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Large Anomalous Hall Effect in Double-Q Magnets
without Net Scalar Spin Chirality

Satoru Ohgata1 and Satoru Hayami1

1Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan.

Multi-Q magnets consist of superposed spin-density waves with distinct magnetic modulation
vectors, enabling a wide range of magnetic orders depending on their combination. Among them,
topologically nontrivial spin textures, such as a magnetic skyrmion, have been extensively stud-
ied owing to the emergence of topological Hall effects induced by real-space scalar spin chirality.
Contrary to this expectation, we theoretically investigate another route to enhancing the Hall re-
sponse under a topologically trivial double-Q spin textures with neither net scalar spin chirality
nor a nonzero skyrmion number. Despite the cancellation of the scalar spin chirality, the double-Q
magnetism exhibits a Hall response significantly larger than that of the ferromagnetic phase with
a nonmonotonic dependence on the uniform magnetization, which is in stark contrast with a fer-
romagnetic state and a single-Q spiral state. Analyzing the multiorbital Kondo lattice model, we
show that orbital hybridization induced by the double-Q superstructure results in a proliferation
of Berry curvature hot spots in k space, thereby giving rise to a large anomalous Hall effect. This
mechanism accounts for the observed giant anomalous Hall effect in GdRu2Si2 and GdRu2Ge2,
thereby highlighting topologically trivial double-Q spin textures as promising spintronic materials.

Multi-Q magnets are systems in which multiple spin-
density waves (SDWs) with distinct magnetic modula-
tion vectors Q are superposed [1–3]. Depending on the
combination of SDWs involved, multi-Q magnets can re-
alize a wide range of magnetic orders [4–8]. Among
these, noncoplanar spin textures are of particular in-
terest due to their finite scalar spin chirality in real
space [9, 10]. This scalar spin chirality acts as an emer-
gent magnetic field, which induces a transverse current
even without an external magnetic field or relativistic
spin-orbit coupling (SOC), i.e., the topological Hall effect
(THE) [11–20]. Topologically nontrivial spin textures—
such as skyrmions—have attracted considerable atten-
tion [19, 21–25], since the skyrmion number

Nsk =
1

4π

∫∫
n(r) · [∂xn(r)× ∂yn(r)] dx dy (1)

is directly proportional to the magnitude of the THE [26].
In contrast, the mechanisms responsible for the en-

hanced anomalous Hall effect (AHE) in topologically
trivial spin textures (i.e., without net scalar spin chi-
rality) are not yet well elucidated [27, 28]. Moreover,
the AHE in such topologically trivial magnets has gener-
ally been assumed to vary monotonically with magnetic
field or magnetization. However, recent experiments have
revealed that even topologically trivial double-Q (2Q)
magnetic structures with Nsk = 0 can exhibit a large
AHE comparable with that of skyrmion textures, with a
nonmonotonic magnetization dependence [29, 30]. These
observations challenge the conventional expectation that
topologically trivial spin textures (without a net scalar
spin chirality) cannot exhibit an AHE larger than that
of its ferromagnetic phase within an intrinsic mechanism,
indicating the presence of an alternative enhancement
mechanism.

These results are also unexpected from a symmetry
perspective, since the irreducible representation associ-
ated with the magnetic structure of the 2Q order in these

experiments [29, 30] is distinct from that of a ferromag-
netic state. In other words, the 2Q magnetic configu-
ration by itself does not belong to an irreducible repre-
sentation that can induce a finite Berry curvature. It is
therefore nontrivial that the AHE in the 2Q regime can
be strongly enhanced, even exceeding that in the ferro-
magnetic phase.
In this study, we theoretically propose an alternative

mechanism for enhancing the AHE without relying on
scalar spin chirality and demonstrate that the in-plane
2Q spin structure can significantly enhance the AHE rel-
ative to the ferromagnetic phase. We perform theoreti-
cal calculations based on the multiorbital Kondo lattice
model [31–33], and find that the 2Q state develops a large
Berry curvature in k space, despite the absence of net
scalar spin chirality in real space. We further demon-
strate that orbital hybridization caused by the 2Q su-
perstructure is the microscopic origin of such enhance-
ment, leading to behavior that is qualitatively distinct
from both ferromagnetic and single-Q (1Q) states. Fur-
thermore, the AHE in the 2Q state exhibits a nonmono-
tonic dependence on the magnetic field or magnetiza-
tion, in agreement with the experimental observations in
GdRu2Si2 [29] and GdRu2Ge2 [30]. Our results thus un-
cover a fundamental mechanism by which topologically
trivial spin textures can host a giant AHE exceeding that
of the ferromagnetic phase.

We consider the multiorbital Kondo lattice model [31–
33], whose Hamiltonian is given by

H =
∑

i,i′,ℓ,ℓ′,s

tℓℓ
′

ii′ c
†
iℓsci′ℓ′s + λ

∑
i

(lzσz)i + J
∑
i

σi · Si,

(2)

where c†iℓs (ciℓs) creates (annihilates) an electron at
atomic site i, with orbital ℓ ∈ {px, py} and spin s ∈ {↑, ↓},
on a square lattice. The first term represents the hop-
ping Hamiltonian, where tℓℓ

′

ii′ denotes the matrix element
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FIG. 1. Panels (a) and (b) illustrate the 1Q and 2Q spin configurations, respectively. Panels (c) and (d) show the anomalous
Hall conductivity σxy for the 1Q and 2Q states as functions of the chemical potential µ and the out-of-plane canting angle
ζ of the magnetic moments. ζ = 0◦ corresponds to coplanar spin configurations, while ζ = 90◦ represents a fully polarized
configuration. The same color scale is used for panels (c) and (d). For −1.5 < µ < 0, the maximum values of |σxy| are 0.647
for the 2Q state and 0.145 for the 1Q state. The same figure, plotted over the chemical-potential range 0.5 < µ < 2.5, is shown
in Fig. 1 of Supplemental Material [34].

from orbital ℓ′ at site i′ to orbital ℓ at site i. We
adopt the Slater-Koster parameters tppσ and tppπ for the
nearest-neighbor hopping, and t′ppσ and t′ppπ for the next-
nearest-neighbor hopping. The second term describes
the atomic SOC in the {px, py} subspace, representing
the coupling between orbital angular momentum lz and

spin σz: (lzσz)i =
∑

ℓ,ℓ′,s,s′⟨ℓ|lz|ℓ′⟩⟨s|σz|s′⟩c†iℓsciℓ′s′ ; λ is
the coupling constant. The third term represents the
Kondo coupling with the coupling constant J ; Si de-
notes the classical localized spin at site i with |Si| = 1.

σi =
∑

ℓ,s,s′⟨s|σ|s′⟩ c
†
iℓsciℓs′ with the vector of Pauli ma-

trices σ = (σx, σy, σz) denotes the itinerant electron spin.
For the localized spin configurations {Si}, we consider

two types of magnetic states. The first is the 1Q state
with the modulation vector Q1 = π/2 ex given by

S1Q
i = (cos ζ sinQ1i, cos ζ cosQ1i, sin ζ), (3)

and the second is the 2Q state composed of a sinusoidal
superposition of Q1 and Q2 = π/2 ey, expressed as

S2Q
i = (− cos ζ cosQ2i, cos ζ cosQ1i, sin ζ), (4)

where Qνi = Qν · (ri − δ) for ν = 1, 2, ri denotes the
position vector, δ = (ex + ey)/2 is the phase factor, and
0◦ ≤ ζ ≤ 90◦ represents the canting angle. At ζ = 0◦,

S1Q
i and S2Q

i correspond to the 1Q and 2Q spin tex-
tures in the xy-plane, as illustrated in Figs. 1(a) and
1(b), respectively. Increasing ζ cants the spins toward
the z-direction, leading to noncoplanar spin configura-
tions. Although the scalar spin chirality, Si · (Sj × Sk),
is locally induced in both states, it vanishes upon spatial
averaging, i.e., Nsk = 0, indicating that the 1Q and 2Q

states are topologically trivial. At ζ = 90◦, both con-
figurations continuously evolve into the fully polarized
(FP) ferromagnetic state with Si = ez. The 1Q state
is stabilized by the Ruderman-Kittel-Kasuya-Yosida in-
teraction [31, 35–39], while the 2Q state is stabilized by
additionally taking into account the higher-order multi-
spin interactions [40] and magnetic anisotropy [41–43].
Especially, a noncoplanar 2Q state with a nonzero ζ has
been identified in the skyrmion-hosting materials, such
as GdRu2Si2 [29] and GdRu2Ge2 [30].

We emphasize that the 1Q and 2Q magnetic structures
defined in Eqs. (3) and (4) transform according to irre-
ducible representations that are distinct from that of the
ferromagnetic state, unless the effect of an external mag-
netic field is explicitly included by setting ζ ̸= 0. In the
absence of such a field-induced component, these mag-
netic configurations do not generate Berry curvature on
their own. Rather, they act to modulate the magnitude
of the AHE that is induced by a finite ferromagnetic mo-
ment or by an applied magnetic field. This situation con-
trasts qualitatively with cases in which antiferromagnetic
spin structures transform according to irreducible repre-
sentations that are symmetry-equivalent to those of a fer-
romagnetic dipole, as realized in certain noncollinear [44–
47] and even collinear magnets [48–51]. In such systems,
the magnetic order itself can produce a finite Berry cur-
vature, and hence a spontaneous AHE, even in the ab-
sence of net magnetization. In the present work, we in-
stead examine how the 1Q and 2Q spin textures influence
the field-induced AHE. Our analysis reveals a clear dis-
tinction between the two: while the 1Q state exhibits a
conventional, monotonic evolution of the Hall response,
the 2Q state displays a pronounced enhancement accom-
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panied by a nonmonotonic behavior. We attribute this
unconventional response in the 2Q phase to multi-Q in-
terference effects inherent to its magnetic structure.

We calculate the anomalous Hall conductivity based
on the linear response theory, which is given by

σxy = −e2

ℏ
1

N

∑
nk

f(µ,Enk)Ω
nk
xy , (5)

where e is the elementary charge, ℏ is the reduced
Planck constant, andN denotes the total number of sites.
f(µ,Enk) = {1 + exp[(Enk − µ)/(kBT )]}−1 denotes the
Fermi-Dirac distribution function, where kB is the Boltz-
mann constant, T is the temperature, and µ is the chem-
ical potential. Ωnk

xy denotes the Berry curvature of the
n-th band [52], calculated as

Ωnk
xy = −2ℏ2

∑
m ̸=n

ℑ[⟨umk|vx,k|unk⟩⟨unk|vy,k|umk⟩]
(Enk − Emk)2

. (6)

Here, vk ≡ ∂Hk/∂(ℏk) is the velocity operator, and
unk is the periodic part of the Bloch wave function.
In the following, the k sum is evaluated on a grid of
∆kx = ∆ky = π/1024, the temperature is set to zero,
and ℏ = e = kB = 1. Physical units are recovered by
multiplying σxy by e2/ℏ, which corresponds to 243µS
per 2D layer. Assuming an interlayer spacing on the or-
der of 10 Å, this yields σxy ∼ 2 × 103 S/cm, which is of
the typical order of the intrinsic contribution to AHE in
ferromagnetic compounds [53].

We evaluate σxy using the fixed spin configurations
in Eqs. (3) and (4), a standard approach to examine its
behavior [18, 43]. We set the model parameters as tppσ =
1, tppπ = −0.4, t′ppσ = 0.3, t′ppπ = −0.1, and λ = 0.05,
and consider the weak-coupling regime by setting J =
0.2 unless otherwise noted; the results for other hopping
parameters are shown in Supplemental Material [34].

Figures 1(c) and 1(d) show the calculated results of
AHE for the 1Q and 2Q systems, respectively, where the
chemical potential is sampled with a uniform spacing of
∆µ = 2 × 10−4 and the canting angle is sampled with a
spacing of ∆ζ = 1◦. For comparison, we use the same
color scale in both plots. The maximum values of |σxy|
are given by 0.647 for the 2Q state and 0.145 for the 1Q
state. This demonstrates a substantial enhancement of
the Hall conductivity in the 2Q state compared with the
1Q state.

Before discussing the AHE in the 1Q and 2Q states
in detail, we first examine its behavior in the FP state
realized at ζ = 90◦ in both panels [Fig. 1(c) and (d)]. In
this case, σxy exhibits two broad peaks at µ = −1,−0.6,
which correspond to the exchange energy splitting 2J =
0.4, while their widths are primarily determined by the
SOC 2λ = 0.1. This behavior is fully consistent with
the conventional mechanism [27, 28], in which the in-
terplay between SOC and ferromagnetic moments gener-
ates Berry curvatures of opposite sign for a split Kramers
pair [54].
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FIG. 2. Berry curvature of the energy eigenstates at the Γ
point for the 2Q magnetic configuration. The vertical axis
denotes the eigenenergy, and the horizontal axis represents
the trajectory in the model-parameter space (J, ζ, λ). Along
the parameter path, only one parameter is varied at a time
while the others are held fixed: (J, ζ, λ) : (0, 0◦, 10−9) →
(0.1, 0◦, 10−9) → (0.1, 10◦, 10−9) → (0.1, 10◦, 0.1). Violet
shading in the region for 0 < J < 0.1 and 0◦ < ζ < 10◦

indicates the absolute value in degenerate regions where con-
tributions cancel, while the blue-to-red colormap is used in
the region for 10−9 < λ < 0.1 where degeneracy is lifted.

Next, we examine the case of ζ < 90◦ in the 1Q state.
As shown in Fig. 1(c), the behavior of σxy is not signif-
icantly different from that in the ferromagnetic state at
ζ = 90◦: the two main peaks at µ = −1 and µ = −0.6
move closer together with decreasing ζ, reflecting the re-
duction of the z-spin component (magnetization). Mean-
while, additional structures appear around µ = −1.1 and
µ = −0.2 at small ζ, which originate from the 1Q mod-
ulations. Their magnitudes are comparable with the fer-
romagnetic contributions, but they gradually diminish as
ζ increases. Thus, the overall behavior remains qualita-
tively similar to that of the FP state, indicating that it
is primarily governed by the interplay between SOC and
the net magnetization, although the 1Q spiral modula-
tion introduces additional features in σxy for small ζ.
Compared with the 1Q state in Fig. 1(c), the behavior

of σxy changes drastically in the 2Q state, as shown in
Fig. 1(d). In addition to the features inherited from the
1Q state, the 2Q state exhibits additional peak struc-
tures with pronounced enhancements (up to roughly five
times those in the 1Q state) and even sign reversals in
several regions. In particular, σxy is strongly enhanced
near µ = −0.9 and −0.7, corresponding to the band en-
ergies split by the exchange coupling, E = −0.8 ± J/2.
Here, the emphasis is not on the magnitude of the σxy

in the 1Q state, but rather on the enhancement and un-
conventional behavior that emerge in the 2Q state. As
detailed below, this large enhancement originates from
gap opening and orbital hybridization induced through
electric quadrupolar scattering mechanism under the 2Q
spin configuration.
To analyze the microscopic origin of the enhanced AHE

peak in the 2Q state [Fig. 1(d)], we examine the parame-
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ter dependence of the k-space Berry curvature. In partic-
ular, we focus on the Berry curvature at the Γ point near
E = −0.8, since the 2Q contribution in Fig. 1(d) origi-
nates from the gaps opened at or near the Γ point (see
Fig. 2 of the Supplemental Material [34]). The results are
shown in Fig. 2, where we vary three parameters (J, ζ, λ)
in order to discuss the origin of large Berry curvature un-
der the 2Q ordering. In the absence of the SOC, the Hall
conductivity σxy vanishes because 2Q spin configuration
carries no net scalar spin chirality, and each band remains
at least doubly degenerate, ensuring that the Berry cur-
vature cancels within each degenerate pair. Remarkably,
however, a large Berry curvature of order 104 appears
as a hidden form in the doubly degenerate bands even
for an almost negligible SOC λ = 10−9, as indicated by
the violet region in the range 0 < J < 0.1, where the 2Q
spin configuration is characterized by a coplanar arrange-
ment. A similar trend persists for 0◦ < ζ < 10◦, where
the system hosts a noncoplanar yet topologically trivial
spin configuration. This behavior is unique to the 2Q
state and does not appear in the 1Q state, as shown in
Supplemental Material [34]. Reflecting this distinction,
the application of SOC leads to quantitatively different
responses in σxy for the two states.

The introduction of the SOC in the range for 10−9 <
λ < 0.1 lifts the band degeneracy and gives rise to pro-
nounced values of the net Berry curvature. The magni-
tude of the induced Berry curvature is comparable with
that found in the degenerate bands, indicating that the
giant AHE originates from the large Berry curvature al-
ready present within the degenerate manifold. In this
sense, the SOC is necessary to render the Berry curva-
ture finite by lifting the band degeneracy; however, it is
not crucial for determining its quantitative magnitude.
Moreover, the giant Berry curvature embedded within
the degenerate bands is a distinctive feature of the 2Q
state and is absent in the 1Q phase. This observation
underscores the essential role of multi-Q spin textures in
generating such an enhanced Berry curvature response.

A key distinction between the 1Q and 2Q states lies
in the presence or absence of interference between the
constituent SDWs. In the 2Q state, the spin texture
is formed by two modulations with wave vectors Q1

and Q2, whose superposition gives rise to additional
spin-scattering channels that strongly affect the conduc-
tion electrons. For example, multispin-scattering pro-
cesses involving both Q1 and Q2 generate quantities at
Q1 +Q2, denoted as (Sx

Q1
Sy
Q2

) (Sµ
q is the Fourier com-

ponent of the real spin at µ component and wave vector
q), which correspond—via the exchange interaction J be-
tween itinerant electrons and localized spins—to an elec-
tric quadrupolar scattering mechanism that hybridizes
the px and py orbitals [55]. Such quadrupolar scat-
tering processes modify the orbital magnetic dipole at
Q1 + Q2, whose matrix elements are the same as the
electric quadrupole, thereby inducing substantial modu-
lations of the Berry curvature. Indeed, as shown in the
Supplemental Material [34], the behavior of the orbital
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FIG. 3. Anomalous Hall conductivity σxy as a function of
the parameter ζ. The three line plots correspond to the fully
polarized (black dash-dotted), 1Q (blue solid), and 2Q (red
bold) magnetic states, respectively. In all cases, the electron
filling ratio ν is fixed at 0.84, corresponding to µ ≃ 1.77 for
ζ = 0◦ (See Fig. 1 of Supplemental Material [34]). The sam-
pling interval for the canting angle ζ is ∆ζ = 1◦ in all cases,
except for the 2Q configuration in the range 0◦ < ζ < 10◦, for
which a finer resolution of ∆ζ = 0.1◦ is employed to capture
the rapid variation in σxy.

magnetic dipole at Q1 +Q2 closely tracks the field and
parameter dependence of σxy in the 2Q phase. This cor-
respondence indicates that higher-harmonic orbital hy-
bridization, arising from the interference inherent to the
2Q spin texture, is essential for enhancement of the AHE
in this phase.
To further elucidate the unconventional AHE arising

from the 2Q spin configuration, we examine the depen-
dence of σxy on the out-of-plane angle ζ (mimicking out-
of-plane magnetic field or magnetization) at a fixed elec-
tron filling, as shown in Fig. 3. For comparison, we also
include the FP configuration SFP(x, y) = sin ζ ez. In
both the FP state and the 1Q state, σxy increases mono-
tonically with ζ, reflecting the conventional behavior in
which the AHE is governed primarily by the net mag-
netization and its interplay with SOC. The effect in the
1Q state is modest, arising only from the gap openings
generated by the 1Q modulation.
The situation changes qualitatively in the 2Q state.

Here, σxy shows a striking nonmonotonic evolution as a
function of ζ: it grows rapidly and reaches a maximum
near ζ ≈ 4◦, then oscillates (changing its sign) before
converging to the value of the FP state at large ζ. This
behavior stands in clear contrast to the trends in the 1Q
and FP states, reflecting the fact that the 2Q spin texture
induces a nontrivial reconstruction of the Berry curvature
in k-space. The origin of the nonmonotonic response can
be attributed to the Zeeman-driven shift of Berry curva-
ture hot spots in the electronic structure. As ζ increases,
these hot spots move in energy, and the AHE is strongly
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enhanced when two such hot spots coincide at the Fermi
level. Note that in the 1Q state, although local gaps are
present in the band structure, their energy levels remain
largely insensitive to the Zeeman splitting. As a result,
the anomalous Hall conductivity evolves monotonically
with the canting angle, irrespective of the chemical po-
tential, as demonstrated in Fig. 1(c). Therefore, within
our framework, it is unlikely that a 1Q modulation alone
generates a similar nonmonotonic behavior under an ex-
ternal field.

Such a nonmonotonic dependence of the AHE is consis-
tent with recent experimental observations in skyrmion-
hosting materials GdRu2Si2 and GdRu2Ge2 [29, 30, 56–
62]. In both materials, enhanced AHE has been ob-
served in the high-field region where a 2Q spin configu-
ration has been proposed to emerge [30, 56]; ρyx exhibits
a pronounced peak and shows a nonmonotonic depen-
dence on the external magnetic field, which cannot be
explained within a conventional AHE mechanism propor-
tional to magnetization. Since experiments have estab-
lished that the magnetic ordering wave vector remains
essentially unchanged under an applied magnetic field,
the observed nonmonotonic behavior can be attributed
to field-induced spin canting within the magnetic struc-
ture. The present results indicate that the 2Q state
provides a qualitative explanation for the observed non-
monotonic dependence of the AHE on the applied mag-
netic field, whereas the 1Q state fails to capture such be-
havior. Although the minimal model considered here dif-
fers from the complex electronic structures of GdRu2Si2
and GdRu2Ge2, which involve both d- and f -electron

degrees of freedom, our results demonstrate that the es-
sential nonmonotonic behavior can already emerge from
a 2Q magnetic structure itself, without invoking detailed
or material-specific band-structure effects.
To summarize, we show that a large intrinsic AHE can

arise even in a topologically trivial spin texture with 2Q
spin modulations. Employing the multiorbital Kondo
lattice model, we demonstrate that the enhanced AHE
appears only in the 2Q state, in clear contrast to the FP
and 1Q spiral states. We further show that higher-order
spin-scattering processes inherent to the 2Q spin texture
induce effective orbital hybridization—as evidenced by
the orbital angular momentum at Q1 + Q2—which in
turn produces the Berry curvature hot spots responsible
for the enhanced AHE.
We also find that the AHE induced by the 2Q spin

texture exhibits a nonmonotonic dependence on magne-
tization. This behavior distinguishes it from the behavior
of the 1Q spin texture and FP state and is consistent with
experimental observations in GdRu2Si2 and GdRu2Ge2.
These results highlight multi-Q interference as an effec-
tive mechanism for realizing large AHEs beyond conven-
tional topological or ferromagnetic origins.
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[7] B. Göbel, I. Mertig, and O. A. Tretiakov, Physics Reports

895, 1 (2021), beyond skyrmions: Review and perspec-
tives of alternative magnetic quasiparticles.

[8] S. Hayami and R. Yambe, Mater. Today Quantum 3,
100010 (2024).

[9] T. Holstein and L. Friedman, Phys. Rev. 165, 1019
(1968).

[10] P. Bruno, V. K. Dugaev, and M. Taillefumier, Phys. Rev.
Lett. 93, 096806 (2004).

[11] D. Loss and P. M. Goldbart, Phys. Rev. B 45, 13544
(1992).

[12] J. Ye, Y. B. Kim, A. J. Millis, B. I. Shraiman, P. Majum-
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