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Nonreciprocal responses transform broken symmetries into direction-dependent
functionality, while a nonreciprocal response encoded directly in static magnetic
response of an ordered magnet has not been realized. Here we reveal an in-
trinsic transverse magnetic nonreciprocity in the noncollinear antiferromagnet
Mn3Ge. Using torque magnetometry, we observe a pronounced transverse torque
that is odd under magnetic-field reversal, in sharp contrast to the reciprocal re-
sponse of conventional magnets. A concomitant even-in-field planar Hall response
emerges at the same low temperature around 210 K, well below the Néel tem-
perature. Together, these measurements reveal a field-reversal-even transverse
magnetic response in which opposite fields select symmetry-related, rather than
time-reversed, noncollinear antiferromagnetic states. We attribute this behavior
to spin-orbit-coupling-induced breaking of spin space group symmetry, which
locks the noncollinear spin texture and its net magnetization to the lattice. These
results establish a nonreciprocal magnetic response as a distinct collective re-
sponse of chiral antiferromagnets, extending nonreciprocal phenomena beyond

charge-current-based transport.

Nonreciprocity is a general manifestation of broken symmetry, in which a system responds
differently to opposite directions of motion, propagation, or driving. It underlies rectification in
semiconductor junctions and has recently expanded into quantum materials through electrical mag-
netochiral anisotropy, nonlinear optical responses, superconducting diode effects, and nonreciprocal
collective excitations (/—3). However, these known examples largely involve transport or propaga-
tion properties of carriers (/-9). By contrast, the static transverse/longitudinal magnetic response of
a material to external magnetic field has conventionally been assumed reciprocal: reversing the field
direction simply reverses the magnetization, leaving the magnitude of the resulting magnetization
unchanged without directional asymmetry. Whether nonreciprocity can be encoded in the magnetic
response of materials under field reversal remains an open question.

Unconventional antiferromagnets, with their rich broken symmetries (/0-13), may provide a
natural setting to search for exotic response. In noncollinear chiral antiferromagnets, for example,
the handedness of a noncollinear spin texture becomes a symmetry-relevant degree of freedom,

breaking time-reversal symmetry without producing a large net magnetization. This enables anoma-
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lous transverse responses and ferroic multipolar order that are controlled by magnetic symmetry
rather than conventional ferromagnetism (/4-18). In the limit of negligible spin-orbit coupling
(SOC), spin-space-group symmetries enforce compensated spin magnetization even in a time-
reversal broken noncollinear state. SOC reduces this symmetry by locking spin space to the lattice,
simultaneously enabling anomalous Hall responses and net magnetization (/9-23). This symmetry
hierarchy suggests that SOC may affect not only Hall-type transport, but also the field-reversal
symmetry of the magnetic response (24).

A paradigmatic family of noncollinear chiral antiferromagnets is Mn3 X (X = Sn, Ge, Ga), where
Mn moments form a 120° spin texture on kagome layers (see Figs. 1A and B) (25-29). Among
this family, Mn3Sn has become a model system after the discovery of a large room-temperature
anomalous Hall effect in a nearly compensated antiferromagnet (30). This discovery has stimulated
extensive studies of magnetic Weyl fermions, ferroic octupole domains, spin-orbit-torque switching,
coherent electrical driving, and field-free switching of chiral antiferromagnetic order (3/—41). By
comparison, Mn3Ge and Mn3Ga, although known to host sizable anomalous Hall responses, have
been less explored as platforms for symmetry-controlled antiferromagnetic functionality beyond
Hall-type transport (42—44). Mn3Ge is particularly relevant in this context because theory predicts
that SOC generates a sizable net magnetization (/9, 22), yet the intrinsic nature of its magnetic
response (e.g., torque) remains unsettled.

This raises a fundamental question: akin to the well-established SOC-driven magnetochiral
anisotropy in nonmagnetic materials (3), can SOC-induced net magnetization in unconventional
magnetic materials generate new type of nonreciprocal behavior in magnetic/torque response?
Here, we address this question by showing an intrinsic transverse magnetic nonreciprocal response
in Mn3Ge. By employing in-plane torque magnetometry and planar Hall measurements, we find a
concomitant even-in-field transverse magnetization component that emerges well inside the chiral
antiferromagnetic phase. Together with symmetry analysis, these results point to a pinned transverse
magnetization within the kagome plane, generated by SOC-induced breaking of spin-space-group
symmetry. Mn3Ge therefore establishes chiral antiferromagnets as a platform for nonreciprocal
magnetic functionality, extending nonreciprocal phenomena from transport and wave propagation

to the collective magnetic response of an ordered quantum material.



Observation of a nonreciprocal transverse torque

Torque magnetometry is particularly sensitive to the magnetization component transverse to the
applied field (45—49). For a fixed in-plane field direction, the measured torque can be written
as T «« M x H. For a hysteretic magnetic response, the magnetic state can depend on the field-
sweep protocol. We denote the field-increasing and field-decreasing branches as forward (f) and
backward (b), respectively. In the low-field regime, the branch-resolved magnetization may be
expanded as M ,(H) = M(}’ » T Xr.b - H, where M?C’b are the spontaneous components and y ;
are the corresponding susceptibility tensors (50). This two-branch description reflects the history
dependence of a magnetically ordered state, where different magnetic configurations can be selected
along opposite field-sweep directions. The field-reversal symmetry of the magnetization can be
classified by the branch-exchanged even and odd components: Meyen (H) = [M¢(H) + M, (-H)]/2,
and Mygq(H) = [M¢(H) — M, (-H)]/2. In conventional reciprocal hysteresis, as in ferromagnets,
the spontaneous magnetization selected by opposite sweep histories reverses under field reversal,
M? ~ — Mg, so that the field-reversed branches satisfy M;(H) =~ —M,(-H) for the parallel
component (i.e. Meyen (H) = 0), orequivalently 7 (H) = 7, (—H) for the transverse torque response.
By contrast, an unconventional response can arise if a transverse spontaneous component remains
pinned to the lattice and does not reverse with the applied field.

To make this connection explicit, we focus on the magnetization component perpendicular to
the applied field. For a fixed field direction, the transverse components on the two sweep branches
give the scalar torque:

1 (H) ~ H (Mj?:lj + )(]%’bH) . (1)
If the transverse component is pinned by the lattice and remains non-reversed under field reversal,
i.e., M?’l ~ MS’L, the linear term HM%+ produces an odd-in-field torque. In this case, Tf(H) +
75(—H), which defines the general magnetic nonreciprocal response. Remarkably, at low fields,
one expects 77(H) ~ —7,(-H).

Our measurement configuration is shown in Fig. 1C. The sample was mounted on a piezore-
sistive cantilever, and the magnetic field was applied within the kagome plane. The resulting
torque is therefore along the sample c-axis, making the measurement sensitive to the in-plane

transverse magnetization component. Small mounting-induced misalignment is estimated to be



less than 5° and does not affect the field-reversal symmetry analysis discussed in the following.
Figure 1D compares representative torque responses of conventional hysteretic magnets with that
of Mn3Ge. The ferromagnet Fe;GeTe; and the noncollinear antiferromagnet Mn3Ga both show
conventional butterfly-shaped hysteresis loops, for which the two branches approximately satisfy
Tr(H) = 175(=H) (44, 50-52). Previous torque measurements on Mn3Sn also reported a conven-
tional behavior (47). These examples also demonstrate that magnetic hysteresis alone does not
imply magnetic nonreciprocity.

In sharp contrast, Mn3Ge exhibits a qualitatively different torque response at low temperature. At
T =10 K and with the field applied within the kagome plane, the low-field torque loop is dominated
by an odd-symmetric component under field reversal: the forward branch at positive field is not
reproduced by the backward branch at negative field; instead, one clearly finds 7¢(H) =~ —71,(—H)
at low H. According to Eq. (1), this behavior implies an even-in-field transverse magnetization
component, consistent with a transverse moment that remains pinned rather than reversing with the
applied field. At sufficiently large fields, the anomalous low-field hysteresis is suppressed and the
branches merge into a more conventional field-polarized response, indicating that the nonreciprocal
signal is associated with a low-field magnetic configuration rather than with a simple background

torque. We next examine its angular and temperature dependence to establish its intrinsic origin.

Field-direction control of the nonreciprocal torque

Having established a nonreciprocal transverse torque for an in-plane magnetic field, we next examine
how this response depends on field orientation within the kagome plane. For a spontaneous in-
plane moment M locked to the lattice, the nonreciprocal torque is expected to scale as Tng (8, H) o
H|MC| sin(6 —8y;), where 6 is the field angle within the kagome plane and 6, denotes the direction
of M. Thus the nonreciprocal torque should change sign upon rotating the field and should vanish
when the applied field is nearly parallel to the pinned moment.

Figure 2A shows representative torque hysteresis loops measured at 10 K with the field applied
along four principal directions, +y, +x, —y, and —x. In all cases, the low-field torque response
violates the reciprocal relation with both the magnitude and polarity of this violation depending

on field orientation. The torque loops for H || +y and —x are nearly identical, whereas those for



H || —y and +x form the opposite pair. This sign pattern indicates that the response is not a scalar
hysteretic background, but instead reflects the projection of a vector-like transverse magnetization
onto the direction perpendicular to the applied field.

To resolve the angular evolution more continuously, we measured 7(H, 6) with finer angular
steps, as shown in Fig. 2B. When the field is rotated from 8 = 30° to 60°, the low-field torque
evolves from a nearly reciprocal butterfly-shaped loop into a clearly nonreciprocal loop. The nearly
reciprocal response near 6§ = 30° should not be interpreted as the disappearance of the underlying
nonreciprocal magnetic state. Rather, it corresponds to an angular node of the torque signal, where
the applied field is nearly parallel to the pinned transverse moment and the cross product M° x H
is strongly suppressed. This also explains why previous torque measurements performed along
limited field directions only observe predominantly conventional responses (49).

We further quantify the transverse moment by fitting the low-field scalar torque at each angle
to Eq. (1), which derives the transverse moment M?j(@). As summarized in Fig. 2C, M}?’l and
Ml())’l retain the same sign in the nonreciprocal angular sectors, demonstrating that the transverse
component does not reverse with field reversal. By contrast, near the angular node where the
measured torque becomes nearly reciprocal, M%* become small or branch-opposite, as expected
when the conventional susceptibility contribution dominates. Phenomenologically, this nonrecip-
rocal torque response in Mn3Ge belongs to the same class as electrical magnetochiral anisotropy,
where the nonreciprocal resistance depends on the dot product between current and magnetic field:
R(ILLH) = Ry +y(I-H) + B(H)? (6,8). In that case, y arises from SOC (3). When H is rotated per-
pendicular to I, the reciprocal resistance dominates. As discussed later, SOC is a key driving force
for the intrinsic nonreciprocal torque response reported here. Our finding suggests that analogous
nonreciprocal magnetic responses may arise more broadly in unconventional antiferromagnetic
systems.

Finally, we extracted the low-field torque amplitudes at H* = 0.5 T to characterize the full
angular dependence. The forward-branch signal 7 (+H 0, 0) and the field-reversed backward-branch
signal 7, (—HY, 8) follow nearly sinusoidal angular dependences with opposite signs, consistent
with the cross-product form of a pinned in-plane moment (Fig. 2D). The angular node occurs
near 6§ ~ 30°, again, indicating that the spontaneous transverse moment is oriented approximately

30° away from the +y axis within the kagome plane. The emergence of a well-defined node, sign



reversal, and sinusoidal angular dependence provides strong evidence that the nonreciprocal torque
originates from an intrinsic pinned transverse magnetization rather than from sample misalignment

or a conventional hysteretic background.

Low-temperature onset of the nonreciprocal torque

Having established the vector nature of the nonreciprocal torque, we next examine its temperature
evolution. We focus on two in-plane field directions, H || —x and H || +y, see Figs. 3A and B. At
high temperatures but below T}, the torque response is even symmetric without hysteresis under
field reversal. Upon cooling, however, an antisymmetric low-field torque loop gradually develops.
The deviation from the reciprocal relation becomes clearly visible below approximately 210 K for
both field directions. To quantify this onset, we define the low-field nonreciprocal torque amplitude
as

1 ea i
Arw(T) = 5 |[77(T) = 7, (D). @)

where Tfpeak and Tgip are the characteristic peak and dip values of the forward and field-reversed
backward branches in the low-field regime. This quantity estimates the magnitude of the field-
reversal-odd torque component introduced above. As summarized in Fig. 3C, Arng shows a signa-
ture temperature around 210 K.

Notably, this characteristic temperature lies far below the T of Mn3Ge and is not accompanied
by anomalies in conventional magnetization, electrical or thermal transport measurements in previ-
ous reports (29,42,43,53). A natural interpretation is that thermal fluctuations and thermally assisted
domain reconfiguration suppress the coherent pinned transverse response at elevated temperatures.
In this regime, different low-field magnetic configurations can be sampled during field sweeping,
and their transverse torque contributions are averaged out macroscopically. Upon cooling, such
fluctuations are progressively frozen, allowing a homogeneous pinned transverse component to
dominate the low-field response. This scenario is consistent with the sharp growth of Arnyg below
~ 210 K and with the absence of a corresponding signature of structural transition [see Fig. S2].
This is very different from the chiral domain wall effects observed in Mn3Sn and Mn3Ge, which

are closely associated with the noncollinear antiferromagnetic order and its domain-wall dynamics,

and their onset is therefore at Ty (54, 55). Consequently, we argue that the robust nonreciprocal



response reveals an intrinsic magnetic response of the homogeneous state once thermally induced
domain fluctuations are fully quenched. This argument is further supported by the fact that our new

generation Mn3Ge sample is very clean (56).

Planar Hall signature of nonreciprocal magnetic response

To further probe the bulk nature of the transverse nonreciprocal magnetization, we measured the
Hall response (p*?) of Mn3Ge with magnetic field rotating from y to x-axis and current flow along
z-axis. In this configuration, H || y is primarily sensitive to the AHE contribution to p**, whereas
H || x suppresses the conventional Hall geometry and makes the measurement sensitive to a PHE-
like transverse response. Figures 4A and 4B compare the angular evolution of p**(H) at 300 K and
10 K, respectively. At high temperatures, only AHE (odd component of p**(H)) is observed, which
was well characterized in previous studies and was understood in terms of weak ferromagnetism
along y-axis (29, 42, 43). The residual AHE at 90° may be due to a small angle misalignment or
domain nucleation (55). By contrast, at 10 K an additional field-reversal-even transverse response
appears as the field approaches H || x. This low-temperature even-in-field signal is the transport
counterpart of the nonreciprocal torque response.

To separate the two contributions quantitatively, we decompose the measured transverse resis-
tivity into field-reversal-odd and field-reversal-even components using the same branch-exchange
operation introduced for the torque: poga(H) = [p’}Z(H ) = p, (=H)]/2 and peven (H) = [p’}Z (H) +
p),°(=H)]/2. In the present measurement geometry, poqq mainly tracks the AHE-like response,
whereas peven captures the PHE-like transverse response associated with the field-reversal-even
magnetic component. Figure 4C shows the temperature evolution of p**(H) for H || x, where the
PHE-like contribution is most clearly resolved. The corresponding poqq and peven cOmMponents are
plotted in Figs. 4D and 4E. The odd component remains visible over a broad temperature range,
consistent with the persistence of the chiral antiferromagnetic order. In contrast, the even compo-
nent is negligible at high temperature and emerges only below approximately 210 K. To quantify
this evolution, we define the ratio Reven = Seven/Sodds Where Seven and Soqq denote the hysteretic
loop areas of peven and poqq, respectively. As shown in Fig. 4F, Reyen increases rapidly below

~210 K, matching the onset temperature of the nonreciprocal torque amplitude Arngr in Fig. 3. This



agreement demonstrates that the torque and PHE measurements detect the same low-temperature
transverse magnetic-response regime.

Therefore, the PHE provides a complementary transport signature of the same underlying sym-
metry breaking magnetic phase. Again, the temperature dependence of the PHE observed here
contrasts sharply with previously reported domain-wall-induced PHE (54, 55). As the domain wall
induced PHE is closely related to the noncollinear AFM order, its onset temperature coincides
with the Néel temperature. Meanwhile the domain wall induced PHE should, and indeed, show
pronounced memory effect which is absent in our case (see Exclude domain wall effect in Supple-
mentary Text). We believe that the vanished PHE above ~210 K evidences an intrinsic nonreciprocal

magnetic response of the ultra-clean bulk crystal.

SOC-induced spin-space group symmetry breaking

We next provide a possible theoretical understanding and find that the underlying mechanism
originates from SOC-induced spin-space group symmetry breaking that generates a spontaneous
transverse magnetization M° within the kagome plane (57). As illustrated in Fig. 5A, the system
adopts distinct magnetic configurations under positive and negative fields that are related by a /3
global rotation of the AFM configuration—evidenced by the global angle evolving from 6, = -7 /6
to 7r/6 as the field reverses. In Supplementary Text, the free energy calculations as a function of 6,
confirm that the +H and —H states correspond to distinct local minima separated by a spin-flop-
like transition of /3, consistent with SOC-induced magnetic anisotropy (22). The corresponding
magnetization (orange arrows) is constrained by a two-fold rotation symmetry axis to remain parallel
to a fixed crystallographic direction regardless of field polarity. This symmetry pinning prevents the
calculated M from reversing with the field, yielding the even-in-field magnetization (Fig. 5B) and
the corresponding odd-in-field torque responses (Fig. 5C), in good agreement with our experiments.
We emphasize that the total magnetization comprises both spin and orbital contributions (/9); by
symmetry, SOC couples these components such that they align collinearly along the two-fold
rotation axis, effectively reinforcing the nonreciprocal response rather than canceling it.

In the context of chiral noncollinear antiferromagnets, Mn3Ge distinguishes itself from its

1sostructural counterpart Mn3Sn through the magnitude of SOC-induced spontaneous magnetiza-



tion. Mn3Ge stabilizes a robust spontaneous transverse magnetization that remains pinned during
field reversal, whereas Mn3Sn exhibits conventional reciprocal behavior—a difference that may be
due to the negligible magnetization of Mn3Sn (/9). This material-specific difference suggests that
the emergence of magnetic nonreciprocity depends sensitively on the interplay among spin-orbit
coupling, magnetic anisotropy, and the field-dependent energy landscape of the noncollinear spin
texture.

More broadly, nonreciprocity represents a functional property that enables directional device
operation, with manifestations spanning from pure electrical rectification in semiconductor p-n junc-
tions, to magnetochiral anisotropy requiring the cooperation of both electric and magnetic fields (3),
and finally to the phenomena we establish here: a purely magnetic-field-induced nonreciprocal re-
sponse. Therefore, Mn3Ge realizes a new form of nonreciprocity, where directional hysteresis can
emerge solely from the interplay between chiral spin order and SOC, without requiring charge
currents—offering compelling opportunities for antiferromagnetic spintronics. Furthermore, the
angular dependence of the nonreciprocal response (Fig. 2) implies that the system can function
as a directional magnetic sensor, sensitive not merely to field magnitude but to the history and
orientation of field application.

In summary, we have identified an intrinsic nonreciprocal transverse magnetization in the
kagome antiferromagnet Mn3;Ge. Torque magnetometry reveals odd-symmetric hysteresis loops
that deviate fundamentally from reciprocal magnetic responses. The transverse magnetization is
spontaneous, retains its sign under field reversal, and orients approximately 30° away from the
crystallographic y-axis. The nonreciprocal response emerges only below ~210 K, indicating an
additional low-temperature magnetic-response regime within the chiral antiferromagnetic phase,
distinct from the Néel transition iteself. Theoretical analysis attributes this behavior to spin-orbit-
induced spin-space group symmetry breaking, which enables a chirality-locked coherent rotation
of the noncollinear spin texture. Upon field reversal, the spin configuration remains symmetry-
related rather than inverted, differing by a relative rotation angle of /3 in the low-field regime. Our
results establish chiral antiferromagnets as hosts of intrinsic magnetic nonreciprocity and extend
nonreciprocal phenomena from transport and propagating excitations to the quasi-static collective

magnetic response of ordered quantum materials.

10



A D

ée e Fe,GeTe,
040 0.2 .
¢ [0001] Mn
o &0
i, L2 g
apiio)  b1210] o ot
° ° Mn @ + +
B Gev e Mn,Ga
£ 0.1} ]
z
y[0110] 4 . £
~
|9i‘ Oy ]
2[0001] -
x[2i10] . |
o
H
m
W -1.0 -0.5 0 0.5 1.0

Scaled Field

Figure 1: Detect reciprocal and nonreciprocal magnetic response. (A) Crystal structure of
Mn3Ge. The Mn Atoms form kagome lattices as shown in (B). The coordinate axes and corre-
sponding crystallographic directions used in this work are defined in (B). (C) Schematic diagram of
torque measurement. When rotating the sample, magnetic field is aligned within the kagome plane
of Mn3Ge. The magnetic torque vector is perpendicular to the rotation plane and therefore along
c-axis of the sample. The sample is mounted by hand, which could induce a small misalignment of
<5°. (D) Magnetic torque of FezGeTe;, Mn3Ga, and Mn3Ge measured at 10 K. H is along y-axis
for Mn3Ga and Mn3Ge.
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Figure 2: Angular dependent magnetic torque measurements. (A) Magnetic torque results
measured at 10 K with the magnetic field orientation 6 = 0°, 90°, 180°, and 270°. Each pair of
curves was obtained for forward (red and yellow curves) and backward (blue and green curves)
field sweeps. (B) Detailed angular dependent torque with 8 = 30°, 40°, 50°, and 60°. Curves in
(A) and (B) are offset for clarity, and T = 0 at zero field. (C) The effective spontaneous transverse
moment (M%1) extracted from the low-field torque, as a function of field orientation for forward
(red) and backward (blue) field sweep. The three insets demonstrate schematic diagram of torque
versus magnetic field with nonreciprocal and reciprocal response. (D) The selected torque values
at +0.5 T (for forward sweep) and —0.5 T (for backward sweep) follow a sinusoidal angular

dependence expected from 7 o« M? x H.
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