressive

strain applied along either the NN or NNN Mn-Mn bond
reduces the threefold rotational symmetry and imposes
constraints on the magnetic domain configurations. For the
magnetic structure in Fig. 1(b), domain B and C are
symmetric about the strain axis and therefore their
populations must remain equal (rB ¼ rC) for any finite
strain. The system can thus access a spectrum of states
ranging from a single-domain state A [schematized in
Fig. 1(f)] to a two-domain mixture B=C in a 1∶1 ratio
[Fig. 1(h)]. For the alternative structure in Fig. 1(c),
the same symmetry consideration applies: Domain B0
and C0 remain symmetric about the strain axis, enforcing
rB0 ¼ rC0 and allowing a corresponding continuum
between the A0 [Fig. 1(l)] and the 1∶1 mixture B0=C0
[Fig. 1(n)]. These domain scenarios lead to different
magnetic Bragg-peak patterns and can therefore be tested
by neutron diffraction experiments.
In neutron scattering experiments, magnetic intensity at

each Bragg peak is calculated as

IðQÞ ∝ jQ̂ × FMðQÞ × Q̂j2; ðA8Þ

where

FMðQÞ ¼
X
j

fjðQÞe−WjeiQ·rjμj: ðA9Þ
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Here, Q is the scattering vector ðQ̂ ¼ Q=jQjÞ; j labels the
Mn ions in the unit cell; fjðQÞ is the magnetic form factor;
e−Wj is the Debye-Waller factor; and rj and μj denotes the
positions and moments of Mn, respectively. Equation (A8)
implies that only the component of the moment
perpendicular to Q contributes to the magnetic Bragg
intensity. Consequently, domains with larger μ⊥Q compo-
nents yield stronger intensity at that Q. For example, in the
freestanding sample [Figs. 1(d) and 1(j)], Domain A
contributes unevenly to the six magnetic Bragg peaks
[labeled in Fig. 1(p)] depending on the moment-Q angle,
but the total intensity contributed from different domains at
each peak remains the same due to the averaged domain

populations. Once detwinned, in the single-domain A state
[as shown in Fig. 1(f) and 1(g)], the ð2; 1̄; 1Þ and ð2̄; 1; 1Þ
reflections (marked in red) are enhanced and the other four
symmetry-related peaks (marked in blue) are suppressed.
Nevertheless, the two-domain B=C state leads to an
opposite pattern: suppression of the red peaks and enhance-
ment of the blue ones. In contrast, a single-domain A0 state
suppresses the red peaks, while the two-domain B0=C0 state
enhances them.
Experimentally, as demonstrated in Figs. 1(t) and 1(u),

we extract the integrated intensities of two symmetry-
related groups of magnetic Bragg reflections, indicated by
the red and blue symbols. These two sets of peaks respond

FIG. 6. Neutron scattering signatures of strain applied along the nearest-neighbor Mn-Mn direction in α-MnTe. (a) Mechanical
uniaxial stress device for neutron scattering experiments. A square plate-shaped sample with mass of ∼90 mg was mounted in the device
as indicated by the red arrow. Compressive stress σ− was applied by tightening the screw on the right. The uniaxial stress is along the NN
Mn-Mn bond direction in real space. (b) Schematic of the ðH;−0.5HÞ × ð0; KÞ reciprocal space plane at L ¼ 1 (r.l.u.) in the
altermagnetically ordered phase. Blue markers indicate the magnetic-only Bragg reflections used in our analysis, where nuclear
contributions are absent, while gray markers denote Bragg positions with nuclear intensity. (c) Azimuthal angular dependence of
magnetic peak intensities of freestanding and NN-strained samples with background subtracted from the measurements at 320 K
(>TAM) . (d)–(f) Neutron diffraction patterns of the freestanding sample. The intensities were integrated within the annular region
enclosed by the two dashed circles, restricted to the areas of the six magnetic Bragg peaks. The integration region is enlarged for clarity
in (b). (g)–(i) Similar plots to (d)–(f) for the same sample under compressive strain. The white arrows represent the uniaxial compressive
strain direction.
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differently to the moment orientation for the domain
configurations allowed under strain, and the resulting ratio
Ired=Iblue therefore serves as an observable to distinguish
among possible domain scenarios for experimental data
under NN and NNN strain.
For NN strain, as shown in Fig. 1(r), the two reflections

parallel to the strain axis, i.e.,ð2; 1̄; 1Þ and ð2̄; 1; 1Þ, are
enhanced while the other four are suppressed. Such an
enhancement of the red peaks is, in principle, compatible
with two distinct domain configurations: a single-domain A
state or, alternatively, a two-domain B0=C0 state. However,
the observed intensity ratio, Ired=Iblue ∼ 3.190ð8Þ∶1, can be
reproduced only within the ABC domain manifold in a
single domain A state; no A0B0C0 combination yields a
comparable ratio [see Figs. 1(t) and 1(u)].
For NNN strain, as demonstrated in Fig. 1(s), the

intensity pattern is reversed, giving Ired=Iblue∼1∶2.89ð2Þ.
This suppression of the red peaks is consistent with two
possible domain scenarios: a two-domain B=C state or an
intermediate-detwinned state within the A0B0C0 model,
as indicated by the lower-right intersection in Fig. 1(u).
Based on the ratio alone, these two possibilities cannot
be distinguished. The decisive evidence comes from our
strain-dependence measurements: as the applied NNN

strain is increased, the ratio Ired=Iblue remains essentially
unchanged (Fig. 7). In the A0B0C0 scenario, additional strain
should continuously drive the system toward a more
strongly detwinned A0 state, producing a monotonic evo-
lution of this ratio. The absence of such behavior therefore
rules out the A0B0C0 configuration.
Therefore, the combined NN- and NNN-strain measure-

ments conclusively identify the ABC domain model as the
correct description in both strain geometries, thus revealing
that the in-plane moment direction relative to the under-
lying lattice does not change with changing strain direc-
tions [Fig. 1(b)]. Because uniaxial strain has a negligible
effect on the ordered moment (see main text), we further
infer that this spin configuration represents the intrinsic
ground state of α-MnTe.
We next perform a quantitative refinement of the

magnetic Bragg intensities for the NN-strain configuration
to demonstrate how the ABC model reproduces the
measured pattern, as shown in Fig. 8. The refinement
details are discussed in the following paragraph.
In α-MnTe, antiparallel stacking within the unit cell

cancels magnetic scattering at even L, so magnetic intensity
appears only at odd L. Accordingly, we restricted our
refinements to magnetic Bragg peaks in the L ¼ �1 planes

FIG. 7. Neutron scattering signatures of strain applied along the next-nearest-neighbor Mn-Mn direction in α-MnTe. (a) Mechanical
uniaxial-stress device for neutron scattering experiments. A square, plate-shaped ∼75-mg sample is mounted as indicated by the red
arrow. Compressive stress σ− is applied by tightening the screw on the right, loading the sample along the NNN Mn-Mn bond direction
in real space. (b) Schematic of the ðH;−0.5HÞ × ð0; KÞ reciprocal space plane at L ¼ 1 (r.l.u.) in the altermagnetically ordered phase.
Blue markers indicate the magnetic-only Bragg reflections used in our analysis, where nuclear contributions are absent, while gray
markers denote Bragg positions with nuclear intensity. (c) Azimuthal dependence of magnetic peak intensities for the freestanding and
NNN-strained samples (45° screw rotation), together with their difference. Color shading highlights that the two peaks perpendicular to
the uniaxial-stress axis are suppressed (blue), while the remaining four are enhanced (red). (d) Strain dependence of the azimuthal
profile. Increasing the applied strain (75° screw rotation) does not further modify the intensity ratios.
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(Fig. 8) and, crucially, to nuclear-extinct positions (vanish-
ing nuclear structure factor) so that the measured intensity
is purely magnetic. We selected 12 reflections with iden-
tical jQj, thereby eliminating complications from the
magnetic form factor and Debye-Waller factor. To refine
for the domain population, the computed single-domain
intensities IAðH;K; LÞ, IBðH;K; LÞ, and ICðH;K; LÞ were
combined as

IcalcðH;K; LÞ ¼ S½rAIAðH;K; LÞ þ rBIBðH;K; LÞ
þ rCICðH;K; LÞ� ðA10Þ

with a global scaling factor S and domain volume fractions
rA; rB; rC ≥ 0 constrained by rA þ rB þ rC ¼ 1. The
parameters ðS; rA; rB; rCÞ were obtained by least-squares
fits to the measured intensities. An analogous refinement
was carried out for the alternative domain model
ðA0;B0;C0Þ using the same procedure.

5. Phenomenological model

The paramagnetic phase of α-MnTe is described by
space group P63=mmc (#194). Without SOC, the alter-
magnetic order parameter can be expressed as the product
of a g-wave form factor and a vector n̂ in spin space:

FIG. 8. In-plane magnetic moment orientation determination in freestanding and strained α-MnTe. (a) Magnetic structure of α-MnTe
with three in-plane magnetic domains ðA;B;CÞ. The moments point along the crystallographic ½1; 1̄; 0�, ½1; 2; 0�, and ½−2;−1; 0�
directions, respectively. (b) Refinement of magnetic structure factors for selected Bragg reflections in freestanding α-MnTe where the
nuclear intensity is absent and the observed intensity is purely magnetic, yielding the domain population ratios for A, B, and C.
(c) Corresponding refinement for strained α-MnTe, showing a predominant population of domain A. (d) Magnetic structure of α-MnTe
with three in-plane magnetic domains ðA0;B0;C0Þ, where the moments point along the crystallographic [1, 1, 0], ½1̄; 0; 0�, and ½0; 1̄; 0�
directions, respectively. (e) and (f) Refinement on the same dataset as in (b) and (c) assuming domain A0, B0, and C0. (g) Schematic of
magnetic Bragg reflections with no nuclear contribution (blue dots) in the L ¼ 1 (r.l.u.) plane. The corresponding ðH;KÞ reflections at
L ¼ −1 (r.l.u.) are also included in the refinement. (h) Relative difference η ¼ jIData − IFitj=IData × 100% for each reflection comparing
the two domain models shown in (a) and (d) in the freestanding α-MnTe. The dotted lines indicate the average relative differences among
all 12 peaks using the two models. Both models describe the data comparably well in the freestanding case. (i) Corresponding
comparison in the strained case, where the NNN Mn-Mn bond moment direction domain model (A, B, C) shown in (a) provides the
better fit.
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L ¼ gðkÞn̂; ðA11Þ

where gðkÞ ∝ kykzð3k2x − k2yÞ transforms as the single-
dimensional Γþ

3 irreducible representation (irrep). The
same symmetries imply that the Berry curvature (BC)
ΩðkÞ transform as a hexadecapole:

ΩðkÞ ¼ gðkÞn̂; ðA12Þ

which, as a result, gives no AHE, since the latter requires
a net BC monopole. In principle, both SOC and strain can
distort a BC multipole into acquiring a net monopole
moment [61]. We first study these two effects separately
and then combined.
We consider strain first, ϵij ¼ ð∂iuj þ ∂juiÞ=2, where u

is the lattice displacement vector. Using group theory, the
in-plane strain combination ðϵx2−y2 ;−2ϵxyÞ transforms as
the two-dimensional Γþ

5 irrep, whereas the out-of-plane
shear strain combination ðϵxz; ϵyzÞ transforms as the two-
dimensional Γþ

6 irrep. As a result, there is no term that is
linear in strain that can give a nonzero AHE. The leading
order contribution is quadratic in strain and must involve
out-of-plane shear strain

σab ∼ ðϵx2−y2ϵyz þ 2ϵxyϵxzÞnc; ðA13Þ

where σab is the antisymmetric conductivity tensor, ðabcÞ
is a permutation of ðxyzÞ, and nc is the direction of the
magnetic moment (which, without SOC, is an arbitrary
direction in spin space). We also find a cubic in strain
contribution:

σab ∼ ϵyzð3ϵ2xz − ϵ2yzÞnc: ðA14Þ
These results show that pure in-plane strain alone cannot

induce an AHE in α-MnTe. We now proceed to consider
the role of SOC, which makes n̂ must transform as space-
group irreps. Specifically, nz transforms as mΓþ

2 while the
combination ðny;−nxÞ transforms as the two-dimensional
mΓþ

6 irrep. As a result, in the case of out-of-plane moments,
the altermagnetic (AM) order parameter Lz ∝ gðkÞnz trans-
forms as mΓþ

4 . For in-plane moments, as relevant for
α-MnTe, the order parameter L ¼ ðLx; LyÞ transforms as
the mΓþ

5 irrep, with Lx ∝ gðkÞnx and Ly ∝ gðkÞny. The
Landau theory of this altermagnetic order parameter,
L ¼ Lðcos θ; sin θÞ, corresponds to a six-state clock
model [74,75,84]:

FAM ¼ a
2
L2 þ u

4
L4 þ γ

6
L6 cos 6θ: ðA15Þ

Here, a ¼ ðT − TAMÞ=TAM, γ > 0 selects the six degener-
ate states θ ¼ f½ð2nþ 1Þπ�=6g, with n ¼ 0;…; 5, whereas

FIG. 9. Nuclear Bragg peak variations under strain. (a),(b) NN-strain dependence of the nuclear Bragg peak intensities at Q ¼ ð100Þ
[(a)] and Q ¼ ð010Þ [(b)] measured at 320 K on CORELLI. (c),(d) NNN-strain dependence of the nuclear Bragg peak intensities at
Q ¼ ð100Þ [(c)] andQ ¼ ð010Þ [(d)] measured at 320 K on HB1A. Within our accessible strain range, no lattice-parameter change was
resolved in either strain direction, implying that any distortion is below the typical neutron diffraction resolution.
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γ < 0 selects the six degenerate states θ ¼ ½ðnπÞ=3�, with
n ¼ 0;…; 5. Note that the configurations that are sym-
metry-related to L ∝ ð1; 0Þ, i.e., moments along the x axis,
correspond to θ ¼ ½ðnπÞ=3�whereas the configurations that

are symmetry-related to L ∝ ð0; 1Þ, i.e., moments along
the y axis, correspond to θ ¼ f½ð2nþ 1Þπ�=6g. The latter
is the one realized in α-MnTe, as the moments point along
the ½1; 1̄; 0� direction, which corresponds to the y axis.

FIG. 10. Linear subtraction of the AHE in freestanding α-MnTe. (a) Magnetic field dependence of the Hall resistivity ρxy and Δρxy
after a linear background subtraction at 290 K in the freestanding sample. (b) Similar plot to (a), obtained from the same sample under
uniaxial strain of εtot ¼ 0.11% along the NNN Mn-Mn bond direction.

FIG. 11. Coercive field as a function of strain and temperature. (a) Strain dependence of the coercive fields extracted from ρxx at 233 K.
BothH�

c evolve smoothly with strain across the AHE vanishing point, marked by the dashed line. (b),(c) Hall resistivity as a function of
magnetic field at 40 K under strains of ε ¼ −0.015% and ε ¼ −0.1%, measured with different maximum field ranges. The exchange
bias effect is enhanced by increasing μ0Hmax and applying compressive uniaxial strain. (d),(e) Temperature dependence of the coercive
fields H−

c;xy and Hþ
c;xy and the exchange bias Heb ¼ H−

c;xy þHþ
c;xy at ε−max, measured under a field sweep range of �9 T. The exchange

bias becomes increasingly pronounced at low temperatures, likely due to stronger magnetic coupling. Inset focus on the range from
100 to 260 K.
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The in-plane altermagnetic order parameter can generate
both an AHE (irrep mΓþ

2 ) and an orthorhombic lattice
distortion (irrep Γþ

5 ) according to [84]:

σxy ∼ 3L2
xLy − L3

y ¼ L3 sin 3θ ðA16Þ
�
ϵx2−y2
−2ϵxy

�
∼
�
L2
x − L2

y

−2LxLy

�
¼ L2

�
cos 2θ
− sin 2θ

�
: ðA17Þ

Note that σxy transforms as the same irrep as the out-of-
plane magnetization Mz, so the same relationship holds

for Mz. Importantly, while both sets of values of θ
give a nonzero orthorhombic distortion, only the θ¼
f½ð2nþ1Þπ�=6g values give a nonzero σxy. Thus, an
AHE only appears when the moments point along the
y axis (and symmetry-related directions), explaining why
α-MnTe displays an AHE even without applied strain [75].
We now proceed to investigate what happens when both

SOC and strain are present. We consider application of in-
plane uniaxial strain ϵ along the a-axis direction that makes
an angle α with respect to the x axis, which corresponds to
the ½1; 1; 0� direction. Using group theory, we find that the
combination

FIG. 12. Sign reversal of the AHE in α-MnTe observed in NN configuration. (a) Δρxy (linear background subtracted) at 226 K under
different strain levels. The legend denotes the total strain experienced by the crystal. The signal shows a sign reversal similar to the NNN
sample in Fig. 3(d). Thin (thick) black arrows denote magnetic-field sweeps down (up). (b) Corresponding longitudinal resistivity ρxx
measured under the same strain and temperature as in (a). All the curves are vertically offset for clarity.

FIG. 13. AHE in sample No. 8 under a smaller compressive strain along the NN bond direction. (a)–(c) Hall resistivity Δρxy, after
subtraction of a linear background, as a function of magnetic field for different strain levels and temperatures. (d) Temperature
dependence of ρAxy, extracted from panels (a)–(c), for several strain levels.
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ϵ ¼
�
ϵx2−y2
−2ϵxy

�
¼ ϵ

�
cos 2α
− sin 2α

�
ðA18Þ

transforms as the irrep Γþ
5 . We can thus obtain the Landau

free-energy for the altermagnetic order parameter in the
presence of strain (to linear order in strain):

F0
AM ¼

�
a
2
L2 þ u

4
L4 þ γ

6
L6 cos 6θ

�

þ λ1L2ϵ cos ð2θ − 2αÞ þ λ2L4ϵ sin 3θ sin ðθ þ 2αÞ:
ðA19Þ

Minimization of the free energy for a fixed ϵ and α gives the
θ and L values. While a full solution of this free-energy is
beyond the scope of this work, we perform a qualitative

analysis for the case α ¼ π=2, corresponding to the
experimental situation of uniaxial strain along the y axis
(i.e., parallel to the moments direction or along the NNN
Mn-Mn bond direction). For α-MnTe, we know that γ > 0,
giving the six degenerate states θ ¼ f½ð2nþ 1Þπ�=6g, with
n ¼ 0;…; 5. The six domains are associated with the
positive and negative signs of the magnetization Mz,
corresponding to n even and n odd, and with the
three possible orthorhombic domains from Eq. (A17),
corresponding to the pairs n ¼ ð0; 3Þ, n ¼ ð4; 1Þ, and
n ¼ ð2; 5Þ.
For simplicity, let us assume that the altermagnetic

transition is approached from above TAM. Then, the
dominant term in Eq. (A19) that sets the angle θ is the
term with coefficient λ1, as it is quadratic in L. This term
favors θ ¼ αþmπ, for λ1ϵ < 0, and θ ¼ αþ ðπ=2Þ þmπ,
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FIG. 15. Strain dependence of the anomalous Hall conductivity scaling exponent n in jσAxyj ∝ σnxx for two samples measured in the NN
(a) and NNN (b) configurations. In the localized hopping regime (T < 100 K), n is nearly strain independent and remains in the range
∼1.5–1.8 for both samples. In the AM regime (100 < T < 180 K), n decreases and then saturates toward n ≈ 3 as the strain is tuned
towards the direction that stabilizes the single in-plane domain state: for the NN sample, this occurs on the compressive-NN side, while
for the NNN sample it occurs on the tensile-NNN side (equivalently, compressive-NN). Notably, n continues to evolve with strain even
after detwinning, indicating strain tuning within a single in-plane domain.

FIG. 14. Strain-tuning longitudinal resistivity in α-MnTe. (a) Temperature dependence of longitudinal resistivity ρxx for freestanding
and strained samples. No obvious change in resistivity is observed under our experimental strain conditions, confirming that the AHE
variations are not driven by longitudinal conductivity changes. (b) First derivative of resistivity versus temperature at different strain
levels. The peak corresponding to the altermagnetic transition temperature TAM remains unchanged as the uniaxial strain is varied from
compressive to tensile. (c) Same plot as in (b), in NN configuration.
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FIG. 16. Separation of the strain-induced contributions to the AHC. (a),(b) Anomalous Hall conductivity σAxy as a function of
strain applied along NNN and NN directions at different temperatures. The solid lines are linear fits using
σAxyðε; TÞ ¼ C0ðTÞ þ C1ðTÞε. Within our phenomenological model, C0 represents the intrinsic contribution driven by spin-orbit
coupling (C0 ¼ AL3), whereas C1 represents the strain-induced contribution (C1 ¼ BL). In each panel, ε > 0 refers to tensile
strain along the corresponding direction. Note that ε is the total strain experienced by the sample, which includes the temperature-
dependent built-in tensile strain induced by the thermal expansion mismatch, as shown in Fig. 6. (c) Temperature dependence of
the zero applied strain anomalous Hall conductivity (AHC). (d),(e) Temperature dependence of the coefficients C0 and C1

obtained from the linear fits in panels (a) and (b). Note the opposite signs of C1 for strain applied along the NN and NNN
directions. (f) Temperature dependence of the ratio C0=C1.

FIG. 17. Estimate of thermally induced strain using a silicon gauge. (a) Silicon resistance as a function of temperature measured in a
freestanding configuration (one end glued; blue) and in the fully glued configuration (both ends glued; red). The relative resistance
change with respect to 293 K, ΔR=R293K, is converted to a relative gap change using the silicon gauge factor g (Methods). (b) Relative
length change versus temperature. The gap variation ΔGap=Gap is obtained from (a). The MnTe lattice contraction Δa=a is calculated
from Ref. [80]. The thermally induced strain on a MnTe crystal bridging the gap is estimated as εth ¼ ΔGap=Gap − Δa=a, yielding an
approximate tensile strain of ∼ 0.2 % near 200 K.
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for λ1ϵ > 0, with m ¼ 0, 1. The twofold degeneracy in m
reflects the fact that the two time-reversal related domains
are not affected by strain. For α ¼ π=2 (strain along y), this
means that λ1ϵ < 0 chooses two of the states that are also
minimized by the sixth-order term (with coefficient γ > 0),
namely, θ ¼ π=2 and θ ¼ 3π=2, corresponding to magnetic
moments along �y. As a result, λ1ϵ < 0 selects the single
orthorhombic domain n ¼ ð4; 1Þ. For λ1ϵ > 0, the states
minimized by the dominant term are θ ¼ 0 and θ ¼ π,
which are maximally penalized by the sixth-order term.
Because of this competition, the system is expected to
undergo another phase transition at a lower temperature,

where θ moves to one of the four minima of the sixth-order
term corresponding to n ¼ 0, 2, 3, 5. Hence, λ1ϵ > 0
selects the two orthorhombic domains n ¼ ð0; 3Þ and
n ¼ ð2; 5Þ or, equivalently, disfavors the orthorhombic
domain n ¼ ð4; 1Þ. We note that there is an additional
term in Eq. (19) that depends linearly on strain, which is the
term with coefficient λ2. Generally, this term is subleading
with respect to the term with coefficient λ1, as it has an
additional L2 dependence.
In our neutron scattering experiments, compressive

strain (ϵ < 0) along the y axis (NNN direction) results
in a sample with two orthorhombic domains. We therefore

FIG. 18. Finite element analysis of strain transmission. (a) Simulated normal strain map in the epoxy and sample for a −0.2% nominal
strain. The strain distribution within the sample, excluding the epoxy-covered regions, is nearly homogeneous. (b) Normal strain as
function of position along the sample length (x axis). The shaded area marks the epoxy-covered region. The central point of the sample
reaches a strain of −0.14%, corresponding to a strain transmission ratio of 0.7.

FIG. 19. Temperature dependence of transport parameters in freestanding and strained α-MnTe for two samples. The top row (a)–
(d) shows the sample measured in the NN-strain configuration in the main text, together with its corresponding freestanding dataset for
comparison. The bottom row (e)–(h) shows the sample measured in the NNN-strain configuration in the main text, together with its
corresponding freestanding dataset. (a),(e) Hall coefficient RH . (b),(f) Carrier density n. (c),(g) Mobility μ. (d),(h) Mean free path l.
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conclude that λ1ϵ > 0, implying that λ1 < 0. The fact that a
single domain is not observed upon applying tensile strain
along the y axis is likely a consequence of the smaller
values of tensile strain that can be achieved in our setup,
combined with the existence of a spinodal line for the two-
domain structure. However, a detwinned single domain is
observed upon application of compressive strain along the
x axis (NN direction). This is consistent with our analysis,
since due to the Poisson ratio, compressive strain along x
induces tensile strain along y.
The combination of strain and SOC also generates a new

term in the AHE. We find that Eq. (A16) is changed to

σxy ¼ AL3 sin 3θ þ BLϵ sin ðθ þ 2αÞ; ðA20Þ

where A and B are temperature-dependent parameters. Let
us analyze what happens to this equation when strain is
applied along the y axis, such that α ¼ π=2. As discussed
above, there are in principle three orthorhombic domains
corresponding to n ¼ ð0; 3Þ, n ¼ ð4; 1Þ, and n ¼ ð2; 5Þ,
where n labels the free energy minimum θn ¼
f½ð2nþ 1Þπ�=6g corresponding to magnetic moments
along the y direction. The applied magnetic field selects
a single magnetic domain, corresponding to either n even or
n odd. For concreteness, let us analyze the magnetic
domain with n even, such that the three orthorhombic
domains become n ¼ 0, 2, 4. Averaging over the domains
gives

σ̄xy ¼ AL3

�
1

3

X
n¼0;2;4

ð−1Þn
�
− BLϵ

�
1

3

X
n¼0;2;4

sin
ð2nþ 1Þπ

6

�

ðA21Þ

The last term vanishes, implying that the linear-
in-L contribution to the domain-averaged anomalous
Hall conductivity vanishes (the cubic-in-L contribution is

unaffected by the domain average). However, in our
transport experiments, a single domain is achieved either
by applying compressive strain along the NN direction or
due to the built-in tensile strain along the NNN direction
from the thermal coefficient mismatch between the sample
and the strain cell. As a result, the expression above is
modified since only the n ¼ 4 domain contributes, yielding

σxy ¼ AL3 þ BLϵ: ðA22Þ

This linear relationship between σxy and ϵ is the same
as the one observed experimentally. Note that this
expression remains valid when ϵ changes sign as long
as the single domain state survives, i.e., if the strain value
is such that the corresponding spinodal line is not
crossed. The main consequence of this expression is
that, near the temperature regime where the temperature-
dependent parameter A changes, the contribution for the
first term is small and can thus be overcome by the second
contribution, leading to a sign change of the AHE for the
appropriate sign of ϵ.
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