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Weyl-mediated helical magnetism in NdAISi
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Emergent relativistic quasiparticles in Weyl semimetals are the source of exotic electronic properties such as surface Fermi
arcs, the anomalous Hall effect and negative magnetoresistance, all observed in real materials. Whereas these phenomena
highlight the effect of Weyl fermions on the electronic transport properties, less is known about what collective phenom-
ena they may support. Here, we report a Weyl semimetal, NdAISi, that offers an example. Using neutron diffraction, we
found a long-wavelength helical magnetic order in NdAISi, the periodicity of which is linked to the nesting vector between
two topologically non-trivial Fermi pockets, which we characterize using density functional theory and quantum oscilla-
tion measurements. We further show the chiral transverse component of the spin structure is promoted by bond-oriented
Dzyaloshinskii-Moriya interactions associated with Weyl exchange processes. Our work provides a rare example of Weyl

fermions driving collective magnetism.

eyl semimetals are topologically non-trivial phases

of matter that sustain low-energy excitations in the

form of massless fermionic quasiparticles known as
the Weyl fermions'?. It is necessary to break either inversion*~* or
time-reversal®'' symmetry to establish a Weyl semimetal. A rare
occasion arises, however, if a material breaks both symmetries and
offers an opportunity to study the interplay between magnetism
and Weyl fermions'*~"°. Here we present an extensive experimen-
tal and theoretical study of a Weyl semimetal, NdAISi, that breaks
both symmetries. Our neutron diffraction experiment reveals that
the leading instability of the Weyl semimetal is to long-wavelength
incommensurate order, followed by a lower temperature transi-
tion to commensurate ferrimagnetism. Using quantum oscillation
measurements and density functional theory (DFT), we find that
the incommensurate wavevector connects different branches of the
Fermi surface that contain Weyl fermions. This raises the interest-
ing possibility of a magnetic order driven by relativistic electrons
in NdAISi.

Structural, magnetic and electronic bulk properties

Single crystals of NdAISi were grown by a self-flux approach
(Methods). The centred tetragonal unit cell and the first Brillouin
zone of NdAISi are shown in Fig. 1a,b. The structure breaks inver-
sion symmetry, but site mixing between Al and Si can, however,
restore a glide plane symmetry and change the space (point) group
from non-centrosymmetic I4,md (C,,) to centrosymmetric I4,/amd
(Cyp). Contrary to X-ray scattering'®, the neutron scattering length
(b) of Al and Si are sufficiently different (b(Al)=3.449fm, b(Si)=
4.1491fm) that site mixing is readily apparent in neutron diffrac-
tion. The refinement of our single-crystal neutron diffraction pat-
tern for NdAISi in the I4,md space group is shown in Fig. 1c, while
the atomic positions of each ion are reported in Supplementary
Table 1. A better fit (with reduced chi-squared y*=5.70) is obtained

in I4,;md compared to refinement in the I4,/amd space group
(r*=6.04), which yields a limit of 9% on Si-Al site mixing. The
inset of Fig. 1c shows a strong second harmonic generation signal
(ee=-1153)pm V!, y,..=94(2)pm V™" and y,,=564(5)pmV"’)
that originates from a bulk electric dipole and fits to the point group
C,,- Thus, we confirm that the non-centrosymmetric space group
I4,md is correct for NdAISi (Supplementary Fig. 1).

The magnetic heat capacity (C,®) of NdAISi is plotted in Fig.
1d, revealing a broad anomaly at approximately 18 K, as well as two
peaks at a critical temperature of T, .=7.2(1)K and T.,,,=3.3(1) K.
A total entropy of AS=0.96(2) X RIn(10) is released between 2.35K
and 300K (inset of Fig. 1d), where R is the molar gas constant. This
is the value expected for the ground-state spin-orbital manifold of
Nd** with orbital angular momentum L=6, spin S=3/2 and total
angular momentum J=9/2. Fitting the temperature dependence of
C,*® indicates splitting of the 2]+ 1=10-fold degenerate ] multiplet
into a ground-state doublet and four excited doublets at an energy
gap A =4(2) meV. The low-temperature anomalies at T, . =7.2K and
T..m=3.3 K mark two magnetic phase transitions.

The temperature dependence of the inverse out-of-plane mag-
netic susceptibility (1/y,) and its ratio with the in-plane susceptibil-
ity (v./x.) are reported in Fig. 2a. An isotropic Curie-Weiss (CW) fit
with a CW temperature @, =10.2(8) K and an effective magnetic
moment p = 3.65(5)u, where iy, is the Bohr magneton, describes
the data well at high temperature, but fails at low temperature where
the system develops an Ising-like easy axis anisotropy with y,/y,> 80
at T=1.8K. Comparing Fig. 1d and Fig. 2a shows that the signature
of T, is clearer in the heat capacity, whereas T, is most prominent
in the magnetic susceptibility data. This is consistent with a putative
antiferromagnetic (AFM) transition with a magnetic ordering vec-
tor k#0 at T;,. and a ferrimagnetic transition with k=0 at T, .. The
magnetic transitions also affect the electrical resistivity (Fig. 2b),
where the first small drop at T},  and the second larger drop at T,
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Fig. 1] Crystal structure of NdAISi. a,b, Structure of the
non-centrosymmetric NdAISi with space group 14,md (no. 109; a) and its
associated first Brillouin zone shown in b. There are two simple mirror
planes, m, and m,, and two glide mirrors, m,, and m,y. These are shownin b
as the light red and green planes, with the Z-I'-X path lying in the green m,,
mirror plane and the I'-S-N-S’-Z-T path lying in the red m, mirror plane. ¢,
Refinement of single-crystal nuclear neutron diffraction data collected at
100K, where F,,. and F_, are the observed and calculated structure factors,
respectively. A black line of slope 1is shown for visualization. Error bars are
discussed in the Methods. The second harmonic generation signal (1,) is
shown as an inset. d, Temperature dependence of the magnetic heat capacity
(main panel) and magnetic entropy (S,,.,) of NdAISi (inset panel), which
were isolated from the net heat capacity by subtracting the heat capacity
of non-magnetic LaAlSi. The red lines represent an estimate of the energy
scheme for the ground-state spin-orbit manifold of the Nd** ions in NdAISi.

are correlated with the magnetic transitions. As explained below,
the resistivity minimum at approximately 6 K correlates with the
appearance of a third harmonic of the incommensurate order that
is a precursor to the ferrimagnetic state observed for T<T,,.. The
resistivity changes observed across the magnetic phase transitions
can occur due to differences in the spin excitations or to the Fermi
surface or to the domain walls scattering.

Neutron diffraction and spin structure

The magnetic order parameters were determined through
single-crystal neutron diffraction experiments that are summarized
in Fig. 2¢,d. Below T, we found AFM Bragg peaks that are char-
acterized by an incommensurate kinc = (3 + 8, 2 4 §,0) ordering
wavevector. We also observed magnetic Bragg peaks correspond-
ing to the third harmonics of this wavevector, that is k= (34, 35,0),
whose intensity smoothly increases upon cooling from T; . to T,,,.
The incommensurability §(T) shows a weak temperature depen-
dence before dropping to zero for T< T, where an abrupt transi-
tion to commensurate ferrimagnetic order occurs (Fig. 2d).

The spin polarization of both the ferromagnetic (FM) k=(0,0,0)
and the AFM keom = (3, £,0) components of the T<T,,, ferri-
magnetic spin structure were determined through refinement of
magnetic neutron diffraction data (Supplementary Figs. 2 and 3).
The primitive unit cell of NdAISi contains two Nd ions located at

positions r;=(0,0,0) and r» = (4,0, 1) whose spin orientation and
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magnitude can differ in the ordered state. For the k=(0,0,0) com-
ponent of the spin structure, however, such a difference would pro-
duce magnetic Bragg reflections at k=(1,1,0) positions, which are
nuclearly forbidden in space group I4,md and are not present at any
temperature in our data. Magnetic Bragg intensity was detected only
at k=(0,0,0) positions such as the Bragg peak position Q=(1,0,1)
(Fig. 3a). Furthermore, no magnetic Bragg intensity was detected at
any of the Q=1(0,0,[) Bragg peaks (such as Q=(0,0,4), shown in
the inset of Fig. 3a). This precludes ordered in-plane components
of the spins. Thus, we conclude that the k=(0,0,0) component of
the commensurate low-T spin structure is ferromagnetic with spins
oriented along the c direction (left inset of Fig. 3a).

The commensurate keom = (%, %, 0) magnetism can be resolved
in independent components polarized along the [110], [110] and
[001] real space directions. Each component of the magnetic
moment on the r, and r, Nd sites of the chemical unit cell can
either be parallel (+) or antiparallel (—) to each other. The latter
two scenarios can be distinguished through neutron diffraction
as + yields Q, =G+ (+1/3,+1/3,0) Bragg peaks while — leads to
Q_=G+(+2/3,+2/3,0) peaks where G is any allowed nuclear
Bragg peak. We found magnetic Bragg scattering at Q_ positions
that is two orders of magnitude greater than at Q,, which indicates
a dominant — state (Supplementary Fig. 3). The Ising anisotropy
for this order was established by examining the Q_ - ¢ dependence
of the Bragg intensity (Fig. 3b) and shows this dominant compo-
nent of the order is polarized along ¢, which is the unit vector of
the lattice vector ¢. The Q4 - ¢ dependence of the Bragg intensity at
G+ (£1/3,+1/3,0), on the other hand, shows this weak component
of the spin structure is polarized along the ¢ x k direction and so
along (110) for k=(+1/3,+1/3,0). This in-plane spin component
is allowed by symmetry and is refined to a magnitude of 0.14(2);
per Nd (Supplementary Fig. 3). While we cannot determine the pre-
ferred handedness with unpolarized neutrons, this spin structure is
chiral as indicated in Fig. 3c-e.

The k=(0,0,0) and keom = (3, £, 0) components of the NdAISi
spin structure are respectively shown in the inset of Fig. 3a,b.
Refined moment sizes of 1.1(2)u; per Nd and 3.8(4)p; per Nd
were determined for the FM and AFM components, respectively.
While the phase relationship between these components is uncon-
strained by diffraction, a constant moment requirement fixes the
phase. The corresponding structure (Fig. 3c) can be described
as a canted one-dimensional up-down-down (u-d-d) chain in
Fig. 3d, where each arrow represents a plane of spins perpendicu-
lar to k., (Fig. 3e).

The magnetization curve for the applied field H|| ¢ features
two plateaus (Fig. 3f). The first plateau for applied field u,H in the
range pH,=0.1T <u,H<pu,H.=58T, with a net magnetization
of 1.0(1)uy per Nd is consistent with a single domain u-d-d state,
where p, is the electron magnetic moment. In agreement with the
vanishing of k_,,, Bragg diffraction at H, (Fig. 3f), the second plateau
for u,H>pH,=5.8T corresponds to the saturated state (u-u-u)
with a magnetization of 2.9(1)u;, per Nd, which matches the sub-
lattice magnetization of the zero-field u-d-d state as determined
by diffraction.

Locally, the incommensurate spin structure of NdAISi is also a
canted Ising u-d-d structure (Supplementary Fig. 3), though with
a long-wavelength amplitude modulation of 145(8)nm at T=3.5K.
Incommensurate-to-commensurate phase transitions occur in
many rare-earth and actinide intermetallics including UNi,Si, (ref.
17), CeNiAsO (ref. ') and CeSb (ref. ). Considering the exchange
interactions and the strong easy axis anisotropy, mean field theory
shows thatamplitude-modulated incommensurate spin density wave
orderingis generally unstable towards alower T'transitionintoa com-
mensurate spin structure”’. NdAISi can be understood within this
theoretical framework: An amplitude-modulated spin density wave
with kine = (3 + 8, 2 + 5, 0) first appears below T,,, its amplitude
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Fig. 2 | Magnetic phase transitions in NdAISi. a, Temperature dependence of the inverse susceptibility for a field applied along the c axis (y.) as well as
its ratio with the in-plane susceptibility (y,). The inset panels shows y, at low temperature. b, The a-b plane longitudinal electrical resistivity of NdAISi
versus temperature. A zoomed in picture of the electrical resistivity data at low temperature is in the inset. ¢,d, Respectively, the temperature dependence
of the ordered moment and the associated wavevectors. For ¢ and d, the blue data points were acquired at the Q=(2/3+6,2/3+6,0) incommensurate
magnetic Bragg peak and were chosen to represent the order parameter for (2/3+6, 2/3+46, 0), while the red data points are from Q=(1+35,1+36,2)
and were chosen to represent the order parameter for (36, 36, 0), where § is the incommensurability in relative lattice units (r.l.u.). Error bars for cand d

are discussed in the Methods.

growing upon cooling until T,,,. As the amplitude grows, so does
the third harmonic k= (36, 35, 0), which indicates that the sine wave
is ‘squaring up’ and the magnitude of the moment on each site is
becoming more constant through the lattice upon cooling. For an
Ising-like incommensurate state, full magnetization on every site is
expected at T=0, and it requires abrupt soliton-like defects. At T,
the commensurate u—-d-d state with constant moment size per site
becomes energetically favourable. Though its periodicity deviates
slightly from that favoured by Fermi-surface nesting, the commen-
surate square-wave structure allows all Nd sites to achieve the satu-
ration magnetization (Fig. 2¢).

Quantum oscillations and band structure calculations

Magnetic interactions between rare-earth ions in metals are medi-
ated by conduction electrons through the Ruderman-Kittel-
Kasuya-Yosida (RKKY) mechanism. The often oscillatory character
of the ordered state reflects the Fermi surface and the associated
Lindhard susceptibility’*>. To make the connection between the
modulated magnetism of NdAISi and itinerant electrons, we com-
bine DFT calculations and quantum oscillation experiments.

We present the field dependence of resistivity with H|| [001]
in Fig. 3g. Shubnikov-de Haas (SdH) oscillations are observed at
small fields. The pattern of SdH oscillations is visibly different in the
AFM u-d-d phase for H< H, compared to the FM u-u-u phase for
H> H,. To extract the purely oscillatory part of the resistivity, Ap,,,
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we subtract a smooth background from the p,(H) curve at each
temperature. The resulting Ap,.(H) curves are plotted as a function
of 1/H in Fig. 4a (also Supplementary Fig. 6). Three phases with dif-
ferent oscillatory patterns are separated by dashed lines in Fig. 4a:
the paramagnetic (PM) phase above T, the FM u-d-d phase below
T;,. and H and the FM phase below T;,. and above H.. To extract the
quantum oscillation frequencies, we performed a Fourier analysis
in each phase, the result of which is shown in Fig. 4b—d. The peaks
in Fig. 4d reveal oscillation frequencies in the PM phase with two
characteristic frequencies, @ and . For T< T.,,,, however, only the
a peak survives in the low-field u-d-d phase, while only the f peak
survives in the FM phase (Fig. 4b,c).

We shall now establish a connection between the conduction
electrons participating in quantum oscillations and the incommen-
surate atomic f-orbitals’ magnetism by comparing the characteristic
wavevector inferred from the SdH frequencies to the incommensu-
rate ordering wavevector. The SdH frequencies are associated with
the conduction electrons, and the ordering wavevector with the
localized f-moment. The SdH oscillation frequencies F are related
to the extremal orbit area (A,,,) on the Fermi surface via the Onsager
relation F = Z%Aext, where ¢, is the magnetic flux quantum. From
here, we determine the characteristic reciprocal space dimen-
sion of the @ and f orbits using kg p = VV/Aext/T = /208Fq 3/¢ho
and plot these as a function of temperature along with the incom-
mensurate component of the magnetic wavevector gs = 5v/2a* in
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Fig. 3 | Commensurate ferrimagnetic spin structure of NdAISi. a, Rocking scans at Q=(1,0,1) (main) and Q=(0, 0, 4) (right inset) whose magnetic

intensities are consistent with the FM spin structure shown in the left inset. b, The Q¢ dependence of the Q = (2 2

2 2

55 [)and (% % l) Br{?gg peaks at

T=1.6K, which have been normalized to the (3, 5, 0) Bragg peaks and multiplied by the ratio of their form factors f(Q). The calculated Q - ¢ dependence

of the magnetic Bragg scattering intensity for three different spin polarizations is plotted and reveals the AFM keom = (2, 2

55 0) component is polarized

along ¢ whereas the keom = (%, % 0) component is polarized along ¢ x k. Error bars are discussed in the Methods. ¢, A three-dimensional representation
of the NdAISi spin structure, which is obtained by adding the structures shown in the inset of a. The red (blue) arrows represent the Nd*+ up (down) spins.
d, The effective one-dimensional spin configuration of ¢ projected to z=0 and plotted along the [110] direction. e, The spin structure with the c axis coming

out of the page. We note that for c-e, the spin canting has been amplified by a factor of six for visualization purposes. f,g, The ¢ axis field dependence of

the magnetization (Mg) as well as the AFM k., component at T=1.6K (ME

2/3,2/3,0

)) is shown in f, and the electrical resistivity is shown in g for various

temperatures. The arrows in f indicate the transition from an AFM u-d-d to a FM u-u-u phase. Error bars represent +1 standard deviation.

Fig. 4e, where a* is the reciprocal lattice vector. All wavevectors
vary smoothly with temperature, and the similarity of their rate of
change with T (specifically |dk,,/dT|~|dg,/dT]) is consistent with
a link between the incommensurate order and the Fermi surface
of NdAISi.

To explore this possibility, we performed DFT calculations
(Methods) in the various magnetic phases of NdAlSi. For a robust
determination of the Fermi energy E. using quantum oscilla-
tion data, the DFT results are compared to SdH oscillations in the
high-field FM state, the band structure of which is shown in Fig. 5a.
For this calculation, the spin-orbit coupling is taken into account
and the partially filled f orbitals are included in the valence. A large
density of f states is obtained at the Fermi level without on-site
interactions Hubbard U, but these are pushed away to lower and
higher energies in the DFT + U calculations, where we have adopted
U=6¢eV (refs. >%). In this case, a magnetic moment of 2.94y; per
Nd is obtained, which is indistinguishable from the FM saturation
magnetization (Fig. 3f) and the 2.9(1)y;; per Nd sublattice magne-
tization of the commensurate low-T state determined by neutron
diffraction.

We used the Wannier90 (ref. **) package to accurately interpolate
the first-principles band structure (Methods). From here, we find a
total of 56 Weyl nodes in this FM phase, whose locations within the
first Brillouin zone are shown in Fig. 5b,c. The colours of the Weyl
nodes reflect their chiralities, with red and blue dots representing
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nodes with chiralities +1 and —1, respectively. Because the magnetic
point group has eight symmetry elements, the Weyl points come in
groups of eight nodes that are all degenerate in energy, four with
chirality +1 and four with chirality —1. We label the nodes as W,
(one group), W, (two groups), W (two groups), W’; (one group)
and W”; (one group), accounting for a total of 56 Weyl nodes.
The type and momentum space location of these Weyl nodes are
strongly impacted by the f-electron magnetism. For example, Weyl
nodes in the FM phase appear close to the glide mirror plane lying
along the I'-X direction. These arise due to the crossing of spin-up
and spin-down bands, so they are not stabilized in the PM phase
(Supplementary Figs. 4 and 5). Furthermore, Weyl nodes along the
§’-Z direction change from type I to type II in going from the PM
to the FM phase.

Having presented the quantum oscillations and DFT calcula-
tions for NdAISi, we now combine these to obtain the Fermi sur-
face in the FM state (Fig. 5d,e). The Fermi level was determined
by comparing the calculated f frequency from DFT and the
experimental value of k; from quantum oscillations, as well as two
other quantum oscillation frequencies that were resolved in our
high-field experiment (y and X in Supplementary Fig. 6). The best
agreement was obtained with Ep — ER'T = +30(3) meV, where
ERFT = 6.7473 €V is the charge-neutrality point. The parts of the
resulting Fermi surface that support the extremal orbit f, y and X
are indicated in Fig. 5d,e.
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characterized by quantum oscillations (Fig. 4).

Incommensurate magnetism and nesting wavevector

The kinc = (3 + 8, 2 + 5,0) magnetic order of NdAISi is unique
among the reported RAISi/RAIGe compounds (where R is a
rare-earth ion), where so far only commensurate k=0 orders were
reported in the zero field”*. To understand the origin of this
modulated magnetic order, we note that the Fermi surface for FM
NdAISi includes pockets near Q = (+3, +1,1) with both /=0 and
1#0 (Fig. 5d,e). Nesting between symmetrically equivalent diago-
nal pairs of these pockets might be responsible for the instability of
the FM state towards formation of the kine = (3 + 5, 2 + 6, 0) spin
density wave for H < H, (the nesting vector, q,, in Fig. 5d).
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A quantitative comparison of the nesting vector q,, and the mag-
netic ordering vector is presented in Fig. 6a. For this figure, we gen-
erated the Fermi surface of FM NdAISi for a wide range of E; and
extracted the extremal positions of the l-integrated Fermi pockets
lying along (110). The minimum and maximum extremal positions
of these pockets were then multiplied by two to define the range
of possible nesting vectors (Fig. 6b) bounded by the green region
between ¢,...(E;) and ¢,.,(E;) in Fig. 6a. The vertical blue bar in
Fig. 6a represents the value of E;; that was independently determined
by the quantum oscillation analysis, while the horizontal red bar is
k;,. from neutron diffraction. The red and blue lines meet in the
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Fig. 6 | Nesting vector and the (% + 6, % + &, 0) magnetic order in NdAISi. a, The black dots represent the minimum (g,,,,) and maximum (q,..,)
momentum vectors connecting two Fermi pockets of NdAISi that lie along the (hh0O) or I'—=X direction of the first Brillouin zone. The green region
encompasses all possible nesting vectors versus Er — EPFT, where EPFT is the charge-neutrality level. The red line indicates the (% —+ 6, % + 8,0) magnetic
wavevector detected by neutron diffraction in NdAISi and the blue line is the value of Ef — EEFT obtained from our quantum oscillation analysis. The
horizontal blue bars represent the error bars on £ — EFDFT, for which we provide further details in the Supplementary Information (Supplementary Fig. 6).
b, Fermi surface of FM NdAISi for Ef — EFDFT = 33 meV with arrows indicating q,,,, and q,,,,, used for the analysis presented in a.

green region, where nesting conditions are satisfied. This indicates
that the nesting between Fermi pockets lying along (110) could be
responsible for the magnetic order observed in NdAISi. We note
that this result is not the fruit of a fine tuning of E; since the nesting
condition is satisfied over a broad range of E;, which extends well
beyond the constraints of our quantum oscillation analysis.

We can then rationalize the low-temperature magnetic order
starting from the FM state where the Zeeman term completely
dominates and all the spins point along the ¢ axis. Upon decreasing
the field to H,, the magnetic susceptibility develops a peak at ki,
due to RKKY interactions that favour the nesting wavevector. At
still lower fields, the corresponding modulated and weakly canted
magnetic order emerges to gap the soft mode. This phenomenology
is well established for various rare-earth metallic and intermetallic
systems*".

Discussion and conclusion

NdALlSi is special in that the nesting Fermi pockets contain W, Weyl
nodes that are 41 meV above E;. (Fig. 5b,c). Weyl-mediated RKKY
interactions have been studied using perturbation theory* .
Every pair of Weyl nodes separated by a wavevector q contrib-
utes Heisenberg, Kitaev and Dzyaloshinskii-Moriya interactions
among local moments. The Heisenberg coupling J(6r) between
two moments a distance Jr apart features sign-changing spatial
modulations with wavevector q and a rapid attenuation at larger
distances |6r| > h/A, where A is the momentum cut-off in the rela-
tivistic dispersion of Weyl electrons and h is the Planck constant.
The overall J(6r — 0) < 0 from equal-chirality Weyl nodes promotes
a spin density wave at q while every single node yields a q=0 ferro-
magnetic channel through intra-node electron scattering. This lat-
ter interaction naturally explains the kg, =0 spin component that
ultimately develops in NdAISi, as it is favoured by every Weyl hole
and electron pocket.

The AFM spin component can arise from inter-node scat-
tering processes. The multitude of Weyl nodes in NdAISi cre-
ates many potential AFM ordering channels from which only the
Kinc = (5 + 6,2 +6,0) order actually arises. To understand its
selection, we note that nearly commensurate nesting wavevectors
produce orders that support saturated sublattice magnetization and
therefore are energetically favoured. Moreover, k;,. approximately
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connects not one but four symmetry-related pairs of W, Weyl
nodes. Furthermore, the third harmonic 3k,,., which must be pres-
ent in a sublattice-saturating square-wave state and was observed
at (36,306,0) (Fig. 2c), is near the I" point. Thus, in contrast to other
Weyl-Weyl ordering channels, the third harmonic of k,, is favoured
by q— 0 intra-node scattering.

The observation of a chiral spin texture in NdAlSi points to size-
able Dzyaloshinskii-Moriya interactions, which are predicted by the
Weyl-mediated RKKY coupling. The Dzyaloshinskii-Moriya vector
associated with a pair of spins is furthermore predicted to lie parallel
to their displacement®®***. The low-T spin structure we observe in
NdAISi can be stabilized by an easy axis crystal field term, sizeable
AFM first and second nearest-neighbour exchange interactions and
weaker first and second nearest-neighbour Dzyaloshinskii-Moriya
interactions constrained by the Weyl-RKKY coupling to lie along
the bond vectors. Weyl-mediated RKKY interactions thus provide a
coherent provisional explanation of the observed magnetic order in
NdALISi (also Supplementary Fig. 7).

In conclusion, we have discovered an incommensurate mag-
netic ordering in NdAISi, an inversion-symmetry-breaking semi-
metal with topologically protected Weyl nodes. Upon cooling, the
magnetic wavevector kinc = (3 4 6, 2 + 5, 0) approaches the com-
mensurate point (§ — 0) while the third harmonic grows and the
incommensurate structure acquires square-wave character. This
culminates in a phase transition to low-T commensurate chiral fer-
rimagnetism with characteristic wavevectors k=(0, 0, 0), (3, 1,0)
and (3, £,0). Low-field temperature-dependent quantum oscilla-
tions of the magnetoresistance links 6(T) to the characteristic linear
dimension of the Fermi surface. Through DFT + U calculations we
establish the Fermi surface of the field-driven ferromagnetic state,
determining the chemical potential through comparison of extre-
mal orbital areas to SAH oscillation frequencies. The k. is found
to approximately connect four pairs of Weyl nodes and the small
associated Fermi pockets. While Ising like with moments pre-
dominantly along ¢, the low-T ferrimagnetic structure has a small
transverse component that renders the ordered state chiral. These
observations indicate the magnetic order in NdAISi is driven by
Weyl exchange interactions: inter- and intra-Weyl point processes
favouring k;,. and k=(0, 0, 0), respectively. Our work provides a
concrete example of collective magnetism driven by Weyl fermions.
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Methods

Crystal growth. We used a self-flux method to grow single crystals of NdAlSi. The
starting materials were elemental Nd, Al and Si chunks with composition Nd/Al/
Si=1:10:1, mixed in an alumina crucible. The crucible was placed in a quartz tube,
in which quartz wool was inserted as the strainer, and the tube was sealed under
vacuum. The tube was placed in a box furnace, heated to 1,000°C at 3°Cmin-},
held for 12hours, cooled to 700°C at 0.1 °Cmin, maintained at 700 °C for
12hours and then centrifuged to remove the Al flux.

Transport and magnetization measurements. Transport properties of NdAlSi
were measured in a DynaCool physical property measurement system (Quantum
Design). Electrical resistivity was measured with a standard four-probe technique,
and the heat capacity was measured with a relaxation time method. The d.c.
magnetization was measured using a vibrating sample magnetometer in a
Quantum Design MPMS3. We measured quantum oscillations of resistivity in a
35T d.c. Bitter magnet inside a *He fridge at a base temperature of 300 mK at the
National High Magnetic Field Laboratory in Tallahassee. All samples used for
transport measurements were carefully sanded to remove the residual Al flux and
to have the ideal bar geometry for the determination of resistivity.

Second harmonic generation. The second harmonic generation data in the inset
to Fig. 1c were taken at normal incidence on the [101] face of as-grown crystals

for incoming/outgoing wavelengths of 1,500 nm/750 nm as a function of the
incoming field polarization and measured for emitted light polarized parallel to the
[010] crystalline axis. In this geometry, all bulk contributions to second harmonic
generation from space group no. 141 are forbidden.

Neutron diffraction. The structure of NdAISi was characterized by a single-crystal
neutron time-of-flight diffraction experiment on TOPAZ at Oak Ridge National
Laboratories. A 1 mm® sample of NdAISi was mounted on a goniometer and
cooled to 100K. A three-dimensional neutron diffraction map was acquired for 13
different sample orientations, allowing coverage of 1,654 Bragg peaks. The nuclear
structure factors were extracted from the three-dimensional datasets following a
method reported by Schultz et al.”'. The structural refinements were performed
within space groups no. 109 and no. 141 using GSAS-II (ref. **).

The magnetic structure of NdAISi was determined through various
triple-axis neutron diffraction experiments using the BT-7, MACS and SPINS
spectrometers, which are all located at the National Institute of Standards and
Technology. These experiments were performed on single crystals of NdAISi
with a mass of ~50 mg aligned to collect diffraction data within the (hk0), (hhl)
and (h0l) scattering planes for temperatures ranging from 1.5K to 15K. A 10T
vertical field magnet was used for the MACS experiment, which was performed
with the c axis vertical such that the field dependence of the (2, £, 0) Bragg
peak intensity could be measured at 1.6 K for a field applied along the ¢ axis.

As on MACS, the order parameter measurements were acquired on SPINS
with incident and scattered neutron energies of 3.7 meV. Cooled Be filters
were employed before and after the sample. Rocking scans within the three
magnetic phases of NdAISi were collected using BT-7 to refine its magnetic
structure as a function of temperature. We used pyrolytic graphite-filtered
35meV neutrons for this work. The error bars for the diffraction data
correspond to +1 standard deviation.

DFT. The DFT calculations were performed in a plane-wave basis as implemented
in the Vienna Ab initio Simulation Package®** with the Perdew-Burke-
Ernzerhof* generalized-gradient exchange-correlation functional. When the f
electrons are included in the valence, the on-site correlation is taken into account
using the DFT + U approximation with a range of Hubbard U values from 4eV to
8eV at the Nd f state. The results shown here are for the Hubbard U of 6eV and

a similar result was observed going to higher values of Hubbard U. Spin-orbit
coupling was also included for all Nd ions as implemented in the pseudopotentials
and appears to be an essential ingredient for topological properties in the presence
of magnetism. We obtained a Wannier interpolation of the band structure

near the Fermi level using Wannier90 (ref. **) and calculated the Weyl node
positions using the WannierTools package™. A k point grid of 4 X 4 x 4 was used
to discretize the first Brillouin zone. The relaxation of the atomic positions was
carried out keeping the lattice parameters fixed at experimental values with the
force criterion 102V A",
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Data availability

All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Information. Additional data related to this paper may
be requested from the authors.
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