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Abstract29

A fundamental question concerns how topological electronic states are influ-30

enced by many-body correlations, and magnetic Weyl semimetals represent an31

important material platform to address this problem. However, the magnetic32

structures realised in these materials are limited, and in particular, no clear33

example of an undistorted helimagnetic state has been definitively identified.34

Here, we report clear evidence of a harmonic helimagnetic cycloid with an in-35

commensurate magnetic propagation vector Q in the Weyl semimetal GdAlSi36

via resonant elastic X-ray scattering, including rigorous polarization analysis.37

This cycloidal structure is consistent with the Dzyaloshinskii–Moriya (DM) in-38

teraction prescribed by the polar crystal structure of GdAlSi. Upon applying a39

magnetic field, the cycloid undergoes a transition to a novel multi-Q state. This40

field-induced, noncoplanar texture is consistent with our numerical spin model,41

which incorporates the DMDzyaloshinskii–Moriya interaction and, crucially,42

anisotropic exchange. The perfectly harmonic Weyl helimagnet GdAlSiThe43

perfectly harmonic Weyl helimagnet GdAlSi serves as a prototypical platform44

to study electronic correlation effects in periodically modulated Weyl semimet-45

als.46
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Main Text47

Introduction.48

Inversion-breaking Weyl semimetals host two-fold degenerate band crossings with a quasi-49

relativistic, linear energy-momentum dispersion and protected surface Fermi arcs [1]. As50

such, inversion breaking Weyl semimetals provide a platform to study the interplay between51

many-body correlations and topologically nontrivial electronic states. Relevant proposals in-52

clude the formation of an axion insulator [2–4] and a three-dimensional fractional quantum53

Hall effect (3D FQHE) from disordered domains in a Weyl charge-density-wave [5–7]. Such54

states are realised by band-folding of Weyl fermions into a small Brillouin zone upon for-55

mation of periodically modulated order, and conditions for the hybridization of Weyl points56

have been derived and phrased in the language of special relativity [8]. In this context, not57

only charge order but also the formation of periodically modulated helimagnetic states in58

inversion broken Weyl semimetals, and the question of the relevant magnetic interactions59

in such Weyl semimetals, has been a topic of interest [9–15]. However, an ideal platform60

for studying the interplay of Weyl fermions with helimagnetism – a perfect and undistorted61

helimagnetic structure in an inversion breaking Weyl semimetal – has never been reported62

by quantitative polarization analysis [16, 17].63

Here, we report the undistorted, cycloidal helimagnetic ground state of GdAlSi with per-64

fectly isotropic Gd3+, a material in which Fermi arcs from Weyl nodes have been identified,65

and a possibly related anomalous Hall effect has been observed under a magnetic field; the66

experiment supersedes a prior numerical prediction of collinear antiferromagnetism (alter-67

magnetism) in this material [18, 19]. We further demonstrate a field-induced transition to a68

complex staggered cone structure, which represents a superposition of two magnetic waves,69

i.e., a multi-Q state. Our numerical spin calculations successfully reproduce the ground70

state and field-induced transitions of GdAlSi, emphasizing the role of symmetry-allowed71

Dzyaloshinskii-Moriya (DM) and anisotropic exchange interactions.72

73

Results74

Electronic and magnetic state of GdAlSi.75

GdAlSi crystallises in the polar tetragonal I41md structure with neither inversion center nor76

Mz mirror plane, leading to a Weyl semimetallic state that is strongly coupled to the mag-77
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netic texture, see Fig. 1a,b and Supplementary Fig. S4 [12–14, 18–26]. In this material class,78

ferromagnetism, canted ferromagnetism, topological antimerons, nearly collinear up-up-79

down order, and helimagnetic order have been reported from experiments on PrAlSi/Ge [27],80

CeAlSi [28], CeAlGe [29], NdAlSi/Ge [12, 14, 30], and SmAlSi [13], respectively. However,81

there is no prior confirmation of an undistorted helimagnetic order by polarization analysis,82

hindering discussion of the relevant exchange interactions.83

Figure 1a illustrates a subset of these electronic Weyl points and their approximate po-84

sition close to the kc = 0 plane of the tetragonal Brillouin zone in the paramagnetic state85

of noncentrosymmetric GdAlSi. In this article, we demonstrate the helimagnetic order in86

GdAlSi, which interconnects the Weyl points as indicated by yellow arrows in Fig. 1a, and87

which has the character of a harmonic cycloid defined by88

m(r) = m(Q)
[
e[110] cos (Q · r) + ec sin (Q · r)

]
(1)

Here, e[110] and ec are unit vectors along the crystallographic [110]- and c-axes, respectively;89

Q = (q, q, 0) with q = 0.673(2) reciprocal lattice units (r.l.u.) is a lattice-incommensurate90

propagation vector. This cycloidal texture and the corresponding magnetic unit cell are91

illustrated in Fig. 1b, where the staggered square lattices of gadolinium ions in GdAlSi are92

projected onto a single plane. The conventional unit cell of the magnetic state is about six93

times larger than the conventional unit cell of the paramagnetic state; primitive cells are94

discussed in Supplementary Fig. S9.95

The period and propagation direction of the helimagnetic “wave” in GdAlSi is readily96

understood from the viewpoint of a minimal exchange Hamiltonian with isotropic nearest-97

neighbor interaction J1 < 0 and inter-layer coupling Jc < 0, illustrated in Fig. 1c. Consistent98

with the experiment, this natural choice of interactions (i) selects only propagation vectors99

of the type Q1,2 = (±q,±q, 0), constrained by tetragonal symmetry and (ii) reproduces the100

experimentally relevant range of q for a reasonable Jc/J1 ratio (see Fig. 1d). Details of the101

calculation are given in Supplementary Note S5.102

Importantly, the Q-vector observed experimentally in GdAlSi is well matched to the dis-103

tance between sets of Weyl points in the electronic structure, as shown in our calculations104

of Fig. 1e. Prior work on NdAlSi has demonstrated a modification of quantum oscillations105

at the Weyl nodes below the onset of magnetic order [12]. The reciprocal effect of rela-106

tivistic fermions on the magnetic structure, a strong contribution to magnetic interactions107
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by Weyl electrons via modified Ruderman-Kittel-Kasuya-Yosida interactions, has not yet108

been conclusively demonstrated [9–11]. Indeed, electronic structure calculations on RAlSi109

(R = rare earth) show that states far from the Fermi energy predominantly fix the value of110

Q [31]. Therefore, Weyl nodes and helimagnetic order both exist in GdAlSi, but helimag-111

netism is not predominantly caused by the Weyl electrons and the matching of Q to the112

separation of Weyl points in momentum space is accidental, see also Supplementary Note S4.113

114

Zero-field cycloid from resonant elastic X-ray scattering (REXS).115

From magnetic susceptibility measurements and the resistivity ρxx in GdAlSi, we demon-116

strate a conducting ground state with a magnetic Néel point TN = 32K (Fig. 2a,b). The117

magnetic susceptibility has very weak anisotropy both above and below TN (see Supple-118

mentary Fig. S3); ρxx appears affected by magnetic fluctuations above and around TN, but119

fluctuations freeze out upon cooling. We employ resonant elastic X-ray scattering (REXS)120

measurements to reveal the helimagnetic order of GdAlSi (Methods). Figure 2c illustrates121

the experimental geometry of the sample with respect to the X-ray beam. Satellite mag-122

netic peaks for two magnetic domains D1, D2 in vicinity of the fundamental Bragg reflection123

(2, 0, 0) are observed with the propagation vector along the ⟨110⟩ directions: QD1 = (q,−q, 0)124

or QD2 = (q, q, 0). Figure 2d indicates that q is not perfectly matched to the lattice, i.e.,125

incommensurate, in GdAlSi : q = 2/3 + δ with δ = 0.006.126

Polarization analysis of the scattered X-rays reveals that the zero-field state of GdAlSi is127

the only known, undistorted helimagnetic spin texture in a magnetic Weyl semimetal [12, 13].128

In general, the Fourier transformed magnetic momentm(Q) is separated into three mutually129

orthogonal components:130

m(Q) = mc(Q)ec +m∥(Q)eQ +m⊥(Q)ec × eQ, (2)

where ec and eQ are unit vectors along the [001] direction of the tetragonal structure and131

along Q, respectively. In our experiment, the incident X-rays are linearly polarised with132

their electric field component within the scattering plane (π-plane). The scattered X-rays133

can have two polarization components: parallel (π′) and perpendicular (σ′) to the scattering134

plane. These two polarization components are separated at the detector (Methods). In our135

geometry, the π-π′ scattered intensity always detects mc(Q); we further select two represen-136

tative magnetic reflections for which the intensity of the π-σ′ channel corresponds to m∥(Q)137
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and m⊥(Q) in Eq. (2), respectively. Figure 2e,f suggests that GdAlSi has mc(Q) and m∥(Q)138

of comparable magnitude, but not m⊥(Q): this corresponds to a harmonic helimagnetic139

cycloidal structure at zero magnetic field, which is further confirmed by quantitative anal-140

ysis with m∥(Q)/mc(Q) = 0.966(7) in Fig. 2g. This incommensurate magnetic cycloid has141

face-centered orthorhombic symmetry (magnetic space group Fdd2)[32].142

143

Multi-Q spin textures of GdAlSi induced by a magnetic field144

We apply a magnetic field to the cycloidal helimagnetic ground state of GdAlSi (phase I),145

B ∥ [110], and observe two field-induced transitions in Fig. 3a,b. Strictly speaking, the crit-146

ical field for the transition into the field-aligned ferromagnetic state, Bc ≈ 75T, is beyond147

our experimental range. We estimate Bc by linear extrapolation of M(B) to the saturation148

magnetization of Gd3+, 7µB. Using REXS with polarization analysis in an applied field of149

7T along the [110] direction, we determine the magnetic structure of phase II (Supplemen-150

tary Fig. S1). As summarised by the illustration in Fig. 3c, this is a superposition of two151

magnetic waves, termed a multi-Q state: the dominant component is an incommensurate152

magnetic cycloid along Q1 = (q,−q, 0) with q ≈ 0.673(2), whose spin components are in the153

[11̄0]-c plane, perpendicular to B. This is paired with a subdominant up-up-down pattern154

along the commensurate Q2 = (2/3, 2/3, 0) for the spin component parallel to B, m[110](Q).155

The combination of incommensurate and commensurate modulations can be depicted as a156

staggered cone structure, as in Fig. 3c.157

158

Spin model calculations and field-induced phase transition159

GdAlSi’s simple helimagnetic cycloidal order in zero magnetic field can be explained from160

a simple model of frustrated isotropic exchange interactions, as in Fig. 1c,d, when adding161

Dzyaloshinskii-Moriya interactions (DMI) that are allowed by the symmetry of the polar162

structure [31]. While this real-space spin Hamiltonian provides intuitive understanding, it163

suffers from an inherent frustration of model parameters. Therefore, to reproduce the he-164

limagnetic multi-Q textures under a magnetic field, we fix the direction and amplitude of165

Q and introduce a Fourier-space model that includes both DMI and anisotropic exchange166

interactions. This model is discussed in the following. Figure 3d illustrates the relative align-167

ment of the ordering vector Q, the polarization P imposed by the I41md crystal structure,168

the Dzyaloshinskii-Moriya (DM) vector D, and the anisotropic exchange Janis. Consider169
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the example of Q2 ∥ [110]: Here, the relevant D couples the magnetization components170

m[110](Q2) and mc(Q2), whereas Janis couples m[110](Q2) and m[11̄0](Q2).171

We use an effective Fourier-space Hamiltonian on a square lattice, which includes both172

DMI and anisotropic exchange interactions in the matrix Γαβ
Qν

[33], viz.173

H = −2
∑
ν,α,β

Γαβ
Qν

mα(Qν)mβ(Qν)−
∑
i

B ·m(ri), (3)

where mα(Qν) with α = x, y, z and ν = 1–8 are Fourier components of the localised mag-174

netic moment m(ri); ν = 5 − 8 are commensurate with the lattice, while ν = 1 − 4 are175

incommensurate ν = 1, 2 are incommensurate with the lattice, ν = 3, 4 are commensurate,176

and ν = 5-8 represent higher harmonics formed by superposition of ν = 1-4 (Methods). The177

second term represents the Zeeman energy with B = (B,B, 0)/
√
2.178

In Fig. 3e,f, we show the calculated magnetic scattering intensities, i.e., the square of179

the magnetic structure factor, for phases I and II. The model reproduces the cycloidal180

helimagnetic ground state, with two incommensurate Fourier components ±Q1. Moreover,181

the model also features the field-induced phase II, with two strong and incommensurate182

reflections at ±Q1 of cycloidal spin habit, combined with two weaker commensurate reflec-183

tions at ±Q2 with collinear spin habit (spins parallel to B). In other words, the calculation184

is well consistent with the experimental magnetic structure in zero field (Fig. 1b) and in185

finite magnetic field (Supplementary Fig. S1). This good alignment between theoretical and186

experimental results, as a function of magnetic field, supports the accuracy of our magnetic187

structure analysis in Figs. 2, 3. It also indicates that the Hamiltonian of Eq. (3) is suitable188

to describe magnetic order in GdAlSi. In Supplementary Note S5, we further truncated the189

Fourier-space model of Eq. (3) after a few near-neighbours and recover the intuitive real-190

space Hamiltonian in Fig. 1c. The present model describes effective magnetic interactions191

between local magnetic moments, which are implicitly mediated by conduction electrons.192

However, models of itinerant magnetism may provide a complementary perspective on the193

spin cycloid and multi-Q order in GdAlSi [34–36].194

195

Discussion & Conclusion196

Our Hamiltonian model focuses on Fourier components with characteristic propagation vec-197

tors Qν , which are well matched to the Fermi surface of GdAlSi in Fig. 1e. Here, pairs of198

Weyl nodes facing each other along the [110] direction are connected by Q, cf. Fig. 1a, and199
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we expect a strong response of the electron gas when the helimagnetic Q-vector changes its200

direction [12]. Indeed, controlling these Q-domains in magnetic Weyl semimetals, by mag-201

netic field or current, provides a valley-selective way to open a (partial) charge gap around202

the Weyl cones, if they have an energy-like causal connection in the folded Brillouin zone [8].203

GdAlSi will serve as a prototypical material for studying the modification of Weyl nodes by204

a perfect helimagnetic cylcoid, in contrast to the previously reported materials that exhibit205

a net magnetization (NdAlSi/Ge) [12, 14, 24, 30].206

Our study also emphasises the role of symmetry-allowed Dzyaloshinskii-Moriya (DM)207

interactions, which favour the cycloidal spin habit, combined with anisotropic exchange,208

which stabilises the multi-Q order in a magnetic field. As compared to previous studies [12–209

15, 29], we here demonstrate the helimagnetic state in GdAlSi by rigorous polarization210

analysis; this is necessary to determine the spin rotation plane, which must form the basis211

for any discussion of DM or ansiotropic exchange interactions. Note that the screw-type212

DM interaction, which has been proposed for magnetic Weyl systems [9, 11], is strictly213

symmetry-forbidden by the polar crystal structure of RAlSi, R =rare earth (Supplementary214

Note S6 and Supplementary Fig. S12). However, proper-screw states can be stabilised by the215

presently observed anisotropic exchange interactions. Anisotropic exchange, which is known216

to promote complex spin textures [37], may play a role not only in NdAlSi [12, 13, 15] but217

also in the wider class of inversion breaking Weyl semimetals.218
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Methods219

Crystal growth and characterization.220

Single crystals of GdAlSi were synthesised by the Al flux method. High purity chunks of221

Gd, Al, and Si were loaded into alumina crucibles with molar ratio Gd:Al:Si = 1 : 20 : 2,222

sealed in an evacuated quartz tube, heated to 1175 ◦C, held at this temperature for 12 h,223

cooled to 700 ◦C at 0.7 ◦C/h, kept at 700 ◦C for 12 h, and centrifuged to remove residual Al224

flux. The samples were characterised by powder X-ray diffraction (XRD) of crushed single225

crystals and by Laue X-ray diffraction of single crystals.226

227

Magnetization and electrical transport measurements.228

Magnetization was measured with a Magnetic Property Measurement System (MPMS,229

Quantum Design) and with the vibrating sample magnetometer (VSM) option of a Physical230

Property Measurement System (PPMS, Quantum Design). The M -H curve up to 60T231

in Fig. 3a was measured in a pulsed magnetic field using an induction method with coax-232

ial pickup coils. Electric transport measurements with rectangular shaped samples were233

performed using the PPMS. A standard four-probe method was applied to enable precise234

transport measurements irrespective of contact resistances.235

236

Resonant elastic X-ray scattering (REXS).237

REXS measurements were performed at beamline BL19LXU of SPring-8 and BL-3A of238

Photon Factory, KEK. The photon energy of the incident X-rays was tuned to the Gd L2239

absorption edge (∼ 7.936 keV), corresponding to the 2p1/2 to 5d transition (Supplementary240

Figs. S13 and S14). For the zero field measurements at SPring-8, a single crystal of GdAlSi241

with a polished (100) surface was set in a cryostat so that the scattering plane was (H,K, 0).242

For the finite field measurements at KEK, we set the sample in a vertical-field supercon-243

ducting magnet with a scattering plane close to (H,H,L), so that the magnetic field was244

applied almost along the [110] direction.245

At both SPring-8 and KEK, the incident X-rays had linearly polarised electric field in246

the scattering plane (π-polarization). The (006) reflection of a pyrolytic graphite (PG)247

plate with 2θ = 88.6 ◦ was used to detect the polarization component of the scattered248

X-rays in the scattering plane (π′) and out of the scattering plane (σ′), by rotating the249
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PG plate around the X-ray beam. Leakage of unwanted polarization components is only250

0.6%. Inserting the analyzer plate changes the absolute scattering intensity by almost two251

orders of magnitude. However, in the present study we quantitatively analyze the relative252

strength of the π–π′ and π–σ′ channels. Therefore, neither the difference in absolute intensity253

nor the momentum-transfer dependence significantly affect our conclusions. The PG plate254

had a size of approximately 3 cm × 3 cm, sufficiently larger than the incident beam size255

(∼ 1mm × 1mm), ensuring that the entire beam was covered and that geometrical effects256

are negligible. During the resonant process, the X-ray photons couple to the 5d conduction257

electrons, which in turn are coupled to the localised 4f magnetic moments. The resonant258

scattering amplitude fres can be expressed as259

fres = C0ε
∗
f · εi + iC1(ε

∗
f × εi) ·m(Q) + C2ε

†
fOεi, (4)

where Ci, εi, εf , and m(Q) are constants, the polarization vectors of the incident and260

scattered X-rays, and the Fourier component of the magnetic moment, respectively. Among261

these terms, only the second term depends explicitly onm(Q), and thus encodes information262

about the magnetic structure. Consequently, the resonantly enhanced scattering intensity263

I = fres · f ∗
res is given by264

I ∝ |(εi × εf) ·m(Q)|2, (5)

where εi and εf represent the polarization vectors of the incident and scattered X-rays [38],265

respectively. In our experiments, the intensity Iπ-π′ for the π-π′ channel is proportional to266

|mout(Q)|2 and Iπ-σ′ for the π-σ′ channel is proportional to (min(Q) ·ki)
2, where min(Q) and267

mout(Q) are magnetic moments in the scattering plane and perpendicular to it; mout(Q)268

corresponds to mc(Q), and min(Q) is separated into m∥(Q) and m⊥(Q) as described in the269

Main Text.270

The harmonic cycloidal structure at zero field obtained in Fig. 2g is supported by the ab-271

sence of higher-harmonic reflections (Supplementary Note S7 and Supplementary Figs. S5,272

S15) and by neutron diffraction measurements (Supplementary Note S2 and Supplementary273

Fig. S2).274

275

Fourier-space model calculations.276

The data in Fig. 3e,f and Supplementary Fig. S16 are obtained by simulated annealing for277
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an effective spin Hamiltonian on a two-dimensional square lattice,278

H = −2
∑
ν,α,β

Γαβ
Qν

mα(Qν)mβ(Qν)−
∑
i

B ·m(ri), (6)

where mα(Qν) with α = x, y, z, ν = 1–8 are Fourier components of the localised magnetic279

moment m(ri), and Γαβ
Qν

is a matrix containing the DMI and anisotropic exchange interac-280

tion. The second term represents the Zeeman energy with B = (B,B, 0)/
√
2. N = 602 is281

the total number of spins and the amplitude of each spin is fixed to unity. To obtain the low-282

energy spin configuration, the temperature is gradually reduced from T = 1 to T = 0.001283

with a ratio Tn+1 = αTn, where Tn is the nth-step temperature and α is set between 0.999990284

and 0.999999. At each temperature, a local spin update is performed in real space based on285

the standard Metropolis algorithm. At the final temperature, 105–106 Monte Carlo sweeps286

are performed for the measurement.287

The explicit propagation vectors in Eq. (6) are: Q1 = (q, q, 0), Q2 = (−q, q, 0), Q3 =288

(q′, q′, 0), Q4 = (−q′, q′, 0), Q5 = 2Q1 + Q4, Q6 = 2Q1 − Q4, Q7 = 2Q2 + Q3, and289

Q8 = 2Q2−Q3 with q = 0.35 and q′ = 1/3. Here, Q1 and Q2 are the incommensurate wave290

vectors, Q3 and Q4 are the commensurate wave vectors, and Q5-Q8 are to higher harmonic291

wave vectors that assist the stabilization of the field-induced distorted helimagnetic state292

consisting of several spin density waves. To map the three-dimensional spin structures onto293

the two-dimensional square lattice, q = 0.35 and q′ = 1/3 are incorporated, instead of the294

experimentally observed q = 2/3 + δ (δ = 0 and 0.006).295

The model parameters of the exchange matrix in Eq. (3) are set to satisfy the effec-296

tive 4-fold rotational symmetry of the crystal structure of GdAlSi as follows [39]: The297

isotropic exchange interaction is given by Γxx
1 = Γyy

1 = Γzz
1 = Γxx

2 = Γyy
2 = Γzz

2 ≡ J ,298

Γxx
3 = Γyy

3 = Γzz
3 = Γxx

4 = Γyy
4 = Γzz

4 ≡ α1J , and Γxx
5 = Γyy

5 = Γzz
5 = Γxx

6 =299

Γyy
6 = Γzz

6 = Γxx
7 = Γyy

7 = Γzz
7 = Γxx

8 = Γyy
8 = Γzz

8 ≡ α2J , the DMI is given by300

Γzx
1 = −Γxz

1 = Γzy
1 = −Γyz

1 = −Γzx
2 = Γxz

2 = Γzy
2 = −Γyz

2 ≡ D and Γzx
3 = −Γxz

3 = Γzy
3 =301

−Γyz
3 = −Γzx

4 = Γxz
4 = Γzy

4 = −Γyz
4 ≡ α1D, and the symmetric anisotropic exchange interac-302

tion is given by Γxy
1 = Γyx

1 = −Γxy
2 = −Γyx

2 ≡ E and Γxy
3 = Γyx

3 = −Γxy
4 = −Γyx

4 ≡ α1E
′ with303

J = 1, α1 = 0.98, α2 = 0.95, D = 0.01, E = 0.045, and E ′ = 0.05. With these parameters,304

the harmonic spin cycloid at zero field and multi-Q order under a high magnetic field are305

reproduced, see also Supplementary Notes S3, S8 and Supplemetnary Figs. S16, S17, and306

S18.307
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308

Electronic structure calculations.309

First-principles calculations of the electronic structure were carried out using the all-electron310

full-potential Korringa-Kohn-Rostoker (KKR) Green’s function method [40]. Relativistic311

spin-orbit coupling was included self-consistently, and the Gd atoms were treated with the312

generalised gradient approximation (GGA) exchange-correlation functional with a Hub-313

bard U (GGA+U) [41]. U was chosen to be 6 eV. The angular momentum cutoff for the314

Green’s function orbital expansion was set to lmax = 3, and the complex energy contour315

was defined using 51 integration points. To reduce computational cost, the calculations are316

carried out based on the primitive crystallographic unit cell, not the conventional unit cell317

(Supplementary Fig. S9). Self-consistent calculations for the primitive cell were performed318

with a k-mesh of 30 × 30 × 30. For Fig. 1e and Supplementary Fig. S8a,b, Fermi surface319

cuts were computed from the quasiparticle density of states (QDOS) in the fully polarised320

ferromagnetic state [42]. For the primitive helimagnetic supercell, we considered a k-mesh of321

4× 4× 4 and the Gd magnetic moments were constrained to the helimagnetic configuration322

with propagation vector Q = (2/3, 2/3, 0) (Supplementary Fig. S8). Effective magnetic323

interactions between the Gd 4f magnetic atoms are computed using the infinitesimal rota-324

tion method (Supplementary Fig. S6) [31, 43–45]. Berry curvature integrated over all the325

occupied states in the ferromagnetic state is shown in Supplementary Fig. S7.326

327

Second harmonic generation (SHG)328

SHG measurements were performed to show inversion-symmetry breaking of bulk GdAlSi329

in the paramagnetic phase at room temperature. As a light source, we used a Ti:sapphire330

oscillator (MaiTai HP, Spectra Physics) with a pulse duration of 100 fs, repetition rate of331

80MHz, and center wavelength of 800 nm. The laser pulse is focused onto the c-plane surface332

of GdAlSi in 45-degree oblique incidence and the reflected SHG is detected by a spectrometer333

equipped with a liquid-nitrogen-cooled charge coupled device. Supplementary Fig. S4a,b334

respectively show the incident light-polarization dependence of horizontally polarised (Pout)335

and vertically polarised (Sout) SHG intensity at room temperature; the output polariser is336

fixed with polarization parallel to the [101]-axis (Pout) and [010] axis (Sout). We observed337

a clear polarization anisotropy of SHG in both cases, in accord with the inversion breaking338

crystal symmetry. In the paramagnetic phase with point group 4mm, the allowed terms for339
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the horizontally polarised (Pout) and vertically polarised (Sout) SHG intensities, IP (ϕ) and340

IS(ϕ), are,341

IP (ϕ) ∝
1

8

[
(2aχxxz + bχzxx + cχzzz) cos

2 ϕ+ 2dχzyy sin
2 ϕ

]2
, (7)

342

IS(ϕ) ∝ 2 [eχyyz cosϕ sinϕ]
2 . (8)

Here, χijk(2ω) and ϕ represent a tensor element of the second-order nonlinear optical sus-343

ceptibility and the polarization angle for the fundamental light, respectively; a, b, c, d,344

and e denote prefactors including the Fresnel coefficient, beam conditions of the incident345

light, and so on. As shown in Supplementary Fig. S4b,c, the model well reproduces the346

observed anisotropy of SHG polarization, which highlights inversion breaking of the crystal,347

in particular the absence of a horizontal mirror plane.348

349

Data availability350

All experimental data to reproduce the figures are available on Zenodo at https://doi.351

org/10.5281/zenodo.18228967 [46].352

353

Code availability354

The source code used to perform the calculations described in this paper is available from355

the corresponding authors upon request..356

357
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Main Text Figures540

FIG. 1. Undistorted helimagnetism in the Weyl semimetal GdAlSi. a, Illustration of

magnetic modulation vectors Q1, Q2 connecting between Weyl nodes in the electronic structure

of GdAlSi. The black box indicates the kc = 0 cut of the tetragonal Brillouin zone (BZ) in the

paramagnetic state. b, Experimentally observed cycloidal helimagnetic structure in the ground

state of GdAlSi (B = 0) projected onto the (001) plane. Only magnetic Gd sites are shown; the

black (red) boxes indicate a single unit cell in the paramagnetic (in the helimagnetic) state. c,

Gadolinium sublattice in the I41md tetragonal structure of GdAlSi with definitions for nearest-

neighbor (J1) and next-nearest neighbor interactions (Jc). d, Evolution of magnetic modulation

vector Q1 = (q,−q, 0) and Q2 = (q, q, 0) for J1, Jc < 0. A helimagnetic structure with q = 2/3 can

be realised in this simple framework. e, Calculated, momentum-resolved density of states (QDOS)

in the kc = 0 plane of the tetragonal BZ. 24 Weyl nodes (red circles) are found close to kc = 0.
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FIG. 2. Undistorted helimagnetic ground state of GdAlSi from resonant elastic X-

ray scattering (REXS). a, Temperature (T -) dependent magnetic susceptibility χ in a small

magnetic field applied; The Néel point TN is indicated. b, Metallic, T -dependent resistivity ρxx

with a decrease below TN. c, Experimental configuration of resonant elastic X-ray scattering

(REXS) measurements (Methods). The scattering plane (yellow) is perpendicular to [001]. π

(π′, σ′) represent the polarization direction of the incident (scattered) X-ray beam with wave

vector ki (kf), respectively. X-rays are incident on the sample surface at an angle ω (Methods).

d, REXS line scan profile of the (2 + q, q, 0) magnetic reflection without analyzer plate, where

q = 2/3+δ and δ = 0.006; Gaussian fit is shaded in red. Inset: T -dependence of q in Q2 = (q, q, 0),

evidencing incommensurability with the lattice. e,f, Polarization analysis in REXS, assuming equal

population of helimagnetic domains in zero magnetic field. e, Rocking scan (ω) profile around

(2+ q,−q, 0) , which is a contribution from the QD1 ∥ [110] domain. Iπ-π′ and Iπ-σ′ reflect mc(Q)2

and m∥(Q)2, respectively, where mc(Q), m∥(Q), and m⊥(Q) are Fourier modes of the magnetic

moment along the [001] direction, along Q, and along the axis perpendicular to both of them,

respectively (Eq. (2)). Inset: experimental setup projected onto the HK0 scattering plane. f, The

corresponding rocking scan of (2 + q, q, 0) originating from the QD2 ∥ [110] domain. Here, Iπ-π′

and Iπ-σ′ mainly reflect mc(Q)2 and m⊥(Q)2, respectively. g, Undistorted helimagnetic cycloid

structure with m∥(Q)/mc(Q) = 0.966(7) obtained by polarization analysis in REXS at various

magnetic reflections. The model expectation for a harmonic cycloid is indicated by the dashed

line. Inset: helimagnetic cycloidal texture.
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FIG. 3. Field-induced multi-Q spin textures and magnetic model calculations for the

Weyl semimetal GdAlSi. a,b Magnetization isotherms at T = 4.2K from experiment and

model calculations. The magnetic field B is along the [110] axis. Two B-induced transitions are

visible as sharp maxima in dM/dB. c, Multi-Q magnetic texture observed in phase II of GdAlSi.

The structure is composed of an incommensurate, harmonic cycloid along Q1 and a commensurate,

collinear up-up-down texture with moments parallel to B. See Supplementary Note S1 for detailed

experiments on this structure. d, Illustration of twoWeyl cones of opposite charge and the magnetic

interactions allowed for the polar (polarization P ∥ [001]) crystal structure of this material: The

Dzyaloshinskii-Moriya (DM) interaction D ⊥ Q and the anisotropic exchange interaction Janis,

which favour cycloidal and proper-screw habits, respectively. e,f, Magnetic scattering intensity

I(Q) in the kc = 0 plane calculated from Eq. (3) in the B = 0 ground state and in the field-

induced state; the undistorted cycloid and the magnetic texture of panel (c) are well reproduced.



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Large

Q
D

O
S

Small

Q1

kc = 0
e

Q1
ka

kb

a b

c

J1

Jc

Gd

[100]
[010]

[001]

q = 2/3

d

kc = 0

Q1

Q2

a

b

0 T

15 T, Q2 || [110]
15 T, Q1 || [110]

B || [110]

Phase I: cycloid



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

(2+q, -q, 0)
0 T, 3.7 K

QD1 || [1ത10]

𝐼𝐼𝜋𝜋−𝜋𝜋′~𝑚𝑚𝑐𝑐 𝐐𝐐 2

𝐼𝐼𝜋𝜋−𝜎𝜎′~𝑚𝑚∥ 𝐐𝐐 2

K

H QD1

ki

kf

ω2θ

(200)

a

b

Helimagneitc
phase

TN

0.1 T

0 T

c d

e f g

(2+q, q, 0)
0 T, 3.7 K

2/3

B || [110] [001]

[100] kf

ki [010]
𝜋𝜋

𝜋𝜋𝜋

𝜎𝜎𝜎

ω

Scattering 
plane

Experiment
Fitting
Harmonic cycloid

෢𝐤𝐤𝑖𝑖 ⋅ ෡𝐐𝐐
2

(2+q, q, 0)
0 T, 3.7 K

QD2 || [110]

𝐼𝐼𝜋𝜋−𝜋𝜋′~𝑚𝑚𝑐𝑐 𝐐𝐐 2

𝐼𝐼𝜋𝜋−𝜎𝜎′~𝑚𝑚⊥ 𝐐𝐐 2
K

HQD2

kikf

2θ

ω

(200)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

In
te

ns
ity

 (a
rb

. u
ni

ts
)



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

d e f

a I (cyc) II (multi-Q) III c

Q1 cycloidB

up
up

down

b

[110]

[110]

c

Experiment

Theory

From experiment: phase II

ka
kb ka

kb

B B

Phase I: cycloid Phase II: multi-Q

Janis

P

D

Q1

Theory

k-110

kc

k110

Q1-Q1

Q2

-Q2

Q1

2πa/3
2πa/3

2πa/3

2πa/3

-Q1

dM
/dB

(arb. units)


