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Altermagnets are a novel class of magnetic materials with cutting-edge advantages. Identifying
altermagnets, i.e., exploring their distinguishing fingerprints, is vital but challenging. The as-reported
spontaneous anomalous Hall effect is not universally present in all altermagnets due to magnetic symmetry
constraints, and the second-order nonlinear Hall effect is prohibited by spatial-inversion symmetry. Here,
we report the experimental discovery of a third-order nonlinear Hall effect (TNHE) in RuO, thin films.

TNHE emerges when current is applied along [110] or [110] crystal direction for RuO, (001), as the second-
order currents induce a magnetization by breaking orthogonal mirror and rotation symmetries of this
altermagnet. These symmetry-breaking conditions also enforce a twofold angular dependence of TNHE
concerning current direction in the RuO, (001) plane. Moreover, temperature-dependent measurements and
scaling law analysis reveal that TNHE is governed primarily by the third-order skew scattering mechanism.
Our findings establish TNHE as a transport fingerprint of altermagnet RuO,, which can be generalized to
other altermagnets such as d-wave V,X,0 (X = Se or Te) and g-wave MnTe and CrSb.

DOI: 10.1103/rvIn-vrdp

Altermagnets are characterized by nonrelativistic alter-
nating spin splitting in momentum space and collinear
compensated magnetic moments in real space, representing
a novel class of magnetic material beyond traditional
ferromagnets and antiferromagnets [1-3]. They exhibit
exotic time-reversal (7) symmetry-breaking phenomena,
including spin-splitting torques (SSTs) [4-7], tunneling
magnetoresistance [8,9], the anomalous Hall effect (AHE)
[10-14], and the anomalous Nernst effect [15,16].
Meanwhile, altermagnets retain robustness against external
magnetic perturbations, lack stray fields, and support
ultrafast Néel vector dynamics in the terahertz range
[17,18]. These unique properties make them promising
candidates in spintronic applications. A central and
ongoing challenge, however, lies in establishing reliable
fingerprints for altermagnets, which are crucial for both
their fundamental understanding and technological exploi-
tation. Recently, angle-resolved photoemission spectros-
copy (ARPES) [19-21] and SSTs provide compelling
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evidence of spin-splitting band structures in altermagnets,
offering valuable insights from spectroscopic and transport
perspectives. However, ARPES is inherently constrained
by surface states and weak spin polarization, while SSTs
are complicated by anisotropic conductivity and are largely
restricted to d-wave altermagnets. These limitations under-
score the need to identify alternative, simpler, and more
robust fingerprints for altermagnets.

The AHE is a hallmark 7-symmetry-breaking magneto-
electronic transport phenomenon, extensively observed in
ferromagnets and noncollinear antiferromagnets [10,11]. In
altermagnets, although 7" symmetry is broken, AHE either
vanishes or becomes negligibly small due to stringent
magnetic symmetry constraints. Experimentally, the AHE
is induced by lowering the symmetry in CrSb [14] or by
manipulating the Néel vector orientation in RuO, under a
strong magnetic field [22]. However, the AHE cannot be
regarded as a definitive fingerprint for altermagnets because
it lacks both universality and spontaneity in altermagnets.
Notably, recent progress has demonstrated the second-order
nonlinear Hall effect (SNHE) as a probe of the Néel vector in
fully compensated antiferromagnets. The SNHE arises from
quantum geometry, including the Berry curvature dipole and

© 2025 American Physical Society
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quantum metric dipole [23,24]. However, this response is
limited to materials with broken space inversion (P) sym-
metry. Consequently, neither the AHE nor SNHE can serve
as fingerprints for altermagnets. Intriguingly, theoretical
studies predicted that even-order currents can induce mag-
netization in altermagnets, leading to a high odd-order
nonlinear Hall effect (HNHE). Despite these compelling
predictions [25-28], experimental verification of HNHE
remains elusive to date.

In widely studied altermagnets such as MnTe, and MnsSi;,
the presence of spontaneous AHE obscures possible signals
of HNHE. In contrast, RuO,, with its collinearly compensated
Néel vector and well-defined symmetry, provides an ideal
platform for investigating HNHE. RuQ, is a prototypical d-
wave altermagnet, with its magnetism and altermagnetism
revealed by neutron diffraction [29], x-ray scattering [30],
ARPES [31], and spin-dependent transport studies [4—7,32—
36]. Nonetheless, certain experiments report the absence of
long-range magnetic order and band splitting in RuO,
[37,38]. More recent investigations, however, demonstrate
the magnetic order in RuO, thin films using ARPES [31,39],
optical second-harmonic generation [40], optically induced
spin polarization [41], and tunneling magnetoresistance [42].
Importantly, thin film size effects may account for the ongoing
controversy surrounding the magnetism of RuO,. Probing
HNHE in RuO, thin films would not only establish transport-
based evidence of altermagnetism but also provide a finger-
print signature applicable to a broader class of altermagnets.

We first analyze the symmetry prerequisites for observing
HNHE. The magnetic point group of RuO, is 4'/mmm’,
which hosts fourfold rotational symmetry combined with T
symmetry along the [001] axis [29,30]. The crystal pos-
sesses mirror planes (M(ioo, Mo10], and My)), twofold
rotation axes (Cyip0, Cajorg, and Cyooy) [Fig. 1(a)],
and magnetic mirror symmetries (M[y19 X T, Mg X T)
[Fig. 1(b)]. For simplicity, the local oxygen atom structures
around Ru spins, which exhibit twofold symmetry, can be
treated as directors [schematically shown as green ellipsoids
in Fig. 1(c)]. HNHE emerges only when the symmetry set
{PXT,T,M,M,Cs,,Coy M, X T,C5, x T} is simulta-
neously broken. In this case, a longitudinal current along
the x or y axis can generate a transverse high odd-order Hall
voltage along the orthogonal direction. Here, P x T denotes
the combined P and 7, Ma[a = x,y,z] refers to mirror
symmetry perpendicular to the a axis, and C,, denotes a
twofold rotation around the a axis. These symmetries can be
broken by external perturbations such as strain, electric field
(current), or magnetic field. RuO, intrinsically breaks
{T,P xT}. The film normal is defined as the z axis.
Furthermore, M, x T, and C,, x T are guaranteed broken
when the z axis is not aligned along [110] or [110].
Consequently, RuO,(110) is not expected to exhibit HNHE.

The simplest film configurations for realizing HNHE are
RuO,(001) and RuO,(100), both of which naturally break
M, xT and C,, x T symmetries. The current breaks the
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FIG. 1. Symmetry analysis of HNHE in RuO,. (a),(b) Crystal and
magnetic structure of the rutile RuO, with (a) mirror planes (M o),
Mip10), and Miogpy), twofold rotation axes (Cyig, Caporo), and
Copor)s and  (b) magnetic mirror symmetry (Mg X 7,
Mjg) x T). Gray and red spheres represent Ru and O atoms,
respectively. Bright blue arrows indicate Ru local moments.
(c) Symmetry elements of RuO, (001) film, including mirror planes
(M(100), M 910)) and twofold rotation axis (C(100), C2jo10))- (d) Sym-
metry elements of RuO,(100) film, including mirror planes
(M010], M o01)) and twofold rotation axis (Cajo10), Cajo01))- The local
nonmagnetic atomic structure around the spins can be treated as
directors (green ellipsoids). Dots and crosses denote Ru local
magnetic moments pointing out of or into the plane, respectively.

mirror symmetry when its direction is not parallel to the mirror
plane. Since current is a polar vector, a component
perpendicular to a mirror plane reverses direction under the
mirror operation, thereby breaking that symmetry. For
RuO,(001) film, M) mirror is preserved, which means
that Moy x T is broken. Figure 1(c) illustrates the mirror
planes (M{;9) and M|y, purple lines), and twofold rotation
axes (Cyjjp9) and Cjgyqj, bright blue arrows) in RuO,(001)
film. To generated HNHE, M 100}, M 910}, Co[100]> C2jo10] need
to be broken simultaneously. This condition is satisfied when
current is applied along the [110] or [110] directions, where the
even-order currents induce magnetization, leading to HNHE.
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In contrast, when the current flows along [100] or [010], either
M0 or M{j00) remains preserved, suppressing the response.
Thus, the maximum HNHE is expected for current along [110]
or [110], and vanishes for [100] or [010]. For RuO, (100) film,
M(yqq) is preserved, so Moo X T is broken. In this case,
M o101, M001)> Capo10]> and Co[ppy) are broken simultaneously

when current is applied along [011] or [011] direction
[Fig. 1(d)].

To experimentally probe HNHE, we deposited 5 nm
thick RuO, films with (001) and (100) orientations on TiO,
substrates using magnetron sputtering. The high crystalline
quality and single-phase nature were confirmed through
x-ray diffraction [43]. The samples were subsequently
patterned into Hall bar devices [Fig. 2(a)]. An ac
current (/) with a fixed frequency of 166 Hz was applied
along the device channel, and both longitudinal and trans-
verse voltage drops were recorded at the fundamental and
third-harmonic frequencies. Control measurements across a
frequency range of 26—166 Hz confirmed that the results
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FIG. 2. TNHE in RuO,. (a) Schematic diagram of a Hall bar
device. An ac current is applied between S and D, while
transverse (A—B) and longitudinal (C—B) voltages are recorded.
(b) Vﬁ“’ and Vﬂ_’” as a function of /. (c),(e) Crystal orientation and
schematic representation with directors for (¢) RuO,(001) film

and (e) RuO,(100) film. (d),(f) V3* as a function of I* for
(d) RuO,(001) film and (f) RuO,(100) film.

were frequency independent, excluding possible artifacts
such as spurious capacitive coupling. The first-harmonic
longitudinal voltage (V"“”) and transverse voltage (V1?

scale linearly with the applied current. Notably, V!¢ is
about 3% of Vﬁ“’ [Fig. 2(b)], which we attribute to a

small misalignment between the electrodes and the sam-
ple strip.

The third-order nonlinear Hall effect (TNHE), correspond-
ing to the lowest-order manifestation of HNHE, is inves-
tigated within the framework of crystal symmetry. In
RuO,(001) films [Fig. 2(c)], when current is applied along
[110] direction, the third-harmonic transverse voltage (Vi“’)
exhibits a cubic dependence on current amplitude. For
1 =100 pA, V3¢ reaches —4.0 x 107> V [Fig. 2(d)]. By
contrast, when current is applied along the [100] directions,
Vi‘" is significantly smaller, with a positive value of
+1.0 x 107> V. The sign of V3“ reverses upon switching
either the current direction or the Hall probe polarity [43]. To
clarify the origin of this unexpected V3® for 1//[100], we
perform analogous measurements on paramagnetic
IrO,(001), which shares the same rutile crystal structures
as RuO,. Remarkably, IrO, exhibits a comparable signal of
+1.0 x 107 V [43], indicating that this component arises
intrinsically from the rutile lattice rather than magnetic
ordering. The dependence of both magnitude and sign of
V3® on the crystal orientation highlights the strong crystallo-
graphic sensitivity of TNHE.

For RuO,(100) films [Fig. 2(e)], a pronounced V3®
of approximately —1.5x 107* V is observed when
current flows along the [011] direction. By contrast, no
cubic dependence is detected when current is applied along
[010] direction [Fig. 2(f)]. For RuO,(110) film, no TNHE is
detected, in agreement with predictions based on symmetry
analysis [43]. These results are fully consistent with sym-
metry-based predictions for RuO, film, underscoring the
decisive role of crystalline symmetry in nonlinear transport.
In general, TNHE in RuO, thin films emerges only when the
full set of symmetries {P x T, T,M,, M, C,,, Co, M, X T,
C,, x T} is simultaneously broken. We further investigated
the size dependence of the TNHE in RuO,(100) Hall bars.
For widths exceeding 30 pm, the effective region no longer
maintains preferential domain alignment, leading to com-
plete cancellation of the TNHE contributions from oppo-
sitely oriented domains. Crucially, all of the measurements
were performed in the absence of an external magnetic field.
This contrasts with a recent report of Berry curvature
quadrupole (BCQ) induced TNHE in the A-type kagome
antiferromagnet FeSn [49], which required an 8§ T magnetic
field to align spins and lower the symmetry. Our findings
thus demonstrate spontaneous TNHE in RuO,, arising
solely from intrinsic crystal symmetry.

To investigate the crystallographic dependence of TNHE
more precisely, RuO,(001) and IrO,(001) films are fabri-
cated into circular disc device [Fig. 3(a)] [44,50]. Each device
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FIG. 3. Angular dependence of TNHE. (a) Optical image of a

circular disk device. The current is injected through two of the 12
electrodes, and the Hall voltage drop across the electrodes
perpendicular to where the current is probed. (b) V3f’ depends
linearly on I3 for different current directions. (c) V3*/I° (upper
panel) in RuO,(001) and IrO,(001) films and V'® (lower panel)
in RuO,(001) film as a function of 6.0 is the angle between the
current and the [010] direction, measured in a clockwise rotating
frame. All measurements were conducted at 60 K.

features 12 symmetrically arranged electrodes, allowing cur-
rent injection through a selected electrode pair while meas-
uring the perpendicular voltages V1 and V3. In RuO, (001)
film, V3 exhibits a cubic dependence on current across all
channels [Fig. 3(b)]. The slope of V3¢ versus I* (V3?/I?) as a
function of angle 0 is summarized in Fig. 3(c) (top panel),
showing a pronounced twofold symmetry well described by a
sin 260 dependence (blue curve), where € denotes the angle
between current and the [010] direction. Vi‘” /I? reaches its
extrema when the current is aligned along [110] or [110],
where both M(jog and My are simultaneously broken.
Conversely, Vi’” nearly vanishes when the current is along
[100] or [010], where a mirror plane parallel to the current
remains preserved. In contrast, in IrO,(001) film, V3¢/3
exhibits no angular dependence, indicating that the third-order
Hall voltage arises solely from the intrinsic rutile crystal
structures. This comparison confirms that the pronounced
angular dependence of V3 in RuO,(001) originates from its
intrinsic magnetic order. This angular dependence in
RuO,(001) is consistently reproduced in a circular disk
device with 16 electrode contacts [43], confirming the robust-
ness and reproducibility of the symmetry-governed TNHE.

V! exhibits a linear dependence on current, and its
angular dependence is summarized in Fig. 3(c) (bottom
panel). As indicated by the gray arrow, V3¢ /I reaches its
extrema precisely where V!¢ approaches zero. Conversely,
as indicated by the orange arrow, V3¢ /I* vanishes when V!¢
is maximized. This complementary behavior demonstrates
that the third-harmonic response is not an artifact of the first-
harmonic transverse voltage, as the two signals display
distinct angular dependencies. Furthermore, contributions
from the longitudinal voltage V| can be excluded. Under
C,, T symmetry, the longitudinal resistance remains iso-
tropic, ensuring that V3¢ cannot originate from V) [43].

The angular dependence of TNHE response can be
quantitatively described by the following analytical expres-
sion, derived from the 4'/mmm’ magnetic point group
symmetry [43]:

.3 . 1 .
]5’{) = E?) Xxyyy SIN 20 — Z (3)(xxyy _)(xxxx) sin46|. (1)

Here, y..q represents the components of the third-order
susceptibility tensor. The y ., terms that are 7-odd exhibit a
twofold angular dependence, whereas 7-even terms produce
afourfold angular dependence. The observed twofold angular
dependence confirms that TNHE originates from the 7-odd
component y ... Consequently, V3 reverse sign when the
magnetic order parameter is inverted under 7 operation. In
conventional magnets, such reversal is typically achieved by
applying an external magnetic field. In contrast, the intrinsic
crystalline anisotropy of altermagnets enables a more direct
approach—switching the magnetic order via a 90° crystal
rotation [28]. This effect is demonstrated in Fig. 3(c) (top
panel), where Vi‘“ changes sign upon a 90° rotation. These
results provide compelling evidence of magnetic ordering in
RuO,. Moreover, the negligible second-harmonic transverse
voltage is consistent with the preserved P symmetry of RuO,,
with the small residual signal likely arising from thermal
effects [43,45].

To explore the possible microscopic mechanisms under-
lying TNHE in RuO,, we derive the scaling law [46,47],
1.e., the relation between the third-order Hall conductance
Xyxre and linear longitudinal conductivity o,

Xyxxx = Céa)ch + CSGBScx + C4O-ix + G G;x
+ CZU)ZCX + Clo-xx + CO’ (2)

where the seven fitting parameters C; carry the information
of microscopic mechanisms, as categorized in Table I.
From the experimental data, y,,,, can be determined as

Vi, L3
)(yxxx = (Vlllw)3 W )

(3)

where L and W is the length and cross-sectional area of the
Hall bar, respectively. The temperature dependence of the
longitudinal conductivity o,, is shown in Fig. 4(a), where

216703-4



PHYSICAL REVIEW LETTERS 135, 216703 (2025)

TABLE I. Dependence of the parameters C; in the scaling law
Eq. (2) on the 13 microscopic mechanisms under the symmetry of
RuO,, including the side jump (SJ), skew scattering (SK), mixed
side jump and second-order skew scattering (S2SK), mixed
second-order side jump and skew scattering (2SSK), third-order
side jump (3SJ), third-order skew scattering (3SK), BCQ, mixed
Berry curvature, side jump, and skew scattering (BSSK), Berry
curvature and second-order side jump (B2SJ), Berry curvature
and second-order skew scattering (B2SK), quantum metric and
side jump (QSJ), quantum metric and skew scattering (QSK), and
third-order intrinsic (TOI) mechanisms.

Parameters Mechanisms
Cs(V72.875 . m?) 3SK
Cs(V2.54.m?) 3SK, S2SK
Cy(V2.573.m?) 3SK, S2SK, B2SK, 2SSK, SK
C3(V~2-S72.m?) 3SK, S2SK, B2SK, BSSK, 2SSK, 3SJ, SK, SJ
C,(V72.S7!.m?) 3SK, S2SK, B2SK, BSSK, B2SJ, 2SSK, QS]J,
QSK, 3SJ, SK, SJ, BCQ
C,(V2.-m?) 3SK, S2SK, B2SK, BSSK, B2SJ, 2SSK, QSJ,
QSK, 3SJ
Co(V72-S-m?) 3SK, S2SK, B2SK, BSSK, B2SJ, 2SSK, QS]J,
QSK, 3SJ, TOI

o, decreases from 7.37 x 10° to 7.00 x 10° S/m as the
temperature increases from 35 to 100 K, indicating metallic
behavior. V3¢ scales linearly with I° at all measured
temperatures [Fig. 4(b)]. The same Hall bar device from
Fig. 2 [with I//[110] in RuO,(001) film] is used for these
measurements. For this range of temperature, y,.,, as a
function of o, is summarized in Fig. 4(c).
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FIG. 4. Scaling law between y,.,, and o,,. (a) Temperature
dependence of ¢, for the same Hall bar device as in Fig. 2. (b) Vi“’
depends linearly on I° at temperatures ranging from 60 to 100 K.
(c) Measured yy,, as a function of o, at temperatures ranging
from 35 to 100 K (red dots). The blue line represents the fit to the
datausing Eq. (2). (d) Weights of the seven C;s"., terms in Eq. (3) at
6. = 7.26 x 10° S/m. The length and cross-sectional area of the
Hall bar are 20 pm and 0.01 pm?, respectively.

With the help of the scaling law in Eq. (2), we fit the
relation between y,,,, and o,, in Fig. 4(c). The fitting can
give the weights of the seven C;c%, terms in the scaling law
[Fig. 4(d)]. The finite C¢0%, term in Fig. 4(d) directly points
to the contribution of the third-order skew scattering (3SK)
mechanism, since, according to Table I, 3SK is the only
contribution to this term. The 3SK mechanism corresponds
to asymmetric scattering of spin-up and spin-down
electrons through three successive events. Furthermore,
Table I indicates that 3SK contributes to all seven C;o’,
terms, albeit with different relative weights [43]. The
experimentally extracted weights in Fig. 4(d) follow the
ratio Céﬂgx . CSG)Scx . C4Gix . C36§x . CZU,%x . C] Oy - CO =
—1.09:6.45: —15.9:20.9: —15.4:6.09: — 1, which is
in close correspondence with the theoretical coefficients
of Citiiy [431,

1: —6:15: =20:15: —-6:1,

where each “1” in the subscript “111111” denotes a
correlation between two dynamical scattering events
(e.g., phonon-mediated). This consistency in the weights
between experiment and scaling law theory [47] provides
compelling evidence that the dominant microscopic mecha-
nism of TNHE in altermagnetic RuO, is the third-order
skew scattering. Notably, in thicker 30 nm RuO, films, the
observed V3“ arises instead from coupling between trans-
verse resistance and Joule heating, rather than from 3SK,
underscoring the critical role of film thickness in probing
TNHE [43].

Recent theoretical study reports a novel quantum geom-
etry—BCQ—as a key contributor to TNHE in d-wave
altermagnets [28]. In contrast, by systematically consider-
ing all 13 relevant microscopic mechanisms, our exper-
imental results demonstrate that TNHE in RuO, is
predominantly governed by 3rd skew scattering. This
contrast underscores the rich diversity of microscopic
mechanisms that can drive the TNHE in altermagnets.
Notably, TNHE in RuO, significantly exceeds the third-
order responses associated with Berry connection polar-
izability or BCQ, such as T;MoTe, and FeSn [44,49,51].
These findings establish RuO, as a highly promising
platform for efficient rectification based on nonlinear
transport. HNHE, as a fingerprint transport feature of
altermagnets, is generally applicable to d-wave V,X,0
(X = Se or Te) [52,53] as well as g-wave altermagnets such
as MnTe and CrSb [43,48].

In summary, we report the discovery of the TNHE in
RuO, thin films, establishing it as a characteristic fingerprint
of altermagnets that arises when the symmetries
{PxT.T.M,M,,C,,,Coy M, xT,C,, x T} are broken.
For RuO,(001), TNHE emerges when the current is applied
along the [110] or [110] direction, where the symmetries
{M[loo]’M[om]’ o100 C2p010. M001) X T', Copoor) X T} are
broken. For RuO,(100), TNHE appears when the
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current is along the [011] or [011] direction;
{M[ow]’M[om]’ Cpo10)> Cap001). M100) X T, Caf100] X T} are
broken in this case. A pronounced twofold angular depend-
ence of TNHE in RuO,(001) plane further confirms the
underlying magnetic order. Temperature-dependent mea-
surements and scaling analysis identify third-order skew
scattering as the dominant microscopic mechanism.
Altogether, these findings demonstrate that TNHE provides
both a nonlinear transport fingerprint of altermagnets and
direct evidence for the magnetic order in RuO, thin films.
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