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Abstract

We advertise rare-earth intermetallics with high-symmetry crystal structures and competing interactions

hosting spin structures with non-trivial topological properties as a class of materials amenable for neuromor-

phic applications. Focussing on the series of cubic RCu compounds, where R = Ho, Er, Tm, the bulk proper-

ties of these systems display exceptionally rich magnetic phase diagrams hosting an abundance of different

phase pockets characteristic of antiferromagnetic order in the presence of delicately balanced interactions.

The electrical transport properties exhibit large anomalous contributions suggestive of topologically nontriv-

ial winding in the electronic and magnetic structures. Neutron diffraction identifies spontaneous long-range

magnetic order in terms of commensurate and incommensurate variations of (ππ0) antiferromagnetism

with the possibility for various multi-k configurations supporting topologically nontrivial winding in real

and reciprocal space including antiferromagnetic skyrmion lattices. Putatively bringing together different

limits of non-trivial topological winding in the same material, the combination of properties promises access

to advanced functionalities.
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I. INTRODUCTION4

Neuromorphic concepts promise to revolutionize a wide range of different technological5

platforms1–3. In recent years great interest developed in the use of complex magnetic and elec-6

tronic properties for neuromorphic computing and related applications4–7. Complex magnetic7

modulations with multiple wave vectors, identified in a rapidly growing number of materials, are8

at the center of these developments. Such magnetic structures are also referred to as magnetic9

multi-k states—a notion that dates back at least to the 1970s, when it was used to describe the10

magnetic modulations in materials such as Nd8 or CeAl29. In large parts, recent discoveries were11

motivated by the search for topologically nontrivial electronic or magnetic states.12

To date, the perhaps most intensively studied class of bulk compounds exhibiting topologically13

nontrivial order are the cubic chiral magnets crystallizing in space group P213, namely MnSi,14

FexCo1−xSi, FeGe, Cu2OSeO3 and related compounds16. As illustrated in Fig. 1, a trigonal lattice15

of skyrmions is observed in a phase pocket in finite magnetic field, associated with a characteristic16

sixfold-symmetric pattern in small-angle neutron scattering10. At low temperatures, the skyrmion17

lattice may prevail as a metastable state16, its arrangement may change, and an additional skyrmion18

state may form independently17–19. In recent years, similar magnetic structures have been reported19

to exist in a wide range of bulk materials. As shown in Figs. 1(b)–1(f), examples include skyrmion20

lattice order in GaV4S8
20, Gd2PdSi321, Gd3Ru4Al12

22, and GdRu2Si211, meron–antimeron lattices21

in Co8Zn9Mn3
12 and CeAlGe13, monopole–antimonopole lattices in MnGe14, or fractionalized22

antiferromagnetic skyrmion lattice in MnSc2S4
15. In addition to these bulk materials, topologi-23

cally nontrivial magnetic textures have also been reported in thin-film systems in which interfacial24

Dzyaloshinskii–Moriya interactions are important16.25

A simple tool to search for topologically nontrivial properties in the electronic and magnetic26

structure are non-vanishing Berry phase contributions in the transport properties 23, with the topo-27

logical Hall effect in the skyrmion lattice of chiral magnets as an early example24. In chiral28

magnets, these phenomena are extremely well understood on the level of mean-field theory. How-29

ever, emergent transport phenomena are also used as an indicator for topological magnetic order30

in rare-earth compounds21,22, requiring careful consideration of the coupling between conduction31

electrons and rare-earth moments25. On a similar note, microscopic studies of the electronic and32

magnetic order require great care. For instance, when using scattering techniques one of the key33

experimental tasks concerns discrimination of single-domain multi-k states from multi-domain34
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FIG. 1. Survey of materials for which magnetic multi-k states with nontrivial topology have been reported.

(a) Trigonal skyrmion lattice in the cubic chiral magnet MnSi. Left: Visualization of the magnetic texture

in the plane perpendicular to the magnetic field. Right: Typical small-angle neutron scattering pattern10.

(b) Nanometric square skyrmion lattice in the centrosymmetric tetragonal magnet GdRu2Si2. Left: Crystal

structure. Right: Arrangement of the magnetic moments in the basal plane11. (c) Meron–antimeron lattice

in chiral magnet Co8Zn9Mn3
12. (d) Meron–antimeron lattice in the polar tetragonal magnet CeAlGe. Left:

Arrangement of the magnetic moments in the basal plane. Right: Typical small-angle neutron scattering

pattern13. (e) Three-dimensional monopole–antimonopole in cubic MnGe14. (f) Fractionalized antiferro-

magnetic skyrmion lattice in layered MnSc2S4
15.
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TABLE I. Overview of simple cubic rare-earth intermetallics that were reported to host variations of (ππ0)-

type magnetic order with propagation vectors associated with theQ-positions (1/2, 1/2,0) or (1/2−δ , 1/2,0).

structure type commensurate, k ∈ 〈1/2, 1/2,0〉 incommensurate, k ∈ {(1/2−δ , 1/2,0)}

CsCl
PrAg26,27, NdAg28, TbAg29, DyAg30, ErAg31,

GdCu32, TbCu29, HoCu33, TmCu33, ErCu33, DyCu

HoAg34, ErAg31, TmAg34, ErCu33, TmCu33

AuCu3 NdIn3
35, DyIn3

36, TmGa3
37, TbIn3

38, HoIn3
38 ErGa3

39

single-k states.35

Rare-earth intermetallics with high-symmetric crystal structures represent a class of compounds36

that was found to exhibit multi-k antiferromagnetic order long ago40–44, but has so far been mostly37

ignored when searching for phenomena associated with nontrivial topological winding. In these38

compounds, partially filled rare-earth 4 f orbitals typically possess a small overlap resulting in39

vanishingly small direct exchange45. Interactions between the 4 f moments are instead mediated40

indirectly via conduction bands and spin-orbit coupling 46–48. In competition with magnetocrys-41

talline anisotropies and quadrupolar degrees of freedom, rich magnetic phase diagrams emerge42

supporting various antiferromagnetic forms of order49–56. However, these studies predated re-43

cent research on the topological properties of magnetic materials motivating to revisit this these44

systems.45

In this paper, we review selected properties of the class of cubic rare-earth copper compounds,46

RCu (R = Gd, Tb, Dy, Ho, Er, Tm) that illustrate the putative existence of non-trivial topological47

properties in this class of materials, where Tab. I summarizes some of early results on the magnetic48

structures observed in these systems. Shown in Fig. 2(a) is the centrosymmetric cubic CsCl crystal49

structure with space group Pm3̄m. Below the Néel temperature TN, antiferromagnetic order of the50

rare-earth moments stabilizes. When increasing the atomic number Z from 64 in gadolinium to 6951

in thulium, the Néel temperature decreases by a factor of 20, while the lattice constant a decreases52

by about 3%, as shown in Fig. 2(b).53

Within the parameter range studied, all RCu compounds have been found to exhibit (ππ0)54

antiferromagnetic order, comprising long-wavelength commensurate and incommensurate super-55
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FIG. 2. Overview of the magnetic properties of cubic rare-earth copper compounds RCu. (a) CsCl crystal

structure, space-group Pm3̄m. (b) Néel temperature TN (top) and room-temperature lattice constant a (bot-

tom) as a function of the atomic number Z of the rare-earth element. Note that GdCu and TbCu undergo

martensitic transitions to orthorombic phases at low temperatures57. (c) Illustration of potential (ππ0) an-

tiferromagnetic order composed of one, two, or three commensurate wave vectors k, suggested as possible

ground states of HoCu. Panel taken from Ref. 33.

structures around k ≈ (1
2 ,

1
2 ,0), i.e., the M point of the Brillouin zone. The ground state at low56

temperatures and zero magnetic field is reported to be commensurate with k = (1/2, 1/2,0), with57

single-k, double-k, or triple-k magnetic structures being allowed in the high-symmetry crystal58

structure. A triple-k structure was identified for instance in DyCu58–61, while additional incom-59

mensurate log-wavelength superstructures, like those observed reported in TmCu and ErCu, were60

exclusively considered to be single-k.61

Our focus review is organized as follows. We begin in Sec. II A with the magnetic phase di-62

agrams of HoCu, ErCu, and TmCu for field along 〈111〉 as inferred from the AC susceptibility.63

Typical for this class of materials and all field directions, an abundance of field-induced transi-64

tions with an exceptionally rich and complex sequence of phase pockets reflects a fragile balance65

of different interactions comprising exchange, spin-orbit coupling, crystal fields, and f-electron66
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itineracy. As illustrated for the case of TmCu in Sec. II B, measurements of the electrical transport67

properties in all of these materials exhibit an anomalous field dependence that does not scale with68

the magnetization. This is suggestive of non-vanishing Berry phase contributions in real and recip-69

rocal space as presented in Sec. III. Turning to typical neutron single-crystal neutron diffraction70

data in Sec. III A, we show-case the existence of antiferromagnetic structures combining short-71

wavelength commensurate order with incommensurate superstructures for the case of HoCu in72

zero magnetic field. This is followed by a more detailed discussion of the commensurate multi-73

k states in Sec. III B, which may be viewed in terms of a topological band structure comprising74

monopoles and antimonopoles in reciprocal space. In comparison, the incommensurate multi-k75

superstructure, addressed in Sec. III C, may be interpreted in terms of topologically non-trivial,76

long-wavelength magnetic textures in real-space, such as an antiferromagnetic skyrmion lattice.77

Our paper concludes in Sec. IV with a summary and a brief outlook of the work program needed78

to develop a comprehensive understanding of these materials.79

II. BULK PROPERTIES80

A. Magnetic Phase Diagrams81

Shown in Fig. 3 are the phase diagrams of HoCu, ErCu, and TmCu under magnetic fields82

applied parallel to 〈111〉. For the studies mentioned in our paper large single crystals were grown83

by means of optical float-zoning62,63. Depicted in gray shading are interpolation maps of the84

AC magnetic susceptibility as recorded at an excitation frequency of 911 Hz and an excitation85

amplitude of 1 mT. Extrema and points of inflection are marked in red. Lines are guides to the86

eye typically characteristic of phase transitions or crossover phenomena. For lack of space, the87

AC susceptibility as a function of magnetic field, as well as the magnetization, heat capacity88

and magnetic phase diagrams for fields along further high-symmetry directions will be reported89

elsewhere64–67.90

A full microscopic assessment of the magnetic phase diagram based on neutron and x-ray91

scattering will be required to delineate different phase pockets67. Characteristic of a complex92

antiferromagnetic ground state, the susceptibility on a purely phenomenological level suggests93

the formation of a large number of phase transitions and cross-over phenomena before the field-94

polarized regime is reached featuring a uniform, unsaturated magnetization. As a function of95
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FIG. 3. Magnetic phase diagrams of of HoCu, ErCu, and TmCu for magnetic field H ‖ 〈111〉. Depicted in

gray are interpolation maps of the AC magnetic susceptibility χAC recorded for an excitation frequency of

911 Hz and excitation amplitude of 1 mT. Marked in red are maxima and points of inflection observed in

the susceptibility. Lines are guides to the eye, suggesting phase transitions or crossover phenomena.

increasing Z, i.e., decreasing lattice spacing and single-ion moment when going from Ho to Er to96

Tm, the onset of the field-polarized state and the ordering temperature TN decrease. Similarly, the97

number of magnetic phase pockets appears to decrease across the series. Nonetheless, the mere98

complexity of the phase diagrams raises the question for the nature of the microscopic magnetic99

and electronic structure and its possible topological character.100

B. Electrical Transport Properties101

The electrical transport properties of the series of RCu compounds, quite generically, display102

a complex magnetic field dependence64,67. Typical behaviour is illustrated best for TmCu, where103

the comparatively small number of field-induced transitions and the low critical field of the field-104

polarized state allows direct comparison of the transport properties with the magnetization deep105

into the field-polarized state. As shown in Fig. 6(a) for H ‖ 〈111〉, corresponding to the phase106

diagram shown in Fig. 5(c), the magnetization of TmCu at a low temperature of 2 K is dominated107

by two step-like transitions at H1 = 4.0T and H2 = 6.7T, before entering the field-polarized state108

slightly above Hc = 9.0T. Further signatures denoted in the phase diagram shown in Fig. 5(c) may109

only be seen in the AC susceptibility.110

In the field-polarized state for H > Hc the resistivity ρxx, shown in Fig. 6(b), increases mono-111
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tonically with M(H) reminiscent of the transverse magnetoresistance observed in conventional fer-112

romagnets. In comparison, between the transition at H1 and below the onset of the field-polarized113

state at Hc, the resistivity ρxx(H) displays an additional contribution highlighted in light-blue shad-114

ing. As this additional contribution may reflect any combination of scattering by the magnetic115

structure and magnetic textures, as well as changes of the electronic structure, its unambiguous116

identification is well beyond the scope of our paper.117

Similar to the resistivity ρxx(H), the Hall resistivity ρxy(H) shown in Fig. 6(c), displays es-118

sentially a linear dependence in the field-polarized state above Hc. Below Hc a strongly non-119

monotonic field dependence including a change of sign is observed. Remarkable in its own right120

is thereby the unusually large quantitative size of these contributions (light-purple shading). It is121

instructive to asses the Hall resistivity in the conventional way, considering the usual three main122

contributions, namely123

ρxy(H) = R0 µ0 H +SA µ0 ρ
2
xx M(H)+∆ρxy(H) . (1)

Here the first term describes the normal Hall effect which is linear under applied magnetic field,124

while the second term represents the intrinsic anomalous Hall effect which is linear in the mag-125

netization and the resistivity squared. The third term vanishes in the spin-polarized state and is126

usually attributed to the emergence of additional Berry phase contributions in the presence of127

magnetic order.128

Assuming that the parameter SA does not change across the complex magnetic phase diagram,129

the Hall resistivity ρxy(H) in the field-polarized state is dominated by a normal Hall contribu-130

tion (NHE) and a small anomalous Hall contribution (AHE) as denoted in Fig. 6(c). In turn, the131

anomalous contribution in the resistivity ρxx between H1 and the onset of the field-polarized state132

at Hc is barely noticeable as compared to the non-monotonic part of the Hall resistivity ρxy(H).133

This underscores the putative presence of a combination of different topological contributions in134

the transport properties and motivates the consideration of the magnetic structure presented in the135

next section.136
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FIG. 4. Magnetization and electrical transport properties of TmCu at T = 2K for magnetic field along 〈111〉.

(a) Magnetization as a function of magnetic field, where two dominant step-like transitions at H1 = 4.0T

and H2 = 6.7T are followed by the onset of the field-polarized state slightly above Hc = 9.0T. (b) Electrical

resistivity ρxx, featuring a non-monotonic contribution between H1 and Hc. (c) Hall resistivity ρxy of TmCu.

Dashed lines represent normal and anomalous Hall contributions denoted NHE and AHE, respectively,

as matched to the field polarized state above Hc. Shown in light-purple shading is the presence of an

exceptionally large non-monotonic signal component in ρxy, providing putative evidence of topological

effects.

III. MAGNETIC STRUCTURE137

A. Typical neutron data138

The presentation of typical key characteristics of the magnetic structures in the class of RCu139

systems may be illustrated best for the case of HoCu at zero field, featuring commensurate short-140

wavelength antiferromagnetism as well as incommensurate superstructures. For the microscopic141

determination of the magnetic structures of HoCu, ErCu, and TmCu numerous neutron diffraction142

experiments at various large-scale facilities were carried out67–76. Combining various state-of-the-143

art methods including spherical neutron polarimetry served to distinguish between arrangements of144

magnetic moments with equivalent structure factors77,78, as well as between multi-domain single-145
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FIG. 5. Magnetic neutron diffraction intensity as a function of temperature in HoCu at zero magnetic field.

Three phases denoted I, II and III may be distinguished, reflecting commensurate antiferromagnetism in

phase I, with an additional incommensurate superstructure in phases II and III.

k and single-domain multi-k forms of order, tracking higher-order magnetic Bragg components146

(see also Refs. 79–81).147

In the following we illustrate typical behaviour observed in HoCu, ErCu, and TmCu by virtue148

of the diffraction data recorded in HoCu at zero magnetic field. Data were collected in rocking149

scans with respect to the reciprocal lattice positionQ= (3
2 ,

3
2 ,1)+∆Q at the single-crystal diffrac-150

tometer HEiDi at FRM-II69. Further results of our neutron diffraction studies will be presented151

elsewhere67.152

As shown in Fig. 5, the scattering intensity in HoCo at zero magnetic field exhibits three dif-153

ferent momentum dependencies with increasing temperature denoted I, II, and III, consistent with154

the three antiferromagnetic phases observed in the bulk properties. At 2.3 K, the lowest temper-155

atures studied, HoCu displays short-wavelength commensurate (ππ0) antiferromagnetism with156

wave-vectors forming a star {(1/2, 1/2,0)}, frequently also denoted 〈1/2, 1/2,0〉. Further, at interme-157

diate temperatures when entering phases II and III the scattering intensity is characteristic of in-158

commensurate ordering vectors {(1/2−δ , 1/2,0)} with δ ≈ 0.02r.l.u.. These scattering intensities159

correspond to a long-wavelength superstructure of the short wavelength commensurate antiferro-160

magnetic order observed in phase I.161

The incommensurate propagation vectors observed in phases II and III are reminiscent of the162
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antiferromagnetic order reported in the large class of cubic rare-earth intermetallics summarized163

in Tab. I. While some of the commensurate states have been considered as candidates of short-164

wave-length multi-k order, it is interesting to note that the components defining the incommensu-165

rate superstructures, {(1/2−δ , 1/2,0)}, may represent long-wavelength multi-k modulated states166

in their own right. In turn, we limit the discussion of the magnetic structures in HoCu, presented167

in the following, to phases I and II, since they permit to address the topological character in two168

opposing limits. Indeed, although in both phases magnetic structure refinements and polarized169

neutron diffraction may be accounted for by relatively simple collinear forms of antiferromagnetic170

order, a large set of antiferromagnetic multi-k states with non-trivial topological properties exist171

some of which may ultimately turn out to be the magnetic ground states.172

B. Phase I of HoCu: Commensurate Order173

The magnetic structure in phase I of HoCu corresponds to the irreducible representation Γ9 of174

the M-point in space group Pm3̄m82. In particular, the magnetic Fourier components propagated175

by a vector of the star 〈1/2, 1/2,0〉 are restricted to lie within the plane that is perpendicular to176

the ferromagnetically coupled 〈100〉 bond of the respective propagation. The orientation of the177

corresponding arms kc,1 = (1
2 ,

1
2 ,0), kc,2 = (0, 1

2 ,
1
2), and kc,3 = (1

2 ,0,
1
2), is illustrated in Fig. 7(a),178

where the magnetic ground state may involve any number of these components.179

Presented in Fig. 7(b-d) are examples of single-k, double-k, and triple-k types of order in180

excellent agreement with the magnetic structure refinements obtained using JANA200683. Without181

further constraints, an infinite number of such Γ9 structures exists, which cannot be distinguished182

using unpolarized single-crystal neutron diffraction at zero magnetic field. Careful analysis of183

neutron diffraction recorded under applied magnetic field, to be presented elsewhere, established184

finally that structure t1 shown in Fig. 7(d) represents the correct solution of phase I.185

In the context of this paper, it is instructive to discuss the properties of t1 in further detail.186

Namely, the topological properties of the triple-k state t1 cannot emerge from structures with187

fewer wave vectors. Unlike the single-k state representing a collinear structure, and the double-k188

state representing a noncollinear coplanar structure, the triple-k state corresponds to a noncoplanar189

texture of magnetic moments with finite scalar spin chiralities∼Mi ·(M j×Mk)
84. As a possible190

account of electrical transport properties such as those observed in TmCu, such spin chiralities191

may result in real-space Berry phases and anomalous Hall contributions that are not proportional192
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FIG. 6. Magnetic structure of Phase I in HoCu. The magnetic ground state represents a commensurate

(ππ0) antiferromagnet that corresponds to the irreducible representation Γ9. (a) Reciprocal space illustra-

tion in the Brillouin zone of the three arms of the star of propagation vectors 〈1/2, 1/2,0)〉. In principle, the

wave-vectors may form single-k, double-k, or triple-k structures. (b) to (d) Real space examples of the

star of propagation. Measurements under magnetic field establish the structure shown in panel (d) is the

solution for phase I of HoCu. Also shown in panel (d) is an extrapolation of the triple-k structure to inter-

atomic positions is illustrated in terms of the directorfield depicted by means of small arrows. One unit cell

may be viewed as a monopole–antimonopole pair denoted by a red and a blue sphere at a(3/4, 3/4, 3/4) and

a(1/4, 1/4, 1/4), respectively. Colors encode the flux of each arrow with respect to the nearest singularity. (e)

Band structure calculated for the triple-k structure in terms of the minimal tight-binding model described

in the text.
12



to the net magnetization M(H)23.193

Moreover, the Fourier description of a triple-k (ππ0) state such as t1 is given by194

M (R) = M0 ·
3

∑
i=1

m̂i · cos(ki ·R) , (2)

whereR denotes the positions of the magnetic rare-earth ions. Decomposing t1 in terms of Fourier195

components given by m̂1 = (0,1,0), m̂2 = (0,0,1), and m̂3 = (1,0,0), it may be seen that t1 re-196

sembles the monopole-antimonopole lattice reported in MnGe14. Extending the magnetization197

M (r) analytically to locations between rare-earth lattice sites, singularities are located at the198

positions r = 1
4(a,a,a) and 3

4(a,a,a) where the magnetization vanishes and the Berry curvature199

bk = 1
2 · [∂in×∂ jn] derived from the directorfield n =M/|M | is topologically non-trivial with200

effective magnetic charges given by QM = 1
4π

∫
S dSk · bk = ±1, see Ref. 14. In fact, around the201

same positions the directorfield forms a hedgehog and an anti-hedgehog, respectively. While a202

real-space interpretation of phase I based on a continuous magnetization field suggesting micro-203

scopic monopoles and anti-monopoles is intriguing, it must also be emphasized that it is incon-204

sistent with a bare magnetic structure, M (R), composed of local moments, in which mirror and205

rotational symmetries must be broken to generate the interpolationM (r).206

Shedding a different light on the topological properties of the triple-k structure t1, it is instruc-207

tive to consider the associated band structure on the level of a minimal tight-binding model given208

by23:209

H = ∑
〈i, j〉

ti jc
†
i c j + JH ∑

i
σ ·Sic

†
i ci , (3)

where c†
i and ci represent the two-component creation and annihilation operators of an electron210

at site i. The first term describes hopping between low-order nearest neighbours and the second211

term describes the coupling between conduction electrons and the magnetic structure treated as212

local exchange field Si. In the limit of fully polarized localized moments, i.e., JH→ ∞, a spinless213

tight-binding model is obtained with hopping parameters teff
i j = ti j · 〈χi|χ j〉, where214

|χi〉 := [cos(θi/2), sin(θi/2) · exp(i ·Φi)]
T (4)

represents a spinor describing a classical spin Si in terms of polar angles θi and Φi
23. Solving this215

model in the absence of spin–orbit coupling for a typical set of parameters given by t〈100〉= t〈110〉=216

t, the band structure displays Berry curvature with a rich distribution of positive and negative217

magnetic charges in reciprocal space85. Panel (f) shows the resulting band structure at momentum218

kz =
π

2 , where four singularities of quantized charges emerge.219

13



The minimal tight-binding model and the resulting assembly of charges creating Berry-

curvatures permit to discuss the properties of the triple-k structure t1 further. For instance, in

the presence of an anisotropic distortion of the lattice with respect to the [111] direction, a dis-

placement of the charges causing the Berry curvatures are expected resulting in two–dimensional

Chern numbers, a finite intrinsic anomalous Hall effect23, and an orbital magnetization (a similar

phenomenon was studied in Ref. 86). The latter may be calculated by means of the expression87

Morb =−
ie
2h̄ ∑

n,α

∫
d3k [〈∂kun,α |× (H−En) |∂kun,α〉+

+2(En−EF)〈∂kun,α |× |∂kun,α〉] (5)

where the distortion of the lattice is taken into account in terms of a slight change of hopping220

parameters for next-nearest neighbour bonds perpendicular to [111]. Finally, for the two domains221

of the triple-k structure, the orbital magnetization exhibits opposing direction and hance differ-222

ent Zeeman energies under an applied magnetic field. Accordingly, already on the level of this223

minimal model an anomalous response to an applied magnetic field may be expected.224

C. Phase II of HoCu: Incommensurate Order225

The magnetic state associated with phase II of HoCu comprises a combination of commensu-226

rate and incommensurate modulations that correspond to the IRs Γ2 and Γ1 of the wave-vector227

stars 〈1/2, 1/2,0〉 and {(1/2−δ , 1/2,0)}, respectively. This implies that magnetic moments associ-228

ated with each wave-vector are directed along the ferromagnetically coupled 〈100〉 bond of the229

respective propagation. The star of incommensurate propagation vectors has six wave-vector arms230

as illustrated in Fig. 3(a). Since the three arms of commensurate wave-vectors must also be taken231

into account, the magnetic structure in phase II may be a multi-k structure with up to nine magnetic232

propagation vectors.233

The bare modulation associated with a single incommensurate k-vector of the associated IR234

corresponds to an amplitude modulation, as shown in Fig. 3(b). Such a magnetic state has been235

reported in HoAg and TmAg34. The superposition of such incommensurate wave-vectors with a236

specific, well-defined phase relation may result in highly non-trival magnetic textures, such as the237

4-sublattice non-chiral helix presented in Fig. 3(c). The latter arises from the π/2-shifted superpo-238

sition of two amplitude modulations that are incommensurate along the same 〈100〉 direction. The239

simplest possible structure arising from the superposition of commensurate and incommensurate240
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FIG. 7. Magnetic structure determination in Phase II of HoCu. (a) The magnetic ground state is a su-

perposition of wave-vectors from the stars
{
(1

2 −δ , 1
2 ,0)

}
and

{
(1

2 ,
1
2 ,0)

}
. The latter yields six arms that

are here illustrated by the positions in the Brilloin zone. (b) Bare modulation of a single incommensurate

wavevector representing an amplitude modulation. (c) Exemplary phase-shifted superposition of two such

amplitude-modulations resulting in a non-chiral helix. (d) Collinear double-k structure resulting from one

commensurate and one incommensurate propagation vector. (e) Four-sublattice non-chiral cone-structure

resulting from a superposition of two incommensurate and one commensurate propagation vectors and

identified by us as the magnetic structure in phase II. (f) Four-sublattice antiferromagnetic skyrmion lattice

resulting from a superposition of four incommensurate and one commensurate propagation vectors.
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wave-vectors and, according solely to irreducible representations a candidate structure for phase241

II of HoCu, is the collinear structure shown in Fig. 3(d), which was previously proposed to exist242

in ErCu and TmCu33.243

Structures with topologically non-trivial properties may emerge when more than one incom-244

mensurate modulation are involved. Presented in Fig. 3(e) is the triple-k structure that we iden-245

tified as the most plausible magnetic solution of phase II. It represents a 4-sublattice antiferro-246

magnetic non-chiral cone. Notably, the latter displays a constant modulus of magnetic moments,247

which in general is a favourable for f -electron moments. The modulation of the real-space texture248

changes from coplanar to noncoplanar arrangements and the rotation associated with the super-249

structure follows the parametrization of a staggered parameter making a full winding in the real250

projective space RP1 over a real-space distance of ∼ 1
2 ·a/δ = 9 nm, which is half of the period-251

icity of the cones on each sublattice.252

Also shown in Fig. 3(f) is a quintuple-k structure, which arises from a superposition of one253

commensurate and four incommensurate propagation vectors as another possible solution consis-254

tent with the irreducible representations of phase II. Illustrated on the left hand side of Fig. 3(f) is255

the diffraction pattern of a single domain. The associated real-space texture represents a four-256

sublattice antiferromagnetic skyrmion lattice, in which half of the sublattices display positive257

winding numbers and the other half negative winding numbers. Starting from this, the super-258

position of a sufficiently large uniform magnetization as induced by an applied magnetic field may259

stabilize a four-sublattice skyrmion state with equal winding numbers on each sublattice. The lat-260

ter may give rise to complex transport properties, such as net Berry phases resulting in transverse261

resistivity emerging from intra-sublattice conduction processes.262

IV. CONCLUSIONS263

In summary, we presented a short review of antiferromagnetic multi-k states in the cubic rare-264

earth copper compounds with special emphasis of their putative topological character. To illustrate265

key findings we reported selected results in HoCu, ErCu, and TmCu, representing promising ma-266

terials that may host topological antiferromagnetic order. In all compounds measurements of the267

magnetic susceptibility establish multi-pocketed magnetic phase diagrams characteristic of deli-268

cately balanced competing interactions. The electrical transport properties exhibit exceptionally269

large anomalous contributions in the resistivity and Hall effect that are strongly suggestive of non-270
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trivial topological winding of the electronic and magnetic structure. Neutron scattering reveals271

variations of (ππ0) antiferromagnetic order throughout the magnetic phase diagrams, where some272

of the phases support multi-k states. Focussing on HoCu, we showcased commensurate (ππ0) or-273

der as a platform of a topological band structures comprising monopoles and antimonopoles. On274

a related note, we predict that incommensurate superstructures of the (ππ0) antiferromagnetism275

in phase II of HoCu may provide an example of an antiferromagnetic skyrmion lattice with non-276

vanishing topological winding in real-space. This combination of properties reflecting opposing277

limits, connects emerging properties in a unprecedented way, extending the platform of materials278

properties currently studied in the context of neuromorphic applications1–4,6,7.279
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