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Dynamical spin fluctuations in magnets can be endowed with a slight bent toward left- or right-handed
chirality by Dzyaloshinskii-Moriya interactions. However, little is known about the crucial role of lattice
geometry on these chiral spin fluctuations and on fluctuation-related transport anomalies driven by the
quantum-mechanical (Berry) phase of conduction electrons. Via thermoelectric Nernst effect and electric
Hall effect experiments, we detect chiral spin fluctuations in the paramagnetic regime of a kagome lattice
magnet; these signals are largely absent in a comparable triangular lattice magnet. Supported by
Monte Carlo calculations, we identify lattices with at least two dissimilar plaquettes as most promising
for Berry phase phenomena driven by thermal fluctuations in paramagnets.
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Dynamical spin fluctuation processes, where large-scale
chiral magnetic textures appear and decay as time passes,
have become experimentally accessible to modern magnet-
ism research with the rise of ultrafast optical and x-ray
techniques, as well as diffuse small-angle neutron scatter-
ing [1–3]. It is now understood that such fluctuating,
transient spin arrangements heavily impact the motion of
conduction electrons in solids [4–8]. Consider, for sim-
plicity, a single triangular cluster of three magnetic spins on
lattice sites i, j, and k, where a chiral magnetic twist is
imposed by spin-orbit interactions (Fig. 1). Theoretical
work consistently shows that the time-averaged scalar spin
chirality of the triangle, defined as χ ¼ hSi · ðSj × SkÞi, can
be finite and large even in the thermally disordered,
paramagnetic state where hSii ≈ 0 [4–9].
In terms of functional responses of solids, scalar spin

chirality dictates the nature of moving electrons as quan-
tum-mechanical waves, especially the geometrical phase of
these waves (Berry phase) [10]. Each lattice plaquette
passed by an electron wave packet adds a contribution
∼χ to its Berry phase [11–15], deflecting heat and charge
currents [4–6,9], causing magneto-optical effects [16,17],
and generating nonlinear processes such as the second
harmonic generation of light [18]. Here, we move beyond
previous experimental reports focused on the phenomeno-
logical observation of spin chirality generated by thermal
fluctuations of spins [6,9,19]. Targeting the paramagnetic
regime of a triangular lattice and a kagome lattice magnet,
this Letter emphasizes structural geometry as a key factor in
the amplification or suppression of lattice-averaged χ.

Our reference materials are Gd3Ru4Al12 and Gd2PdSi3,
metallic magnets with Néel temperatures of 18.6 and 21 K,
respectively [20–24], and with highly similar magnetic
phase diagrams featuring a skyrmion lattice phase [25,26].
Both materials crystallize in hexagonal structures—space
group P63=mmc and P6=mmm, respectively [27,28]—and
the main building blocks of their magnetic sublattices are
triangles of trivalent gadolinium ions, shown in Figs. 1(a)
and 1(c). The spatial arrangement of these basic triangular
units, however, constitutes a major difference between
them: Gd2PdSi3’s triangular lattice is a plain array of
closely packed, edge-sharing, and identical triangles.
Meanwhile, the magnetic spins in Gd3Ru4Al12 are deco-
rating a “breathing” kagome lattice, where alternating large
and small triangles share corners with each other, being
interspersed with hexagons [22]. As demonstrated here,
this distorted kagome network is a model system for
the exploration of spin chirality in thermal fluctuation
processes.
Figure 1 illustrates how thermal fluctuations generate a

net chiral habit in the paramagnetic state of solids. The
high-temperature limit, depicted in Fig. 1(a), has spins
fluctuating wildly in all directions of space. In this entirely
random state, it is equally likely for a given spin triad to
carry positive or negative hSi · ðSj × SkÞi, even when a
magnetic field is applied to break time-reversal symmetry.
Upon cooling, short-range correlations develop and, on
average, a single triangular unit may acquire finite chirality,
see Fig. 1(b). Unbiased numerical calculations of the
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high-temperature triad, detailed in the Supplemental
Material [29], yield almost equal probability pðχÞ for
negative and positive spin chirality on a given triangle,

corresponding to a symmetric curve in the inset of Fig. 1(c),
or to vanishingly small net probability pnetðχÞ ¼ pðχÞ −
pð−χÞ in the main panel of Fig. 1(c).

FIG. 1. Spin chirality and thermal fluctuations for lattices based on spin trimers. For a single triad of spins, we contrast (a) the fully
disordered state with (b) a short-range correlated regime at lower temperature, with scalar spin chirality χ due to the influence of the
Dzyaloshinskii-Moriya interaction D. (c) and (d): Antisymmetric part pnetðχÞ (main panels) of the probability distribution pðχÞ (inset)
on a single triangle, from Monte Carlo simulations. B and T are the external magnetic field and temperature, respectively, expressed in
units of the nearest-neighbor exchange interaction J. Cartoons: exemplary spin configurations with negative and positive χ. (e) and
(f) The kagome lattice arrangement of spin trimers prevents cancellation of χ, while contributions from various triangles cancel for the
triangular network.

FIG. 2. Chirality from spin fluctuations in transport experiments and dependence on lattice geometry. (a) and (b) Chirality-driven Hall
effect σ χ

xy in kagome lattice Gd3Ru4Al12 and in triangular lattice Gd2PdSi3, below and above the ordering temperature TN . Red (blue)
shading corresponds to the fluctuating regime (the spin-ordered phase). Insets indicate the lattice type and measurement geometry. (c)
and (d) Contour maps of σ χ

xy in the plane spanned by magnetic field B and temperature T. The intensity scale is limited to 250 Ω−1 cm−1

and magnetic phases are labeled as PM (paramagnetic), H (helimagnetic order), IC (incommensurate magnetic order), and SkL
(skyrmion lattice). (e) and (f) Small- and large-angle canting of a spin triad. Specifically, small-angle fluctuations cancel on trivial
lattices, e.g., on the triangular grid. For a definition of trivial lattices, see Fig. 4.
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We use the Hall conductivity σxy to detect the chirality of
magnetic fluctuations. Sensing an effective sideways force
on moving charges, the Hall effect has a contribution
∼
R
∞
−∞ dχpðχÞχ ∼ R

∞
0 dχpnetðχÞχ. At very high tempera-

tures, instantaneous spin textures may have an imbalance
of triangles with positive and negative local chirality, but
there is no time- and lattice-averaged χ, and no net impact on
conduction electron motion. As thermal agitation decreases
and short-ranged spin-spin interactions become pronounced,
even a weak external magnetic field causes unbalancing of
pðχÞ. Figure 1(d) shows time-averaged local spin chirality
and asymmetric probability distribution pðχÞ, so that the
χ-driven Hall conductivity can become finite.
Depending on the lattice type, the chirality contribution

σ χ
xy to the Hall effect is amplified or strongly suppressed,

illustrated in Figs. 1(e) and 1(f) for kagome and triangular
lattices. Both structures are composed of triangle spin
clusters, suitably described by our Monte Carlo calcula-
tions. Nonetheless, the presence of equivalent neighboring
plaquettes causes cancellation of χ only for the triangular
lattice [29].
Figures 2(a) and 2(c) present σ χ

xy for the kagome system
Gd3Ru4Al12; the Supplemental Material explains how the
chirality contribution is isolated from the rawdata ofHall and
Nernst effects [29]. Starting from zero magnetic field, the
Hall signal rapidly increases: Even as spins are partially
aligned, they retain the freedom to fluctuate around their
average direction and to realize spin-chiral configurations.
After attaining a maximum at intermediate fields, the Hall
data drop when all spins are forcibly aligned. This behavior
can be summarized in terms of a generic scaling between the
magnetization and σ χ

xy [19,29]. In the corresponding contour
map of Fig. 2(c), the lattice-averaged spin chirality is already
large deep inside the paramagnetic regime, further growing
when cooling toward the magnetically ordered phase. From
the standpoint of our numerical calculations [29] and of early
theoretical work [4,5,39], this plume-shaped contour map
emerges because lower and lower fields suffice to align all
spins upon cooling. Note that σ χ

xy can also be made to vanish
at low temperature, when completely collinear spin align-
ment is realized by moderate magnetic fields.
The triangular lattice compound Gd2PdSi3 behaves quite

differently: Its Hall signal σ χ
xy in the paramagnetic regime is

at least one order of magnitude smaller as compared to the
kagome material Gd3Ru4Al12 [Figs. 2(b) and 2(d)]. We
propose that a significant suppression of the fluctuation-
induced χ is rooted in the geometry of the triangular
network: Here, each spin is shared between six equivalent
triangles. While the weak canting of three next neighbors
produces local spin chirality for an individual triad, con-
tributions of neighboring triangles tend to have opposite
sign. Integrating over the entire lattice plane, χ cancels to
zero under the condition that the solid angle covered by
fluctuations is small [29]. Large-amplitude spin fluctua-
tions however, e.g., slowly fluctuating topological defects

such as topological Z2 vortices, skyrmions, and hedgehogs
[14,40–42], escape from this extinction principle [Figs. 2(e)
and 2(f)]. A small, yet finite chirality signal from thermal
agitation can hence be created from large-angle fluctuations
even on a simple triangular lattice [29].
On the kagome lattice of Gd3Ru4Al12, σ χ

xy ∼ T−2 is
observed to decay algebraically when heating at constant
magnetic field, well described by an analytic high-temper-
ature expansion of the spin chirality [29]. Our theoretical
analysis confirms that Dzyaloshinskii-Moriya interactions
underpin the observed fluctuation signal, ruling out spin
chirality from anisotropic exchange interactions, single-ion
compass anisotropy, and dynamically fluctuating, long-
period spin textures [4,29]. We note that Hall and Nernst
responses of materials with vastly different carrier relaxation
times can hardly be compared quantitatively [43]. Figure 3(a)
thus demonstrates comparable longitudinal electrical con-
ductivity values σxx for Gd2PdSi3, Gd3Ru4ðAl0.95Ga0.05Þ12
(sample A), and Gd3Ru4Al12 (sample B).
Next, we use Fig. 3(b), inset, to introduce the exper-

imental geometry for thermoelectric Nernst experiments: a
transverse electric current Jy is driven by the applied
temperature gradient ð−∇TÞ, analogous to Hall’s electric
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FIG. 3. Nernst effect from spin chirality in the paramagnetic
regime. (a) Longitudinal conductivity σxx, demonstrating com-
parable metallicity for Gd2PdSi3 (black color) as well as samples
A and B of Gd3Ru4Al12 (red and blue color). (b) Thermoelectric
Nernst conductivity divided by temperature and magnetization
Γ ¼ αxy=ðTMÞjB→þ0

, for kagome lattice (upper) and triangular
lattice (lower). The long-range-ordered regime is marked by gray
shading, and a dashed blue line indicates the anomalous Nernst
effect proportional to the magnetization [29]. Inset: experimental
geometry used for Nernst effect measurements [29]. (c) Thermo-
electric Nernst conductivity αχ

xy from thermal fluctuations, after
subtraction of a background. Black circles indicate the boundary
of the long-range-ordered state.
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current driven by an applied electric field. The thermo-
electric Nernst conductivity αxy includes a contribution
from spin chirality, which is directly apparent in the ratio
Γ ¼ αxy=ðTMÞjB→þ0

: Fig. 3(b) demonstrates nearly tem-
perature-independent behavior of this ratio for both com-
pounds between room temperature and approximately
80 K. The high-temperature signal is the anomalous
Nernst effect proportional to the net magnetization of the
sample [29]. Below 80 K, a broad depression of said ratio
appears only for the kagome lattice compound. This
regime, where αxy does not follow the magnetization even
in the paramagnetic regime, marks the emergence of chiral
spin fluctuations far above the transition to long-range
order. In contrast, there is no clear Nernst anomaly for the
triangular lattice, evidencing the suppression of χ on the
simpler lattice type. A discussion of the sharply diverging
data traces inside the ordered phases seen in Fig. 3(b) can
be found in the Supplemental Material [29]. Summarizing
the thermoelectric experiments, our contour map of the
chirality-driven αχ

xy of Gd3Ru4Al12 is consistent with the
Hall effect; in both cases, the signal appears at the boundary
of the ordered phase and its plume deeply penetrates into
the paramagnetic high-temperature state [Fig. 3(c)].
The present intermetallics are representative members of

an emerging materials family hosting ultradense lattices
of skyrmion spin-vortex tubes, with skyrmion diameter of
only ∼2–3 nm [25,26,44,45]. In the skyrmion lattice,
magnetic spins describe a 4π winding within each magnetic
unit cell, hence providing a natural benchmark for the
nonquantized spin chirality χ generated by thermal fluc-
tuations. The skyrmion lattice of Gd3Ru4Al12 produces a
1.4 × larger Hall effect than the maximal value realized by

thermal fluctuations in our experiments [Fig. 4(a), top]. As
one magnetic skyrmion in Gd3Ru4Al12 covers roughly 27
small triangles of the kagome network, Monte Carlo
simulations predict 1.2 × larger lattice-averaged χ in the
skyrmion lattice as compared to the fluctuating regime [29].
The reasonable agreement between experiment and this
simple estimate justifies the choice of parameters in the
numerical model. Meanwhile, σ χ

xy and αχ
xy in the para-

magnetic state of Gd2PdSi3 [Fig. 4(a) and 4(a), top] are
much suppressed as compared to the topological Hall and
Nernst effects from the compound’s skyrmion lattice
[26,46] and also as compared to the fluctuation signals
in Gd3Ru4Al12 [Fig. 4(a) and (b), bottom]. Note that the
Nernst and Hall signals in Fig. 4 are normalized by the
Boltzmann constant kB and the electric charge e, respec-
tively. The Supplemental Material discusses the magnitude
of these two signals in their fundamental units.
Having demonstrated a crucial role for lattice geometry

in deciding the amplitude of σ χ
xy and αχ

xy, we may expand
on our conclusions and offer a broader classification of
planar tilings. Starting with lattices made from equilateral
polygons, we define trivial lattice motifs as those where
cancellation of χ occurs due to identical neighboring
polygons. Of these, there are four basic types: square,
triangular, and honeycomb lattices, assembled from regular
polygons, as well as the rhombic tiling. Tiling motifs of the
second group, labeled as nontrivial in Fig. 4(c), avoid
cancellation due to the presence of at least two types of
polygons. Among them, there are precisely two structures
that have only one type of nearest-neighbor bond: the
kagome lattice, and an arrangement of two rhombuses with
dissimilar angles. For example, the kagome lattice avoids

FIG. 4. Comparing static and fluctuation-driven spin chirality on triangular and kagome lattices. (a) and (b) Chirality-driven Hall
conductivity σ χ

xy (a) andNernst conductivityα
χ
xy (b),with insets illustrating the lattice geometry.Black and red shading indicate signals in the

static, long-range-ordered skyrmion lattice phase and spin-dynamic (fluctuating) paramagnetic regimes, respectively. (c) Classification of
two-dimensional spin lattices as trivial and nontrivial, where trivial lattices cause cancellation of spin chirality between neighboring
plaquettes. The grey shading of polygons is a guide to the eye and the three dots indicate a large number of additional nontrivial, two-
dimensional lattices not depicted here.
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cancellation of spin chirality by interspersing triangles with
hexagons. Further relaxing the condition of equivalent
bonds, a vast number of nontrivial, two-dimensional tiling
motifs can be considered and realized in solids [47,48];
for example, the present breathing kagome structure of
Gd3Ru4Al12.
In summary, the implications of our Letter are not

restricted to two-dimensional, periodic lattices: Quasi-
layered sublattices of three-dimensional materials, for
one, are amenable to such discussions. Consider the
pyrochlore lattice of corner-sharing tetrahedra, a famous
example from the field of frustrated magnetism: It features
kagome layers when viewed along the cubic h111i direc-
tion. Moreover, quasicrystalline magnets, e.g., a Penrose
tiling of rhombuses, are classified as nontrivial in our
scheme. They are hence expected to generate large emer-
gent responses in the paramagnetic state, when impressed
with a fixed spin chirality by spin-orbit interactions, e.g., by
the Dzyaloshinskii-Moriya coupling.
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