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Chirality has emerged as a new mechanism for inducing spin and Berry-curvature
phenomena in quantum materials and molecular chemistry'”. Collinear
antiferromagnets (AFMs) are promising for spintronics and topological magnetism,
yetrealizing large Berry curvature and spin-split bands remains challenging®®. Here
we report a chiral-superlattice route to spin-split topological phenomena from
collinear antiferromagnetism. We study the collinear AFM UOTe, in which we show a
spontaneous chiral superlattice arising from frozen chiral phonons at a finite wave
vector. Without the superlattice, the pristine collinear AFM in UOTe has neither Berry
curvature nor spin-split bands. When electrons move through the chiral superlattice,
their orbital Bloch wavefunction and quantum geometry are modulated by the strong
chiral superlattice potential, generating large Berry curvature, which we detect by the
nonlinear Hall effect. At 150 K, the chiral-superlattice-induced Berry curvature couples
tothe collinear AFM order, leading to an anomalous Hall angle of about 0.14 abruptly
near the Néel temperature T which isamong the largest inbulk magnets. Moreover, our
spin Hanle precession measurement shows that the chiral superlattice also generates
spin-polarized current fromthe collinear AFM, along-standing goal in spintronics. We
shed light on the supermodulation formation mechanism based on chemical ion size
and physicalinterlayer-intralayer energy competitions, which we use to propose a
design principle to discover similar bond-mismatch superlattices, providing a chiral
superlattice pathway through real-space engineering of quantum geometry'®.

The concept of superlattice has recently emerged at the forefront
of quantum condensed matter physics, highlighted by the two-
dimensional (2D) van der Waals (vdW) moiré heterostructures. Apart
from the artificially constructed superlattices, some bulk materials
candevelopintrinsic long-range lattice modulations, forming natural
superlattices. These naturally occurring superlattices offer potential
advantages instructural uniformity and scalability’?. Despite the recent
interest™ ™", the mechanism of formation of natural superlattices is

not well understood—most material discoveries are based on trial
and error.

Inthis paper, we report the discovery of anatural chiral superlattice
in the collinear antiferromagnet (AFM) UOTe. Collinear AFMs have
long been regarded as promising platforms for spintronics, with the
generation of large anomalous Hall effect (AHE) and spin-polarized
current as central goals®®, motivating the recent explosion of alter-
magnetism'¢>, We show that the natural chiral superlattice offers a

'Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA, USA. *Department of Physics, Harvard University, Cambridge, MA, USA. *Department of Physics, University
of Texas at Dallas, Richardson, TX, USA. “Department of Physics and Astronomy, Howard University, Washington, DC, USA. The Rowland Institute at Harvard, Harvard University, Cambridge,
MA, USA. ®Michigan Center for Materials Characterization, University of Michigan, Ann Arbor, MI, USA. 'Department of Physics, Washington University in St. Louis, St. Louis, MO, USA. ®Materials
Science Division, Argonne National Laboratory, Lemont, IL, USA. ®National High Magnetic Field Laboratory, Los Alamos National Laboratory, Los Alamos, NM, USA. "°Research Center for
Electronic and Optical Materials, National Institute for Materials Science, Tsukuba, Japan. "Research Center for Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba,
Japan. S. N. Bose National Centre for Basic Sciences, Kolkata, India. *Institute of Physics, Academia Sinica, Taipei, Taiwan. “Department of Physics, National Cheng Kung University, Tainan,
Taiwan. ®Department of Physics, Northeastern University, Boston, MA, USA. ®*Quantum Materials and Sensing Institute, Northeastern University, Burlington, MA, USA. "Department of
Chemistry, Michigan State University, Michigan, MI, USA. ®Max Planck Institute for Chemical Physics of Solids, Dresden, Germany. *Institut fiir Physik, Johannes Gutenberg University, Mainz,
Germany. 2°Department of Physics, Texas A&M University, College Station, TX, USA. ?’Department of Physics, Boston College, Chestnut Hill, MA, USA. ?Department of Physics, University of
Michigan Ann Arbor, Ann Arbor, MI, USA. ZKavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands. %These authors contributed equally: Thao Dinh, Mengke Liu.
He-mail: mliu@utdallas.edu; jgiu@g.harvard.edu; philipkim@g.harvard.edu; suyangxu@fas.harvard.edu

342 | Nature | Vol 658 | 8 October 2026


https://doi.org/10.1038/s41586-026-11073-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-026-11073-7&domain=pdf
mailto:mliu@utdallas.edu
mailto:jqiu@g.harvard.edu
mailto:philipkim@g.harvard.edu
mailto:suyangxu@fas.harvard.edu

new and effective way to functionalize collinear AFM for topologi-
cal magnetic phenomena distinct from altermagnetism'* >, Moreo-
ver, we reveal the mechanism of formation of the chiral superlattice.
Distinct from the moiré superlattice, the chiral superlattice in UOTe
is abond-mismatch superlattice, in which the superlattice strongly
modifies the local covalent U-Te bond. This leads to a strong modula-
tionwhose energy scaleisroughly one order of magnitude larger than
typical moiré systems, enabling the real-space quantum geometry. Our
work establishes a chiral superlattice route for realizing spin-split topo-
logical responses in collinear AFMs, extending the interplay between
chirality and time-reversal-symmetry breaking® to topological mag-
netism, quantum geometry and natural superlattices.

Basic characterizations

UOTe is a recently synthesized vdW heavy-fermion-based magnet?.
Structurally, UOTe has alayered, square crystal structure with the space
group P4/nmmno. 129, shown in Fig. 1a. Magnetically, UOTe shows a
collinear AFM order (Fig. 1a) with the Néel temperature Ty~ 150K,
reported by neutron scattering in ref. 24. Within the same vdW layer,
the two U ions, labelled U1 and U2, are AFM-coupled with their spins
along the +zand -z directions. The magnetic unit cell contains two
vdW layers, with the spin configuration of (+z, -z) (-z, +z). This collinear
AFM has PT and t7 symmetries (P, 7 and t are space-inversion,
time-reversal and translation symmetries). Electronically, UOTe has a
semimetallicground state. Figure 1b shows the temperature-dependent
resistance. The carrier density is as low as 2 x 10" cm™,

Discovery of a chiral superlattice

We have performed transmission electron microscopy (TEM) measure-
ments. Beyond the atomic structure, our TEM data show along-range
wavelike superlattice (Fig.1c,d). The superlattice is found to be present
upto700 °C.Thein-plane period of the superlatticeis a,=2.65nm=6.7q,
thereforeincommensurate with the atomic lattice. Inreciprocal space,
this corresponds to afinite wavevector q = %27“ 0, %ZC—" . Moreover,
the superlattice in UOTe is unidirectional, which breaks the four-fold
rotational symmetry of the atomic lattice (Supplementary Information
sectionl.2).

We now visualize the atomic displacement pattern. Along the super-
modulation axis X, the displacement of U1-Fig. 1e (green arrows)—
rotateswithinthe (x,z) plane, from-xto +z, thento +x, and finally to -z.
Similarly, the displacement of U2 also rotates within the (x, z) plane
but with the opposite chirality (additional TEM data are shown in
Extended Data Fig. 1). These supermodulations of Ul and U2 can be
viewed as the ‘freezing’ of chiral phonons® with opposite handedness
(DFT phonon calculations in Fig. 1f and Extended Data Fig. 2).

We now show the existence of a net chirality in the superlattice. Our
measured AY and A have different shapes, as shown in Fig. 1i. The
different shapes show that the opposite chiral displacements of Ul
and U2 do not cancel. Such a net chirality breaks P7 symmetry. Fur-
thermore, t7 symmetry is also broken because the in-plane super-
modulation of adjacent layers has different lineshapes (Extended
DataFig. 1b). Moreover, the supermodulation leads to a monoclinic
distortion, which breaks the C,, symmetry (Extended Data Fig. 1a,
inset). Overall, our TEM data show that the magnetic point group of
UOTe is reduced to m,’ with the superlattice, confirmed by single-
crystal X-ray diffraction measurements (Supplementary Information
section 1.3).

To further confirm the net chirality in the superlattice, we also per-
formed optical circular dichroism?*%., At T> T, we expect only chiral
circular dichroism. Our circular dichroism map at 7> T (Fig. 1j,k) identi-
fied chiral domains. The chiral superlattice reduces the symmetry toa
ferromagnetic group. We detect the spontaneous net magnetization M,
by nitrogen-vacancy (NV) centre magnetometry. As shownin Fig. 1m,

M, =10 mp, per Uion—for comparison, the free moment of each U is
about 3.2 ;.

Spatially encoded Berry curvature
The chiral superlattice can modulate the low-energy Bloch wavefunc-
tion and quantum geometry in real space, generating strong Berry

curvature. As the conduction electrons are composed of the U 6d orbit-
als, wedescribe the conduction electrons of UOTe by atwo-component

Cu
Cu
Bloch sphere, in which the north and south poles correspond to the
purely Ul and purely U2 6d states, and the equator corresponds to an
equal-weight superposition. As the conduction electron moves through
the superlattice, the Bloch wavefunction rotates strongly onthe Bloch
sphere between the Uland U2 (Fig. 2a). Not only the Bloch wavefunc-
tion, but also the quantum geometry, such as Berry curvature, is spa-
tiallymodulated. x=0is polarized to U2, which has left-handed (z - ix)
chiral displacement. Thisleads to opposite Berry curvature at +k,, and
therefore a finite Berry curvature dipole along k, (calculations in
Extended Data Fig. 3e). x = a/2 is polarized to U1, which has right-
handed chiral displacement, whichin turnleads to the opposite Berry
curvature dipole. Owingto the net chirality, the opposite Berry curva-
turedipolesatx=0andx=ay/2donotcancel. Therefore, the final Berry
curvature dipole of the chiral superlattice is nonzero, which can be
detected by the nonlinear Hall effect.

We therefore perform nonlinear Hall (NLH) experiments. As shown
inFig.2d, the nonlinear longitudinal signal, V22, is nearly zero, whereas

»wy
the nonlinear Hall signal V2% shows a clear quadratic signal. We perform

X
angular-dependent meastﬁyrements.As showninFig.2e, the nonlinear
Hall signalis large for V2%, but zero for V%, consistent with the large
Berry curvature dipole along k,. We further perform scaling analysis
by temperature-dependent measurements. The scaling law (Fig. 2g)
islinear, consistent with the Berry curvature dipole mechanism?. The
nonlinear Hall conductivity is larger than that of the noncentrosym-
metric Weyl semimetals WTe, (refs. 29,30) and TalrTe, (ref. 31), sug-
gesting the potential of the chiral supermodulation as a new and

effective way for generating Berry curvature.

orbital wavefunction |u,) = . This wavefunctionis expressed on a

Chiral superlattice + AFM induces AHE

We have shownthat the chiral superlattice generates strong Berry curva-
turethrough the spatial modulation of quantumgeometry. The collinear
AFM order can further strongly reshape the k-space distribution of the
Berry curvature (Fig. 3a), leading to strong topological magnetic phe-
nomena. Below T, we observe clear AHE that emerges abruptly near Ty,
(Fig.3c¢), almost like astep function. The abrupt onset reflects the rapid
lifting of k-space cancellation of opposite Berry curvature when AFM
ordersetsin. We have addressed alternative possibilities, including weak
ferromagnetism, critical scattering and sudden change of carrier mobil-
ity (Extended DataFig.4 and Supplementary Information sections VII.1
and VIL.2). Large AHE persists at zero net magnetization and the intrin-
sic AFM contribution dominates (Extended Data Fig. 4). Moreover, to
distinguish this from conventional Berry-curvature mechanisms, we
performed additional measurements and calculations (Supplementary
Information section VII.3). These measurements show that the chiral
superlattice is important in generating Berry curvature by breaking
therelevant symmetries. Once the symmetries are broken by the chiral
superlattice, the strong spin-orbit coupling of the U-Te electronic
structure is likely to be important for the large magnitude. Moreover,
calculations in Supplementary Information section II.7 predict that
pressure may suppress the superlattice, providing a possible route to
test whether the Berry-curvature responseis correspondingly reduced.

The AHE angle (about 0.14) is the largest in AFMs and one of the
largest in bulk magnets?*?****2, We further perform scaling analy-
sis based on temperature-dependent measurements (Fig. 3g).
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Fig.1|Discovery ofanatural superlattice with 2D planar chirality in

the collinear AFM UOTe. a, Crystal structure and collinear AFM of UOTe.

b, Resistance of UOTe flake (13.3 nm) shows metallic temperature dependence.
c,d, Plan-view and cross-sectional view of STEM of UOTe. A spontaneous
superlattice with anin-plane period a,= 6.7ais observed. e, Cross-sectional
STEMimage of one UOTe vdW layer. The arrows represent the displacement of
Uland U2.f, Magnified view of the DF T-calculated phonon dispersion of UOTe.
Seefulldispersionin Extended DataFig. 2. The negative phonon frequency at
finite wavevector qis consistent with the experimentally observed q for the
superlattice. g, Schematic of the atomic displacements for Uland U2, which
have opposite chiral winding structures. The opposite winding structures have

Using gy = oimiinsic + cskewg 2 - we obtain o™i~ 160 S cm™ or

0.34 €’/h per layer.

Spin-polarized current

Another crucial low-energy magnetic phenomenon is the spin-
polarized current. Large spin-polarized current in collinear AFMs
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slightly differentamplitudes and therefore do not cancel each other. This
spontaneous chiralimbalanceleads to anet chirality, which breaks P7T
symmetry. h,i, Measured out-of-plane and in-plane atomic displacements for
Uland U2. Thein-plane displacements AY' and AY have visibly different shapes,
which confirmthat the opposite chiral displacements of Uland U2 do not
cancel. Circlesdenote TEM data points, and lines denote fitting of the TEM
data. Thefitting parameter values are shown as layer 11in Extended Data
Tablel.j,k, Optical circular dichroism (CD) setup and data at 7=160 K.

I,m, Diamond nitrogen-vacancy (NV) centre magnetometry setup and net
magnetization map of a UOTe flake measured by NV magnetometry at100 K.
Scalebars, 2 nm (c,d); 5 pm (k); 1 pm (m).

is highly desired®>'*? but remains very rare. UOTe is a promis-
ing candidate: the small chiral imbalance makes the net mag-
netization small, whereas the relevant U 5f-derived bands lie
below the Fermi level and do not contribute to the Fermi surface
(Supplementary Fig. 52). By contrast, the spin-polarized cur-
rent arises from the Fermi surface states derived from the U 6d
orbitals.
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Fig.2|Chiralsupermodulation generatesstrong Berry curvature.a, The
conductionelectrons composed of U 6d orbitals can be described by a two-
component wavefunction. As the conduction electron moves through the
superlattice, both the Bloch wavefunction and the Berry curvature dipole are
spatially modulated (see text). b, The net Berry curvature dipole along k, can be
detected by anonlinear Hall effect where theincident currentis alongy, and the
resulting Hall voltage is along x. ¢, Schematic measurement setup.d, Nonlinear
transport measurement of UOTe at T=250 K. The inset shows the opticalimage

Todirectly measure the spin-polarized current generation by UOTe,
we fabricated astandard graphene-based spin-transport Hanle device
(Fig. 4a,b). Figure 4c shows the measured Hanle precession of the
UOTe-injected spinsin graphene. As expected, the detected nonlocal
spinsignal R, (B) follows the Hanle profile: the signal is small near B, =0,
thengrows as B,increases. Moreover, the Hanle signals change polarity
and become nearly opposite (Fig. 4c, blue and red curves). Subtract-
ing the two curves isolates the pure Hanle precession signal (Fig. 4d).
These systematic observations provide evidence for the spin-polarized
currents from the collinear AFM UOTe.

We fitour Hanle data to obtain the spininjection efficiency fijection—
the spin polarization injected into graphene, which provides a lower
bound of the Fermi surface spin polarization SF of UOTe (see details

180° 360° 06

Angle

270°

800 900

0, (Scm™)

1,000

of UOTedevice. e,f, Angular-dependent nonlinear Hall measurements at
T=250K.Thedirections of both theincident current/® and the nonlinear Hall
voltage V*“are rotated simultaneously withrespect to the crystalline directions.
Theangular-dependent measurements show alarge nonlinear Hall signal
whentheincident currentisalongy, revealing the directional Berry curvature
dipole along k,. g, The nonlinear Hall conductivity asafunction of the Drude
conductivity obtained from temperature-dependent measurements between
200K and300K.Scalebar,10 pm (d, inset).

in the Methods, section ‘Spin transport’). We obtain a spin injection
efficiency of yjection = 5.40 £ 0.99%. Additional UOSe/graphene Hanle
experiments as well as DFT calculations of the UOTe/graphene proxim-
ity effect are discussed in Supplementary Information section VIIL.3.
These systematic data, taken collectively, support the intrinsic
spin-polarized current generated by the chiral superlattice. To further
strengthen this conclusion, future Hanle experiments in which the
chiral superlattice canbe switched insitu on and off would be desirable.

Theoretical modelling

To confirm the chiral-superlattice-induced Berry curvature and the
resulting topological magnetic phenomena, we have built a minimal
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Fig.3|Chiral superlattice plus AFM generates large anomalous Hall
angle.a, The collinear AFM order can break the cancellation between opposite
Berry curvaturesat £k,:x=0andx=a,/2have opposite total Berry curvature,
which donot cancel because of the net chirality. b, The net Berry curvature in
k-space generatesthe AHE. ¢, Temperature dependence of AHE conductivity.
d, Magneticfield dependence of the Hall resistivity at 125K, showing a

tight-binding model withthe U 6d orbitals ona chiral potential modula-
tionthatis derived from the chiral superlattice TEM displacement pat-
tern. The spatial modulation of the Berry curvatureis directly seen from
the model in Extended Data Fig. 3e. The resulting superlattice band
structure haslarge Berry curvature with opposite sign at £k, (Extended
DataFig.3b). We find notable Berry curvature dipole D,,around 1-2 nm
near the Fermi energy (Extended Data Fig. 3¢), consistent with the
value (approximately 1.62 nm) derived from our nonlinear Hall data
(see Supplementary Information section 1X.4.5). Further inclusion of
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0,0, (1 0°s? cm’z)

pronounced anomalous Hall hysteresis loop. e, Temperature evolution of
the AHE, showinga coercive field reaching up to 8 Tnear 110 K. f, Angular
dependence of the anomalous Hall resistance at 125 K. g, Scaling behaviour
of AHE signal. The inset shows the fitting of gy, = oiTiinsic + CSkeg 2. at
50K<T<100K.

the AFM order into the model lifts the cancellation between the con-
tributions at +k, thusleading to anet Berry curvature (Extended Data
Fig.3f-j). The chiral supermodulated AFM band structure isaspin-split
semimetal (Supplementary Fig. 49), facilitating large spin-polarized
current (Fig. 4e,f and Supplementary Fig. 52). We also used DFT to
calculate the chiral superlattice band structure for quantitative com-
parisonwith experiments. Areasonable agreementbetween dataand
calculationregarding the AHE conductivity and AHE angleis achieved
(Supplementary Information sections 3.3,3.4 and 4.4).
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Fig.4|Spin-polarized current from the chiral supermodulated collinear
antiferromagnetism. a,b, Schematic and optical image of anonlocal spin-
transport device consisting of a UOTe flake as the spininjector, Al,0,/Co
contactsas the spin detectors, and amonolayer graphene channel for spin
transport. The UOTe thicknessis 27 nm. ¢, In-plane magnetic field dependence
ofthe nonlocal resistance measured at 1.7 K after initializing UOTein AFM I and
AFMIIstates, while the Co detector magnetization was held fixed. d, Hanle
signal curvefitted to the solution of the time-independent Bloch equations for
auniformspin diffusion system (see details in the main text). e, The small chiral

Superlattice formation and design

Motivated by the strong topological magnetic phenomena observed
in UOTe, we uncovered the formation mechanism of the chiral super-
modulation. UOTe consists of two distinct covalent bonds, U-O and
U-Te. The supermodulation originates from the mismatch between
the distinct covalent bonds, which leads to competition between inter-
layer bonding (energy gain) and intralayer repulsion (energy cost)
that drives the supermodulation instability. The mechanism can be
visualized by comparing UOS and UOTe (Extended Data Fig. 5). UOS has
an additional interlayer bond connecting the U with the S in the next
layer, which is enabled by the large S-U-S angle (82°). This interlayer
bond lowers energy. However, forming similar interlayer bonding in

imbalance means that the net magnetization will be small. Moreover, in UOTe,
therelevant U5f-derived bandsliebelow the Fermilevel and do not contribute
to the Fermisurface. The Fermi-level electrons are small pockets whose
contribution to the net magnetization is naturally small. By contrast, the
spin-polarized currentis determined only by the spin polarization of the
Fermisurface. UOTe features spin-split semimetal bands near the Fermilevel.
Thespin polarization of the currentis naturally large. f, Model-calculated spin
polarization of the current as afunction of the symmetry-breaking A. Scale bar,
10 um (a).

UOTe would laterally stretch the U-O-U central block because of the
much longer U-Te bond length, which is more energetically costly.
As aresult, in the nominal unit cell of UOTe, the Te-U-Te bond angle
is much smaller (77°), which hinders the interlayer bonding. To form
interlayer bonding while keeping the central block unstretched, the
layers locally curve up or down with opposite signs in adjacent layers
(Extended Data Fig. 6), which is exactly the supermodulation. In this
way, at specific locations, the Te-U-Te angle opens up (81°), enabling
the interlayer U-Te covalent bonding. The cost is that, at some other
locations, the Te-U-Te angle decreases (73°), leading to an intralayer
repulsion. This mechanism naturally explains the existence of oppo-
site chirality (Supplementary Information section I1.3). The net chi-
rality can be understood as a follow-up transition due to interlayer
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interlayer force pthatappearinthefreeenergy. c, Phase diagramasafunction
of Aand p, showing the supermodulation as anintermediate phase between 3D

bonding anharmonicity (Supplementary Information section I1.3).
More broadly, this microscopic mechanism motivates a comparison
between two types of superlattices, that is, the bond-mismatch super-
lattice such as UOTe and the lattice-mismatch superlattices such as
moiré systems (Extended DataFig. 7). Owing to the spatial modulation
of covalent bonding, the modulation energy scale in UOTe is roughly
one order of magnitude stronger (Supplementary Information sec-
tion I1.6), making the local quantum geometry anatural description of
its physics. Hence, our dataabove show that the natural bond-mismatch
superlattice cangenerate quantum geometrical physics, with a higher
energyscaleand areal-space picture. This provides afresh perspective
in designing superlattice materials.

The supermodulation canbe understood as the intermediate phase
between the 3D covalent lattice with interlayer bonding and 2D vdW
lattice withoutinterlayer bonding (Fig. 5a). Ageneric Ginzburg—Landau

theory canbe writtenas F=—ay?+ yp* + py +/l(,b— + y[ j ,where

Y(x) is the interlayer distance. The first two terms provide a standard
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covalentand 2D vdW phases, with additional exotic soliton-superlattice
phasesat the boundaries between supermodulation and 2D/3D phases

(see Supplementary Information section I1.1).d, A flow chart for searching
for similar chiral supermodulationin other materials. e-g, DF T-calculated
phonon dispersions showing similar instability in other materials (PrOBr (e),
PbFI(f), CrOBr (g)).

double-well free-energy profile for the 2D vdW and 3D covalent phases,
which can be swntched by varying the interlayer force p. The crucial
new term /up provndes an energy gain when the layer curves;

2
the new termy ? adds an energy penalty for finite curvature.

The supermodulation shows up as an intervening phase (Fig. 5¢).
Moreover, our model predicts exotic soliton superlattices at the bound-
aries (Supplementary Information section I1.1). This formation mech-
anism is verified by calculating the phonon dispersions of the UOX
class (Extended Data Fig. 6¢).

Based on the above mechanism and phenomenological theory,
we propose a design principle that goes from chemistry to physics
to materials (Fig. 5a,d and Extended Data Fig. 8). From chemistry,
we can tune the size of the ions and the strength of chemical bonds.
To physics, the above chemical tuning of ion size and bond strength
effectively controls the interlayer bonding and intralayer repul-
sion energies. To materials, there are about 500 isostructural com-
pounds (Extended Data Fig. 8c), generically written as ABC. We have



developed an empirical rule based on material parameters such as

the ion size and the ratios of bond lengths (Extended Data Fig. 8

and Supplementary Information section I1.4). For example, the ratio
Interlayer A - Cbond length . . . .

1= 1 - >1.1 is an indicator for supermodulation.
ntralayer A- Cbondlength = ™% ! I .

Based on this design principle, we have theoretically identified

promising candidates (see Fig. 5e-g and Supplementary Information

section IL.5).

Outlook

Looking forward, it would be of interest to perform time-domain pump-
probe experiments, in whichthe pump-induced oscillation of the frozen
chiral phonons can lead to dynamical control of the observed topo-
logical magnetic phenomena. It would be further interesting to study
the pressure effect to search for the new soliton-superlattice phase.
More broadly, our work opens up a pathway to similar bond-mismatch
superlattices with large modulation energy scales, including magnetic,
superconducting and quantum-light-source materials, for new physics,
chemistry and device concepts.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of dataand code availability
are available at https://doi.org/10.1038/s41586-026-11073-7.

1. Bloom, B. P., Paltiel, Y., Naaman, R. & Waldeck, D. H. Chiral induced spin selectivity.
Chem. Rev. 124,1950-1991(2024).

2. Chang, G. et al. Topological quantum properties of chiral crystals. Nat. Mater. 17, 978-985
(2018).

3. Yu, F.H.etal. Concurrence of anomalous Hall effect and charge density wave in a
superconducting topological kagome metal. Phys. Rev. B104, L041103 (2021).

4.  Guo, C. et al. Switchable chiral transport in charge-ordered kagome metal CsV;Sbs.
Nature 611, 461-466 (2022).

5. Guo, C. et al. Distinct switching of chiral transport in the kagome metals KV,Sbs and
CsV,Sbs. npj Quantum Mater. 9, 20 (2024).

6. Elmers, H. J. et al. Chirality in the kagome metal CsV,Sbs. Phys. Rev. Lett. 134, 096401
(2025).

7. Luo, J. et al. Large effective magnetic fields from chiral phonons in rare-earth halides.
Science 382, 698-702 (2023).

8. Jungwirth, T., Marti, X., Wadley, P. & Wunderlich, J. Antiferromagnetic spintronics.
Nat. Nanotechnol. 11, 231-241 (2016).

9. Smejkal, L., Mokrousov, Y., Yan, B. & MacDonald, A. H. Topological antiferromagnetic
spintronics. Nat. Phys. 14, 242-251(2018).

10. Dong, L. & Niu, Q. Geometrodynamics of electrons in a crystal under position and time-
dependent deformation. Phys. Rev. B 98, 115162 (2018).

1. Yao, D., Go, D., Mokrousov, Y. & Murakami, S. Dynamical orbital angular momentum
induced by circularly polarized phonons. Phys. Rev. Lett. 137, 066301 (2026).

12. Gao, Y., Lee, P, Coppens, P., Subramania, M. A. & Sleight, A. W. The incommensurate
modulation of the 2212 Bi-Sr-Ca-Cu-O superconductor. Science 241, 954-956 (1988).

13. Devarakonda, A. et al. Clean 2D superconductivity in a bulk van der Waals superlattice.
Science 370, 231-236 (2020).

14. Qian, Q. et al. Chiral molecular intercalation superlattices. Nature 606, 902-908 (2022).

15. Devarakonda, A. et al. Evidence of striped electronic phases in a structurally modulated
superlattice. Nature 631, 526-530 (2024).

16.  Jungwirth, T. et al. Symmetry, microscopy and spectroscopy signatures of altermagnetism.
Nature 649, 837-847 (2026).

17. Chen, H., Niu, Q. & MacDonald, A. H. Anomalous Hall effect arising from noncollinear
antiferromagnetism. Phys. Rev. Lett. 112, 017205 (2014).

18. émejkal, L., Sinova, J. & Jungwirth, T. Beyond conventional ferromagnetism and
antiferromagnetism: a phase with nonrelativistic spin and crystal rotation symmetry.
Phys. Rev. X12, 031042 (2022).

19. Mazin, |.The PRX Editors Editorial: altermagnetism—a new punch line of fundamental
magnetism. Phys. Rev. X 12, 040002 (2022).

20. Cheong, S.-W. & Huang, F.-T. Altermagnetism classification. npj Quantum Mater. 10, 38
(2025).

21.  Song, C. et al. Altermagnets as a new class of functional materials. Nat. Rev. Mater. 10,
473-485 (2025).

22. Nakatsuiji, S., Kiyohara, N. & Higo, T. Large anomalous Hall effect in a non-collinear
antiferromagnet at room temperature. Nature 527, 212-215 (2015).

23. Nayak, A. K. et al. Large anomalous Hall effect driven by a nonvanishing Berry curvature in
the noncolinear antiferromagnet Mn;Ge. Sci. Adv. 2, €1501870 (2016).

24. Broyles, C. et al. UOTe: Kondo-interacting topological antiferromagnet in a van der Waals
lattice. Adv. Mater. 37, 2414966 (2025).

25. Juraschek, D. M. et al. Chiral phonons. Nat. Phys. 21, 1532-1540 (2025).

26. Papakostas, A. et al. Optical manifestations of planar chirality. Phys. Rev. Lett. 90, 107404
(2003).

27. Bai, B., Svirko, Y., Turunen, J. & Vallius, T. Optical activity in planar chiral metamaterials:
theoretical study. Phys. Rev. A 76, 023811 (2007).

28. Sodemann, |. & Fu, L. Quantum nonlinear Hall effect induced by Berry curvature dipole in
time-reversal invariant materials. Phys. Rev. Lett. 115, 216806 (2015).

29. Ma, Q. et al. Observation of the nonlinear Hall effect under time-reversal-symmetric
conditions. Nature 565, 337-342 (2019).

30. Kang, K., Li, T., Sohn, E., Shan, J. & Mak, K. F. Nonlinear anomalous Hall effect in few-layer
WTe,. Nat. Mater. 18, 324-328 (2019).

31.  Kumar, D. et al. Room-temperature nonlinear Hall effect and wireless
radiofrequency rectification in Weyl semimetal TalrTe,. Nat. Nanotechnol. 16, 421-425
(2021).

32. Ye,L.etal. Massive Dirac fermions in a ferromagnetic Kagome metal. Nature 555, 638-642
(2018).

33. Li, P. et al. Giant room temperature anomalous Hall effect and tunable topology in a
ferromagnetic topological semimetal Co,MnALl. Nat. Commun. 11, 3476 (2020).

34. Sakai, A. et al. Giant anomalous Nernst effect and quantum-critical scaling in a
ferromagnetic semimetal. Nat. Phys. 14, 1119-1124 (2018).

35. Kim, K. et al. Large anomalous Hall current induced by topological nodal lines in a
ferromagnetic van der Waals semimetal. Nat. Mater. 17, 794-799 (2018).

36. Liu, E. etal. Giant anomalous Hall effect in a ferromagnetic kagome-lattice semimetal.
Nat. Phys. 14,1125-1131(2018).

37. Liu, Z. Q. et al. Electrical switching of the topological anomalous Hall effect in a non-
collinear antiferromagnet above room temperature. Nat. Electron. 1,172-177 (2018).

38. Ghimire, N. J. et al. Large anomalous Hall effect in the chiral-lattice antiferromagnet
CoNb;Sg. Nat. Commun. 9, 3280 (2018).

39. Feng, Z. et al. An anomalous Hall effect in altermagnetic ruthenium dioxide. Nat. Electron.
5,735-743 (2022).

40. Gonzalez Betancourt, R. D. et al. Spontaneous anomalous Hall effect arising from an
unconventional compensated magnetic phase in a semiconductor. Phys. Rev. Lett. 130,
036702 (2023).

41.  Reichlova, H. et al. Observation of a spontaneous anomalous Hall response in the MnsSi;
d-wave altermagnet candidate. Nat. Commun. 15, 4961 (2024).

42. Yamada, R. et al. A metallic p-wave magnet with commensurate spin helix. Nature 646,
837-842(2025).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2026

Nature | Vol 658 | 8 October 2026 | 349


https://doi.org/10.1038/s41586-026-11073-7

Article

Methods

Bulk crystal growth

The growth of UOTe was performed in atwo-zone furnace, using equi-
molar ratios of depleted uranium (sourced from New Brunswick Labo-
ratory) and tellurium (99.9999%, sourced from Alfa Aesar). Growth
detailsareinref. 24. The source materials were sealed in an evacuated
quartz tube, together with1 mg cm2iodine. The ampoule was placed
in atwo-zone furnace, gradually heated up and held in the tempera-
ture gradient 0of 1,030/970 °C for 7 days, after which it was cooled to
room temperature. The crystal structure was determined by X-ray
powder diffraction using a Rigaku X-ray diffractometer with Cu-Ka
radiation.

UOTedevice fabrication

Allfabrication stepsinvolving UOTe were carried out in an argon-filled
glovebox without exposure to air, heat or solvents. For the charge
transport devices, thin flakes of UOTe were mechanically exfoliated
from bulk crystals onto SiO,/Si substrates. Electrical contacts (Cr/
Au, 5nm/35 nm) were deposited by e-beam evaporation through
a pre-patterned SiN stencil mask. A protective hexagonal boron
nitride (BN) layer (20-50 nm thick) was then transferred onto the
UOTe flake. For the spin-transport devices, monolayer graphene
flakes were mechanically exfoliated onto SiO,/Si wafers and identi-
fied by optical microscopy. Spin detector contacts (Al,0,/Co/Au)
were defined using standard e-beam lithography and deposited by
e-beam evaporation. Thin UOTe flakes were exfoliated onto a PDMS
stamp and subsequently transferred onto the graphene channel. Hall
bar contacts (Cr/Au, 5 nm/35 nm) were deposited on UOTe using the
same stencil mask method described above. A BN flake was trans-
ferred onto the final heterostructure to encapsulate and protect both
UOTe and the Co contacts from air exposure. For both device types,
wire bonding was performed inside the glovebox. The bonded chip
carrier was sealed under argon by applying vacuum grease along
the rim of the chip carrier and covering it with a glass slide. For the
nitrogen-vacancy centre magnetometry measurements, thin UOTe
flakes were exfoliated onto a PDMS stamp and transferred onto the
diamond substrate.

TEM measurements and data analysis
Annular dark-field scanning transmission electron microscopy (STEM)
was performed on a Thermo Fisher Scientific (TFS) Themis Z G3, oper-
ated at 200 keV with a convergence semi-angle of 18.9 mrad. Twenty
rapid acquisition frames were registered and averaged to produce
drift-free, high signal-to-noise ratio images. Supermodulation mani-
fests as satellite peaksin Fourier space. Therefore, animage of pristine,
undistorted lattice without periodic lattice displacements can be
obtained by damping relevant Fourier components*. By comparing
atomic coordinates of the original image and the Fourier-damped
image, we extract the supermodulation displacement. The atomic
coordinates were extracted using the Atomap package** (see also Sup-
plementary Informationsection I.1). The precise superlattice in-plane
period is determined by diffractionin TEM to be 6.686 + 0.001. Cryo-
genic ADF-STEM was performed on a TFS Spectra 300 operated at
300 keV withaconvergence semi-angle of 21.4 mrad, with aMel-build
double-tilt LN2 Vacuum Transfer Holder. The lineshapes of different
layers in Extended Data Fig. 1b suggest (pseudo-)periodicity, which is
also reflected in the fitted ¢, compared with a layer in Extended Data
Fig.1c. By contrast, the diffraction data (Supplementary Fig. 2) do not
show a corresponding satellite peak in the g, direction, excluding
long-range ordering. Possible short-range order requires furtherinves-
tigation, but ¢T is broken regardless because the pseudo-periodicity
does not correspond to an odd number of layers.

We further fit the TEM displacement data using the following
expression:

Ay =A7" cos(qn)z + A sin(qx + @)% + B'sin(2qx + ¢,),

Ay, =AP cos(gx)z - A% sin(gx + gb;”)if +BY%sin(2qx + gbz‘ff).

Thefitted values are shownin Extended DataFig.1and the Extended
Data Tables1and 2.

Based on the above displacements, we can mathematically derive
an order parameter ¥ that breaks both inversion symmetry and
mirror symmetry—the net chirality (see Supplementary Information
section IX.1for derivation)

W= (AL)B cos(¢y; ~20)") + (A7)’ BYlcos(y) - 200). (D

From the expression of the order parameter above, we can see that
the system has no net chirality, whenand onlywhen A = A2 B! =B\,
q)‘;“ = _¢qu2 and ¢! = -2 No net chirality corresponds to = 0. The
system has net chirality when the above conditions are not satisfied.
The above condition shows that our TEM data show net chirality. Our
300 K data (Extended Data Fig.1) show that ¢, and ¢, have the same
sign. Our 100 K data (Extended Data Fig. 1) show that not only do the
Ul and U2 phases have the same sign, but also the amplitudes A and
AYZshow observable differences. In Supplementary Fig. 6, we provide
simulations and intuition for the different terms (amplitudes and
phases for first and second harmonics) and how they lead to net chiral-
ity. We cansee thatin case 1, if we only turn on the first harmonic zand
xmodulations with opposite phases, the x +iz(orange) and x—iz(green)
modulations are perfectly symmetric with respect to the inversion
centre.In case 2, if we add second-harmonicx modulation with oppo-
site phases, the x + iz (orange) and x — iz (green) modulations are per-
fectly symmetric with respect to the inversion centre. In case 3, if we
change the second-harmonic modulation of Uland U2 to have the same
phase, the x + iz (orange) and x — iz (green) modulations are not sym-
metric any more.

Optical measurements

Linear dichroism. The superlattice breaks the C,, symmetry, ena-
bling a nonzero optical linear dichroism. This linear dichroism signal
can be used to distinguish the orthogonal superlattice domains, q ||a
and q||b.

Circular dichroism. Circular dichroism can arise from both chirality
and net magnetization. The circular dichroism measurements were
performedinreflection mode with oblique incidence to avoid the can-
cellation of the chirality-induced circular dichroismsignal (the optical
activity) at normal incidence due to time-reversal symmetry* . At
T> Ty, circular dichroism only arises from chirality; the correspond-
ing optical activity tensor is 0,,,, which is nonzero in the group m,’. At
T< Ty, anadditional contribution from magnetization arises. However,
we can use the magnetic field hysteresis measurements to separate
them (Supplementary Information sectionI11.3). The magnetic circular
dichroismis antisymmetric with the magneticfield (the hysteresisloop
part), whereas the chiral circular dichroismis symmetric with respect
to the magnetic field (a nonzero offset).

Experimental methods. Optical linear and circular dichroism meas-
urements were performed in the magneto-optical cryostat OptiCool
by Quantum Design using asupercontinuum laser SuperK Extreme by
NKT photonics. A spectrometer SpectraPro-300i by Acton Research
was used to select the wavelength. The beam went through a pho-
toelastic modulator. The retardation was half-wave for linear dichro-
ism and quarter-wave for circular dichroism. Oblique incidence was
achieved by sending the laser beam through one side of the objective.
The oblique angle was about 10° at most. The reflected beam went
through the top window of the cryostat, was collimated by the same
objective and collected by an avalanche photodiode.



Nitrogen-vacancy centre magnetometry measurement

We used a (100)-oriented electronic-grade CVD-grown diamond (Ele-
ment Six), mechanically thinned downto 50 pmand polished. A shallow
ensemble of nitrogen-vacancy centres was created by “*Nion implanta-
tion. Nitrogen-vacancy centre magnetometry, as reported in previous
work*®, was performed based on the standard optically detected mag-
neticresonance. We used a 532-nmsolid-state green laser, around 1 mW
modulated by an acousto-optic modulator. The control microwave
pulses are generated by IQ mixing, using a microwave generator and
analogue control pulses produced by a high-sampling-rate arbitrary
waveform generator (AWG). The signal was amplified by amedium-gain
(Mini-Circuits ZX60-6013E-S+) and a high-gain, high-power amplifier
(Mini-Circuits ZHL-25W-63+). Timing of all optical pulses, AWG trigger
and dataacquisition was orchestrated by ahigh-speed programmable
pulse generator (SpinCore PulseBlasterESR-PRO-USB-RM2). A flake
of UOTe and a flake of Fe;GeTe, were both transferred onto the same
diamond chip. We performed nitrogen-vacancy centre magnetometry
on both flakes (see data in Supplementary Information sectionIV).

Charge transport
Linear charge anisotropy and AHE. Consider a crystal with both ani-
sotropy and AHE. The linear resistivity can be written as

’

[Pxx PXyJ B £,,€0s%(6) +p,, sin*(6) (B, = P,p)OS(O)SINO) =, e
P Py) (g, =Py cos(0)sin(8) +p,,. 0, SIN*(0) +p,, cos*(0)

where a, bare the principal crystalline directions, x, y are the lab coor-
dinates and x is the direction of the applied bias, and @ is the angle
between a and x. Based on this resistivity tensor, we explain how we
measured the charge anisotropy and AHE in UOTe. The longitudinal
resistance p; can measure the charge anisotropy, thatis, p,, # p,, (Sup-
plementary Information section VI.1.1). The transverse resistance

e p;;'s" +p,e Contains both anisotropy and AHE contributions.
p;)'("s" =0~ p,,)cos()sin(6) has a d-wave angular pattern and is
symmetric with B field (Supplementary Information section VI.1.2).
Paueisangular-independent and is antisymmetric with Bfield (Fig.3d,e).

The conductlwty tensorwasthen obtalned byinverting theresistiv-

o p
G Ty)_ 1 (P ¥ |. The AHE conductivity
yx O'yy PxxPyy ~ PxyPyx —,ny hex

wasthen obtamed by antisymmetrizing the off-diagonal conductivity
OAHE= — 3

ity tensor

Nonlinear Hall conductivity. The nonlinear Hall conductivity can be
obtained fromtheinjected current/° alongy, the measured nonlinear
vEy P

I9°R% Ry wid’

20
Hall voltage V5, as well as the linear resistances, by o2 Oy =

Experimental methods. Transport measurements were performed
ina Quantum Design Dynacool PPMS system with abase temperature
of 1.7 K and a maximum magnetic field of 9 T. For electrical transport
measurements, longitudinal and transverse voltages were recorded
simultaneously using standard low-frequency lock-in techniques
(SR830 lock-in amplifiers), with the magnetic field applied along the
out-of-plane direction.

Spintransport
We fabricated a spin-transport device using a standard nonlocal geom-
etry and performed Hanle spin precession measurements in both the
UOTe-Co configuration (Fig. 4) and Co-Co configuration (Supplemen-
tary Information section VIII.2.1). The same monolayer graphene serves
as the spin-transport channel, whereas either aUOTe or Co contact is
used as the spininjector and another Co contact as the spin detector.
To extract the spin polarization of spin injector and detector, we fit
the UOTe-Co and the Co-Co Hanle signal curves to the corresponding

solutions of the time-independent Bloch equations for auniform spin
diffusion system (Supplementary Information section VIII.2). Specifi-
cally, we make the following assumptions: (1) multiple Co contacts have
the same spin polarization; and (2) in the UOTe-Co experiment, we
consider only the spin injection at one edge of UOTe flake (closest to
the Co detector contact). In this case, we neglect the spin diffusion and
relaxationunderneath UOTe. This also contributes to the fact that the
extracted values provide a lower bound for the spin polarization of
the UOTe-covered region. Under these assumptions, we fit the Co-Co
Hanle curve to

1 - L -
R spinCOSP,COSQ, € Topin VTV 4 o i TVEBT
2w, Jl—iyeBr+J1+iyeBr

Rn' = (’Zlnjection)

X (nDetection) *

Thethreebrackets represent the three key parts of the Hanle experi-
ment. Miyjection AN Mpetections Which both range from 0% to 100%, are the
spininjection and detection efficiencies. Because both the injector
and detector are Co electrodes prepared using the same recipe, we
assume that Mypiection = Mpetection = Nco- The middle bracket characterizes
spin propagation and precession, where y. is the electron gyromag-
neticratio, R,;=3.8 kQ is the graphene sheet resistance, ;= 0.80 pm
and W;=4.70 pm are the channel length and width, respectively,
Agpinis the spin relaxation length, T is the spin lifetime, and ¢, , are the
angles between the Co contact magnetization and its easy axis. By
fitting the datain Supplementary Information section VIIL.2.1, we get
Aspin=2.17+£0.46 um, T=235.66 + 83.04 ps and 17, =1.03 + 0.11%.

We can proceed to fit the UOTe-Co Hanle curve by

L - L .
RsAspinCOSQ, eiﬁ miveBT_ eifls:inV L+iyeBr
2W, i(Jl—iyeBr+J1+iyeBr)

Rnl = (’Zlnjection) x

X (’ZDetection) 4

where yieciion IS the injection efficiency from UOTe, fpececion i the detec-
tion efficiency by Co, which has been determined above, Ry, = 3.8 kQ
isthe graphene sheet resistance, L,=1.58 pumand W,=4.53 pumare the
channel length and width. Note that the two equations are different
because of the differentinjected spin direction (UOTeinjects S,, whereas
CoinjectsS,). By fitting the datain Fig. 4d, we get A, =1.02+ 0.15 pm,
7=49.76 +14.68 ps, and yor. = 5.40 £ 0.99%.

Tight-binding modelling

In this model, a unit cell contains two U sites, each of which has a 6d
orbital, compatible with space group 129. Therefore, our minimal
model has two bands. The Hamiltonian reads H= -3 ; ;, to(a;'b; +b}a,-).
The chiral superlattice is then introduced as a slowly varying chiral
potential modulation, derived from the chiral displacement pat-
tern. The superlattice Hamlltoman readsH,=-3 t(x)(a,Tb +bTa )+
Y hwa'a; + 2 Vz(x)b b;.If thereis no chlral imbalance, then the U1
z+ixandU2z-ixare related by the inversion symmetry and C, screw
axis, therefore giving rise to a Dirac nodal crossing. The chiral imbal-
ancethenbreaksthe degeneracy between Ul z+ixand U2 z-ix, open-
ing up a gap at the nodal crossings. The resulting superlattice band
structure has strong Berry curvature with opposite sign at +k,
(Extended DataFig.3b), whichis generated by the spatial modulation
mechanism explained above. The spatial modulation of the Berry cur-
vature Q(x) is calculated by treating the slowly varying superlattice
modulation as an adiabatic parameter and approximating each local
region by ahomogeneous tight-binding Hamiltonian H(k; x). The result
isshownin Extended DataFig. 3e, consistent with our intuitive picture
inFig. 2.



Article

Wecanfurtherinclude the AFM order. The supermodulated AFM Ham-
iltonian reads H = H, + Hsoc + Hapy, Wwhere Hypy=m Y (ala, - ala,) -
by,
m3,;(bjaby = bjuby,) and Hsoc=~Asoc . (@ihal) (- 0) bj

v
The AFM couples strongly to the Berry curvature through the spin-
orbit coupling (SOC), lifting the cancellation between £k, and leading
toanetBerry curvature in k-space, explaining the AHE. The chiral super-
modulated AFM band structureis aspin Zeeman split semimetal. With
such alow-energy band structure, the spin polarization of the current
will be naturally large.

+h.c.

First-principles calculations

We used first-principles calculations within the DFT framework as
implemented in the Vienna ab initio simulation package®. The elec-
tronic structure was calculated using the projector-augmented-wave
pseudopotential, whereas the electron exchange-correlation effects
were treated with the local density approximation. SOC was incorpo-
rated throughj-dependent pseudopotentials. The energy cutoff of
450 eVwas used for the plane-wave basis set, and the BZ integration was
performed witha5 x 9 x5 k-mesh. The total energy tolerance criterion
was setto 107® eV. The onsite Coulomb potential was U=4 eV so that the
energy of the U5fband matches the ARPES data (thatis, ~2 eVbelow the
Fermilevel)*. For the atomic lattice, we used the experimentally deter-
mined lattice parameterin ref. 24. For the superlattice lattice structure,
we used the TEM-fitted displacement (see expressions insection ‘TEM
measurements and data analysis’), changing only the periodicity to 7a
(commensurate). Therefore, the level of chiralimbalance should serve
as areasonable reflection of the actually measured chiral imbalance
by TEM. The DFT calculation yields the magnetic group m,’, which
agrees with our TEM and X-ray diffraction experimental results above.
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Extended DataFig.1|Additional TEMat300 Kand100KinUOTe.
a-c,Additional TEM dataat 300K. a, Cross-sectional STEMimage of UOTe
showing amonoclinicdistortion. Thered line connecting Uatoms across layers
deviates fromthe vertical yellow referenceline, visualizing the cumulative
shear associated with the monoclinic distortion. Inset: Electron diffraction
patternacquired from the same cross-sectional region, revealing amonoclinic
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distortionangle of a~1.23°.b, Fitted displacement parameters of Uatoms
across15UOTelayers. See Methods.3 for the expressions for fitting the TEM
data. Thein-plane displacements of different layers have different lineshapes
(forexample, one can compare the highlighted red boxes). Therefore t7
symmetry isalso broken. ¢, Fitted values for each layer. d-f, Same as panels a-c
but for TEM dataat100K.



Article

a

Phonon Frequency (THz)

151 1
@
L] - ¢ » L -
. v » 0
< L]
1o} *1 e u
<
N Te
5F¢® . - . - ° e i
L] . " - pe L] ®
0 1 1 - 1 1 ]
5 10 15 20 25
X (A)

Extended DataFig.2|DFT-calculated phononband structure and
displacement of UOTe without superlattice. a, DFT-calculated phonon
bandstructure of UOTe. One branch of phonon has negative frequency at

q= (%Za—" , %27"), consistent with the experimentally observed g for the
superlattice. b, Atomic displacements corresponding to that unstable phonon
atthe negative frequency. Uland U2 (also Tel and Te2) have opposite chiral
winding structures, consistent with the experimental findings.
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Extended DataFig. 3| Theoretical tight-binding modeling of the chiral
superlattice quantum geometry. a, Chiral superlattice band structure.

b, Berry curvature k-space distribution of the low-energy superlattice band.
¢, Calculated Berry curvature dipole. d, Schematic of the chiral superlattice
containing the z+ixUland z- ix U2 chiral displacements. e, Spatially-resolved

Berry curvature at differentx valuesinthe superlattice, calculated by treating
theslowly varying superlattice modulation as an adiabatic parameter and
approximating eachlocal region by ahomogeneous tight-binding Hamiltonian
H(k; x).f-j, The same as panels (a-e) but for chiral superlattice plus the AFM
order. Panelhshowsthe calculated AHE angle.
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Extended DataFig. 4 |Excluding weak ferromagnetism and theregularHall field, large AHE is observed at zero magnetization, therefore demonstrating
effectas the main contribution of the AHE. a, Temperature dependence of
in-plane and out-of-plane magnetic susceptibilities (x,and x,). b, AHE and
magnetization (measured by magnetic circular dichroism). The magnetic
circulardichroismis the antisymmetric part of the optical circular dichroism,
which naturally excludes the chiral circular dichroism (see details in SLII1.3).
The net magnetization under finite magnetic field is givenby M=M,+x, B.
M,isthe spontaneous magnetization which was measured by the NV center
magnetometry tobe~10 mpgper Uion. Due to the small M,and large coercive

that the small net magnetizationis aside product of the symmetry breaking.
c,AHE asafunction of the magnetization using the datain panel (b) for129 K.

d, We can further discern the different contributions to the Hall effect including
theregular Hall effect, the weak ferromagnetism and theintrinsic AFM, i.e.,
Rane=RoB+RM,+R\ry. Roand Ry are slopes of the AHE vs. B field and AHE vs.
magnetization curves. The different contributions at129 K are shown here.
Theintrinsic AFM contribution strongly dominates.
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Extended DataFig. 5|Superlattice formation mechanism1-A comparison
between UOS and UOTe. These two compounds areisostructural, but UOS has
nosupermodulation. Acomparison of the nominal crystal structure shows
that UOS has an additional interlayer bond connecting the Uwith the Sinthe
next layer. Thisis enabled by the large S-U-S angle (82°), which resembles
openingarms. Such aninterlayer bond lowers energy. Forming similar interlayer
bondingin UOTeistoo energetically costly as the much longer U-Te bond
length would laterally stretch the U-O-U central block at asimilarly large bond
angle.Asaresult, inthe nominal unit cell of UOTe, the Te-U-Te bond angle is
much smaller (77°), protecting the U-O-U central block from being stretched
butinturnhindering theinterlayer bonding.
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Extended DataFig. 6 |Superlattice formation mechanism
2-Supermodulationas anintermediate phase. a, To form theinterlayer
bonding while keeping the central block unstretched, the layers decide to
locally curve up/down with opposite signs in adjacent layers, which s the
supermodulation. In this way, at specific locations, the Te-U-Te angle opens
up (81°), allowing the interlayer bonding. At some other locations, the Te-U-Te
angle decreases (73°), leading to anintralayer repulsion. The competition
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betweenthe interlayer bonding and intralayer repulsion gives rise to the
supermodulationin UOTe. b, More generally, we can consider three distinct
phases: (1) 3D covalent, (2) 2D vdW, (3) supermodulation as anintermediate
phase. The phase diagramis described by a Ginzburg-Landau theory (see main
text).c, DFT-calculated phonon dispersions of UOS, UOTe and UOTe with
artificiallyincreased vdW gap.
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Extended DataFig.7|Bond-mismatchsuperlattice and lattice-mismatch
superlattice. UOTeis abond-mismatch superlattice, inwhich the superlattice
strongly modifies the local U-O and U-Te bonding environment itself. This
providesareal-space handle onthe orbital composition and hopping amplitudes,
whichin turn produces spatially modulated Berry curvature, Berry-curvature
dipole, and related quantum-geometric responses (see SL.I1.5).
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ExtendedDataFig. 8| Proposed design principle for chiral supermodulation.

Based onthe above mechanismand phenomenological theory, we propose
adesign principle that goes from chemistry to physics to materials. a, From
chemistry, we cantune the size of the ions and the strength of chemical
bonds. b, To physics, the above chemical tuning of ion size and bond strength
effectively controls theinterlayer bonding and intralayer repulsion energies.

¢, To materials, there are around 500 compounds isostructural toUOTe in
theICSD database. We have developed an empirical rule based on material
parameterssuchastheionsize, the C-A-Cbond angle, and the ratios of bond

B . _ Interlayer A - C bond length _ Intralayer A - C bond length
lengths."?dUdlng n= IntralaygrAf C bond length 2= Intralayer A - B bond length* d Based
onempirical rules, we cansift through the material database to identify the

most promising materials (see SI.11.4).




Extended Data Table 1| TEM displacement fitting values at 300 K

Layer  AU! (pm) AY' (pm) BY' (pm) o (deg) ¢5}(deg) AY2(pm) AU (pm) BY? (pm) ¢Y%(deg)  ¢52(deg) ¥ (pm)
Layer 1 317407 78407 15+08 35+56 -234+27.8 315411 62411 09411 —1.0+101 —221+69.2 2.0
Layer 2 337406 79406 1.6+06 64+47 -27.54+223 340+1.0 70409 13+10 -94+79 —37.3+426 3.1
Layer 3 328406 7.7+£06 16406 144+49 —27.6+238 348+08 74408 21408 —129+63 —23.6+21.6 2.1
Layer 4 328407 74407 16407 102+53 —53+239 324+11 82411 22411 -83+79 —308+282 3.1
Layer 5 32.6+0.6 72406 17406 51451 —27.5+21.0 32.6+09 85+09 25409 —188+65 —325+21.5 2.9
Layer 6 32.0+0.6 7.6+06 18406 —14+50 —321+205 337410 82+1.0 28410 -05+74 —37.5+215 -3.2
Layer 7 337408 76+08 23408 —17+65 —549+209 321+10 7.7+1.0 19409 68+73 -155+299 -3.8
Layer 8 361409 83+09 15209 —15+63 —295+340 342408 7.5+08 20408 -30+66 —27.2+244 -3.7
Layer 9 36.0+1.0 92409 22+10 42462 -452+250 367+12 85+12 21+12 —62+81 —19.0+324 -2.9
Layer 10 34.3+08 84+08 20+08 80+58 —27.84240 33.6+1.2 7.9+12 25+12 —140+91 —30.6+281 -1.3
Layer 11 34.9+0.7 86407 1.8+07 13.9+49 —195+221 366+11 85+11 29411 —164+75 —348+221 3.2
Layer 12 33.6+0.8 7.8408 23+08 84+58 -47+192 335+11 86+11 21411 —100+7.6 —48.0+£304 48
Layer 13 344409 80408 21409 68+64 -221+238 384414 84414 21+14 —76+100 —33.8+39.0 3.7
Layer 14 32.2+0.8 84+07 13408 96+53 -81+327 33.1+1.1 88+11 21411 -10+76 —106+30.6 -3.1
Layer 15 31.4+10 81+1.0 23410 60+76 -79+267 31.0+12 82+12 24412 -50+87 309+286 04

Fitted displacement amplitudes, phases and net chirality (W) for UOTe at room temperature.
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Extended Data Table 2 | TEM displacement fitting values at 100 K

Layer  AU! (pm) AJ!(pm) BJ!(pm) ¢U'(deg) 5! (deg) AY?(pm) AJ?(pm) B2 (pm) ¢U2(deg) ¢52(deg) ¥ (pm)
Layer 1 322412 51411 19412 2914134 —242+343 31.3+09 100+£09 02+09 —44+52 35442020 5.7
Layer 2 321+1.3 57412 29+12 167+127 -27+249 319+1.0 93+1.0 21+1.0 —05+66 —343+282 6.1
Layer 3 340+1.3 54+1.2 25+12 183+134 —21.9+288 326+1.1 93+1.1 22+11 43+69 -153+285 5.3
Layer 4 342408 72408 27408 204466 274177 341409 80+09 1.6+09 —03+65 —69.3+311 5.9
Layer 5 347+1.3 7.6+1.3 22+1.3 150+£100 —18.1+33.2 346+1.2 94+1.2 19+12 —-38+7.6 —282+358 5.2
Layer 6 343+12 57412 314+11 149+121 —135+225 332410 94409 14410 —49+6.0 —39.0+383 6.4
Layer 7 337+12 69412 13+12 90+103 —385+543 33.3+1.1 102+11 1.7+11 -80+65 —128+374 3.8
Layer 8 327+12 64412 12412 130+£11.2 -57+59.3 307410 93+1.0 11+£1.0 -49+63 75+491 3.9
Layer 9 31.3+15 63+15 25+15 —20+143 —30.9+353 31.24£09 93409 1.2+09 49+58 92+423 50
Layer 10 34.6+1.5 51414 21+14 17.0+£165 774393 342413 96+1.2 14+12 —1.9+78 41.0+£534 54
Layer 11 354+1.5 72415 23+15 11.3+123 12.6+38.1 348+09 89+09 11+£09 13+60 -69+47.9 5.1
Layer 12 37.0+1.6 6.1+1.5 3.1+15 54+150 160+£292 337+1.0 105+09 1.9+09 —54+54 147+289 6.2
Layer 13 37.1+1.5 78415 24+15 1.6+11.4 -254+36.1 339+1.0 102+1.0 1.0+£1.0 41+59 309+56.3 54
Layer 14 346+17 51417 23+17 —07+19.3 —235+43.0 355+1.3 103+13 1.9+13 —43+75 —169+39.0 5.7
Layer 15 32.6+18 58417 27+18 87+178 —104+37.8 343407 94+07 04407 -12+43 631+97.8 6.1

Fitted displacement amplitudes, phases and net chirality (W) for UOTe at 100 K.
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