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In the rapidly expanding field of topological materials there is growing interest in systems whose topological electronic band
features can be induced or controlled by magnetism. Magnetic Weyl semimetals, which contain linear band crossings near the
Fermi level, are of particular interest owing to their exotic charge and spin transport properties. Up to now, the majority of magnetic
Weyl semimetals have been realized in ferro- or ferrimagnetically ordered compounds, but a disadvantage of these materials for
practical use is their stray magnetic field which limits the minimum size of devices. Here we show that Weyl nodes can be induced
by a helical spin configuration, in which the magnetization is fully compensated. Using a combination of neutron diffraction and
resonant elastic x-ray scattering, we find that below Ty = 14.5 K the Eu spins in EuCuAs develop a planar helical structure which
induces two quadratic Weyl nodes with Chern numbers C=+£2 at the A point in the Brillouin zone.
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INTRODUCTION

Weyl semimetals (WSMs) are crystalline solids characterized by
points in momentum space where singly degenerate bands cross.
These points, called Weyl nodes, are extremely robust against
perturbations due to their non-trivial topology. In recent years,
WSMs have garnered significant attention from both theoretical
and experimental perspectives due to their potential to host
relativistic charge carriers which mimic the behavior of massless
fermions, and the associated exotic transport properties'™.

The realization of a WSM requires the breaking of either (or both
of) inversion symmetry (P) or time-reversal symmetry (7). The
latter approach is of particular interest because it provides a route
to greater control over the topology of electronic bands via
magnetism or magnetic fields>~'°. Ferromagnetic WSMs are an
obvious choice of system to work with, but their instability at small
scales due to stray fields limits their potential for downscaled
applications”"'='3,  Antiferromagnetic (AFM) WSMs are more
promising in terms of stability, but most AFM structures do not
lift the double degeneracy of the bands because although
collinear AFM order breaks 7, it usually preserves the combination
Px T, which prevents any Dirac points from splitting into pairs of
Weyl nodes.

An alternative approach is to look for AFM systems with non-
collinear spin arrangements that do not have Px 7 symmetry. An
example is the Mn3X compounds (X = Sn, Ge) which have a type
of chiral 120° AFM structure that supports Weyl nodes'®, but
whose electronic bands near the Fermi level are strongly
broadened and renormalized and therefore difficult to probe
experimentally’®. On the other hand, the non-collinear configura-
tions of Eu spins in centrosymmetric materials such as EuCo,P,'®,
EuNi»As,'7, EuZnGe'® and EuCuSb'® may provide a way to lift the
band degeneracy without introducing significant electronic
correlations. Sizable band splittings of order 0.1 eV are possible
due to the large exchange coupling between localized Eu 4f states

and the conduction electrons®®. Calculation of the electronic
structure of these Eu compounds by density functional theory
(DFT) is problematic due to the large magnetic supercells, and up
to now calculations have either not been attempted or do not
include the full non-collinear incommensurate magnetic structure.
Hence, a simpler system with a commensurate non-collinear AFM
order is desired for further investigation.

In this study we consider EuCuAs, which belongs to the
centrosymmetric EuTX (T = Cu, Ag, Au; X=P, As, Sb, Bi) family of
materials?'~3° whose unit cell is shown in Fig. 1a. We establish that
below the Néel temperature, Ty = 14.5 K, the Eu moments are
aligned ferromagnetically in the basal plane and exhibit a helical
spin arrangement along the c axis, with a magnetic propagation
vector q,, = (0,0, 1), T~ 0.5. The magnetic interactions are found
to be highly two-dimensional, and the helix is most likely
stabilized by frustration in the out-of-plane couplings. Our ab
initio DFT calculations demonstrate that the helical spin structure
in EuCuAs generates Weyl nodes.

RESULTS
Bulk properties

In Fig. 2a, we present the temperature-dependent susceptibility of
EuCuAs measured with applied field parallel and perpendicular to
the c axis. The peak observed in both field directions at Ty = 14.5 K
indicates the onset of AFM order of the Eu magnetic sublattice.
The susceptibility curves and ordering temperature are consistent
with earlier measurements reported in ref. 24, Below Ty, it can be
seen that the magnetic susceptibility along the ¢ axis (x;o) is
greater than that perpendicular to the c¢ axis (x..) at low
temperatures, suggesting that the Eu magnetic moments lie in
the ab plane.

Figure 2b displays field-dependent magnetization curves
measured at T=2 K for the two field directions. When the field
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Fig. 1 Crystal and magnetic structure of EuCuAs. a The hexagonal unit cell of EuCuAs is described by the centrosymmetric P6s/mmc space
group, with Cu-As layers hosting topological fermions sandwiched between magnetic Eu layers. Possible Eu spin configurations in EuCuAs: (b)
A-type AFM order, with a magnetic propagation vector of g, = (0, 0, 0); (c) double-period antiferromagnetic structure (DP-AFM); (d) helical spin
arrangement (right-handed chirality is shown). The latter two structures possess a magnetic propagation vector of q,, = (0,07%), i.e., with a

doubling of the unit cell along the crystal ¢ axis.

is applied along the c axis (B||c), the magnetization increases
smoothly and reaches saturation above a field of Bjg" ~ 2.5 T. This
behavior is consistent with an increasing tilt of Eu magnetic
moments out of the plane until full polarization is reached along
the field direction. The saturation magnetization, M=
7.0(Mug fu.”', agrees well with the expected value gJug for a
single divalent Eu** ion (4f, L =0, S =7/2 and g, = 2) per formula
unit.

In the BLlc field configuration we observe a kink in the
magnetization at around B;~0.3 T, consistent with previous
measurements?*, which is not present in the B||c data (see Fig.
2b). Beyond this point, the magnetization increases rapidly and
saturates at a field of B ~1.5 T. The anomaly in the magnetization
curve at B, suggests a metamagnetic transition in which there is a
sudden rearrangement of the Eu moments within the ab plane.

In Supplementary Note 2, we report magnetization measure-
ments with the applied field parallel to the inequivalent [100] and
[210] crystallographic directions, in order to probe any in-plane
anisotropy. The results for the two field orientations are virtually
indistinguishable, which shows that the in-plane anisotropy is
much smaller than the out-of-plane anisotropy.

To investigate the relationship between charge transport and
Eu magnetism in EuCuAs, we plot the resistivity (p,,) as a function
of temperature for three different fields (Fig. 2c). In the absence of
a magnetic field, we observe that p,, increases on cooling and
reaches a maximum at Ty, before dropping sharply as the
temperature approaches 2 K. We also find that the resistivity peak
can be suppressed by an applied magnetic field, as shown in the
measurements at B=2.5 T and 5 T (Fig. 2¢, d). These observations
suggest that the enhanced resistivity at Ty is due to the scattering
of charge carriers from cooperative Eu spin fluctuations, which
start to build up at temperatures of order 50 K and reach a
maximum amplitude at Ty. Spin fluctuations are quenched by a
magnetic field comparable to B, and this likely accounts for the
reduction in the resistivity at Ty with field observed in Fig. 2c.
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The p,, measurements as a function of field applied parallel to
the c-axis are plotted in Fig. 2d. At T= 2 K, the resistivity increases
up to B, = 0.3 T, above which the resistivity decreases sharply with
field. As the temperature is increased, the low-field anomaly in the
resistivity becomes washed out and is completely suppressed at
temperatures above Ty. Negative magnetoresistance is observed
at all temperatures for fields above B*** (Fig. 2d).

Magnetic diffraction with neutrons and x-rays

We investigated the magnetic structure of the Eu moments below
Ty in EuCuAs using powder neutron diffraction (PND), single-
crystal neutron diffraction (ND), and resonant X-ray magnetic
scattering (REXS), as shown in Fig. 3. The PND measurement
(Fig. 3a) revealed magnetic diffraction peaks below Ty which could
be indexed with a magnetic propagation vector q., = (0, 0, T) with
T=0.591(1) reciprocal lattice units (r.l.u.). This means that the Eu
spins align ferromagnetically within the hexagonal planes and
have an incommensurate period along the ¢ axis. The refinements
gave good agreement with the data for the proper screw (planar
helix) structure shown in Fig. 1d, in which the spins lie in the ab
plane and rotate around the c¢ axis from layer-to-layer. The
statistics place an upper bound of 3° on any out-of-plane tilt.

We also found a magnetic propagation vector of the form
dm = (0, 0,7) in the REXS study of a EuCuAs single crystal, but this
time we observed 7= 0.42(1) r.Lu,, Fig. 3b. We note that because
there are two Eu layers per unit cell, magnetic Bragg peaks are
observed at positions (H, K, 2L £ 1), where H, K, L are integers.

The different values of 7 found in the PND and REXS
measurements indicate that the period of the helix can vary from
sample to sample, perhaps due to small differences in composi-
tion. This finding was reinforced in the single-crystal ND study in
which we used a different single-crystal sample and found yet
another value, T=0.50(1). Figure 3d shows the temperature
dependence of the integrated intensity of a peak observed at
q=(1,0,1.5), which demonstrates an order-parameter-like
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Fig.2 Magnetic and transport properties of EuCuAs. a Magnetic susceptibility curves for EuCuAs in the B_Lc and B||c configurations show an
anomaly at Ty = 14.5 K. b Magnetization curves as a function of applied field along and perpendicular to ¢ at fixed temperature of T=2 K.
¢ Temperature dependence of resistivity (o,,) at various fixed field strengths (|B| =0, 2.5, 5 T; B||c). d Magnetic field dependence of p,, at
various fixed temperatures (T = 2-30 K).
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Fig. 3 Unraveling the magnetic order of EuCuAs with neutrons and x-rays. a Powder neutron diffraction (PND). Red and blue tick marks
indicate structural and magnetic Bragg peaks. b Resonant elastic X-ray scattering (REXS). The peaks at L = 1.58 and 2.42 are magnetic Bragg
peaks. ¢ Single-crystal neutron diffraction (ND). The peaks at L =0.5 and 1.5 are magnetic Bragg peaks. d Integrated intensity of the
Q=(1,0,1.5) magnetic reflection measured with ND. e Refinement of single-crystal ND data, comparing the observed and calculated
magnetic Bragg peak intensities for the helical structure. f Comparison of observed (P;}bs‘) and calculated (P,?e"x) full polarization matrices for
four magnetic reflections. For each reflection, the nine elements of the polarization matrix P; from left to right correspond to ij = xx, xy, xz, yx,
yY, ¥z, zx, zy and zz. The data were recorded at T= 2 K. g, h Field dependence of peaks observed with REXS and ND, respectively. The error bars
correspond to the standard deviation on the integrated intensity of the reflections.

Published in partnership with Nanjing University npj Quantum Materials (2024) 7



npj

J. Soh et al.

4

dependence below Ty=14.5(5) K. This temperature coincides
with the peak in the susceptibility (Fig. 2a), and also agrees with Ty
values found in the PND and REXS measurements (see Supple-
mentary Note 1), confirming the magnetic origin of the T=0.5
family of peaks.

Symmetry analysis for the paramagnetic group P6s/mmc with
propagation vector q,, = (0, 0,%) shows that the magnetic group
formed by the Eu spin components decomposes into two
irreducible representations (irreps), [ =T, + I'5. Of these, I'; describes
a pair of longitudinal spin-density wave structures with the spins
pointing along the ¢ axis. This structure can immediately be ruled
out because magnetic peaks of the form (0,0,2L+ 15) were
observed. The T3 irrep describes four domains of the planar helix
shown in Fig. 1d. We also considered the DP-AFM structure shown in
Fig. 1c. This structure is not described by one of the irreps, so based
on Landau’s theory it is not expected to form in a continuous
magnetic phase transition. Nevertheless, we consider it because
after averaging over an equal population of domains related by
+120° in-plane rotations of the Eu moments about the ¢ axis the
magnetic Bragg peak intensities are identical with those of the
helical structure. Additionally, the DP-AFM structure with canted
spins is found to be stabilized by an in-plane magnetic field (see
below), so it is important to rule out this structure in zero field.

The single-crystal ND data in zero field are described well by
both structures assuming equal domain populations, with x2 =
6.51 (x2 is the usual goodness-of-fit statistic normalized to the
number of degrees of freedom). Figure 3e shows the good
agreement between the observed and calculated peak intensities
for the helical structure. However, the large shape-dependent
corrections needed to account for the severe neutron absorption
of Eu in the sample (absorption cross-section 4530 b at 1.8A
wavelength) make a more detailed structural analysis from this
data unreliable.

To provide a more stringent investigation of the zero-field
magnetic order in the EuCuAs sample with T=0.5 we turned to
spherical neutron polarimetry (SNP). In the SNP technique?', the
information on the magnetic structure is obtained from the
polarization matrix P;. The components of P; are determined from
intensity ratios (see “Methods”) and so do not depend on sample
attenuation, which is an advantage for samples with strong
neutron absorption like EuCuAs. As with unpolarized neutron
diffraction, SNP cannot distinguish between the helical and DP-
AFM models when the latter is averaged over equal populations of
equivalent domains. However, a sample that is field-cooled
through Ty into the DP-AFM phase is expected to preferentially
contain domains in which the spins lie perpendicular to the field.
With this in mind, we cooled the sample from 25 Kto 2 K in a field
of 1 T applied parallel to the b axis, before removing the field,
inserting the cryostat into the SNP device and measuring the P; at
ten magnetic peak positions in zero field. A fit to a single domain
of the DP-AFM structure in which all spins are perpendicular to the
field gave a poor agreement with x2 = 649. Allowing the domain
populations to vary, we found that the data constrain any DP-AFM
domain imbalance to be less than 5%. In contrast, a refinement of
the helical magnetic structure against the P; gave an excellent fit,
with x2 = 1.85, as illustrated in Fig. 3f for four of the reflections.
The magnetic space group of the helical structure with T=0.5 is
C.2 (#5.16 in the Opechowski-Guccione (OG) setting).

We conclude, therefore, that the magnetic structure of EuCuAs in
zero or very small fields is a planar helix with a (sample-dependent)
period of approximately four Eu layers, as shown in Fig. 1d. Next, we
investigate the metamagnetic transition observed when a magnetic
field is applied perpendicular to the ¢ axis (Fig. 2b). Figure 3g shows
that with increasing field the incommensurate (0,0,1.58) peak
observed at T=8 K in the REXS experiment changes in position very
slightly at first, but then jumps discontinuously at a field of B~0.1 T
to the commensurate position (0,0,1.5). The ND crystal has a
commensurate propagation vector already at zero field, but with

npj Quantum Materials (2024) 7

increasing field we observe a switch in the magnetic scattering
intensity from L = half-integer to L = integer positions, as illustrated
in Fig. 3h. At fields above about 0.2 T the intensity of the (1,0, 1.5)
reflection decreases sharply, while the (1,0, 4) reflection increases.
The crossover occurs at a field of around 0.3 T at T=2 K, which
corresponds roughly with the metamagnetic transition field B, see
Fig. 2b. The lower value of B; observed by REXS is most likely
explained by the higher temperature of the sample during the
measurement.

To clarify the arrangement of the Eu moments above the
metamagnetic transition field, a total of 316 reflections (both
integer and half-integer L) were measured at B=0.4 T. The
refinement of the model to the observed reflections reveals that at
this field the Eu moments form a canted DP-AFM structure, which
can be considered as the sum of collinear DP-AFM order and FM
order. The DP-AFM component is a single domain with the Eu
spins perpendicular to the field. The integer reflections indicate a
FM component along the direction of the applied field (B||b).
Therefore, considering our results in zero field and in 0.4 T we
conclude that at B, ~ 0.3 T the Eu moments reorient within the ab
plane from the helical to a canted DP-AFM structure.

At higher fields (B> 0.8 T), the integrated intensity of (1,0, 1.5)
peak remains zero while the (1,0,4) intensity continues to
increase, eventually saturating at B~ 1.5 T, where the magnetiza-
tion also plateaus (see Fig. 2b). Thus, the behavior of the magnetic
intensities above B is consistent with the gradual canting of the
Eu moments along the direction of the applied field into a fully
polarized state.

Electronic band structure

To clarify the nature of the charge carriers in EuCuAs below Ty, we
plot in Fig. 4a the electronic band structure calculated with a
commensurate period-4 (1=0.5) helical arrangement of the Eu
magnetic moments (Fig. 1d). Our calculations indicate that the
bands that give rise to charge transport (i.e, close to the Fermi
energy, E) are dominated by states with Cu and As character, while
the Eu 4f bands which are responsible for magnetism reside ~1.2 eV
below E¢ (see Supplementary Note 3). Except at crossing points, the
bands are singly degenerate throughout the hexagonal Brillouin
zone (Fig. 4c), with the spin-splitting driven by the chiral spin
configuration which breaks all of the mirror symmetries of the P65/
mmc space group. As such, band crossings can be topologically non-
trivial and can host Weyl fermions if the nodes are close to the Fermi
energy (Eg). Figure 4b shows the electron energy dispersion along k,
from the I to A high symmetry points of the hexagonal Brillouin
zone. As discussed in Supplementary Note 4, we find two quadratic
Weyl points with Chern numbers C=+2 at the A point, as well as
several other crossings which are part of complex nodal lines. The
band structure was not calculated over the entire Brillouin zone, so
we have not mapped out these nodal structures in detail.

As a comparison, we also plot in the same energy-momentum
window the calculated electronic band structure with the DP-AFM
configuration which we have considered but ruled out in the
previous section (Fig. 4b). Unlike with the helical Eu magnetic
order, the electronic bands in the DP-AFM structure do not
manifest Weyl points at the A point because the bands that cross
are doubly degenerate. The Kramers degeneracy is preserved
because the DP-AFM structure possesses m,x 7 symmetry which
leaves k, invariant (m, is the CuAs plane between two neighboring
Eu atoms with parallel spins).

In order to validate our ab initio calculations of the electronic
bands, we compare them with angle-resolved photoemission
spectroscopy (ARPES) measurements. We find very good agreement
providing the calculated bands are shifted up in energy by ~0.4 eV,
indicating that this sample is slightly hole-doped. Figure 4d plots the
three-dimensional cross-section of the calculated electronic disper-
sion, which shows two concentric conical bands centered at the I
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(see Supplementary Note 4). h-k Measured ARPES spectrum at T=5 K.

point, in excellent agreement with the measured spectrum obtained
at T=5 K (Fig. 4h). The calculated dispersion along the K— T — K
high-symmetry direction reveals two pairs of linearly dispersing bands
(Fig. 4e), which we also find in the measured spectrum in Fig. 4i.

Moreover, the calculated Fermi surface (binding energy E=0)
displays two concentric circular hole-like pockets centered at the I'
point (Fig. 4f). The constant-energy cut at £ = 0.2 eV, shown in Fig.
49, also has two concentric circular bands but are larger than that
at the Fermi energy. Correspondingly, the measured spectrum at
Er and at 0.2eV (Fig. 4j, k) are in good agreement with the
dispersion of the calculated bands.

Spin Hamiltonian

In this section we shall develop an approximate spin Hamiltonian
to describe the magnetic behavior of EuCuAs. Because the spins
on Eu are large (S = £) and localized we expect that a semiclassical
mean-field treatment should account for the static magnetic
properties, and linear spin-wave theory should give a good
description of the magnetic excitations.

Helical magnetic structures in which the spins align ferromagne-
tically within the layers but rotate from layer-to-layer around the axis
of the helix are not uncommon. In materials with inversion
symmetry, such that the Dzyaloshinskii-Moriya interaction is absent,
they are usually considered to arise from competing exchange
interactions. The simplest models are based on the Hamiltonian:

H=> —JjSi-S;+D(5)* + gusSi - B, )
(i)

which has been analyzed in great detail>>=. In the Heisenberg

coupling term it will be sufficient to include three exchange
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constants: J,, which couples neighboring spins in the ab plane,
and J; and J,, which couple nearest and next-nearest neighbor
spins along the c¢ axis (Fig. 1a). With D>0, the second term
ensures easy-plane anisotropy, as observed. Later we discuss the
possibility of small additional terms to H.

With zero applied magnetic field (B =0), it is well known that
the ground state magnetic structure obtained from Eq. (1) in the
mean-field approximation with J, > 0 is a planar helix with turn-
angle between spins of:

et
8 = cos ( 4J2>. )]

The helix is the stable solution for J,<0 and |J;|<|4/;|. In
EuCuAs, which has two Eu layers per unit cell along the ¢ axis,
the propagation vector of the helix is q,,=(0,0,7) r.lu. with
T=0/m.

In general, the behavior of a planar helix in a field applied
perpendicular to the axis of the helix can be complex, with several
different phases predicted as a function of field and helical turn-
angle32-343637  However, for O~n/2, as established here in
EuCuAs, it was found that a transition takes place at an
intermediate field B, to a canted double-period AFM structure33,
In other words, at B, the propagation vector jumps to q,, =
(0,0, %) corresponding to a turn-angle of 71/2. This is precisely what
we have observed in EuCuAs (Fig. 3g). By applying the mean-field
approximation to the Hamiltonian (1), and neglecting any
distortion of the ideal helix for B, < B,, we find that B; and the
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saturation fields are given by:
Ji+2,5 S
By = ||y 2 > 3)
2J;  gug
B = —2(Jy + 2]2)i (4)
- gug’
B = 2{D — J;(1 — cosit) — Jo(1 7c052nr)}i (5)
e = 1 2 gu’

with the requirement that J; 4+ 2J, <0 in addition to J, <0.

We must emphasize that Egs. (3) and (4) are only approximate
due to the neglect of the distortion of the helix at small in-plane
fields, as well as the possibility of a fan structure at fields
approaching B%. We have also neglected in-plane anisotropy,
which even at very low levels can significantly change the phase
stability depending on the direction of the field relative to the
easy in-plane directions3*3%, Nevertheless, Egs. (3)-(5) can give us
an estimate of the Hamiltonian parameters for the samples with
incommensurate propagation vectors.

We first use Eq. (2) to determine J,/J,, and then Egs. (4) and (5)
together with the observed B%; and Bj¢' to determine J;, J; and D.
The results are given in Table 1. As a consistency check, we also
calculate B; from the obtained J; and J, values using Eq. (3). We
find B;~0.46 T (1=0.42) and B,~0.29 T (r=0.59), in satisfactory
agreement with the experimental value B;~0.3 T.

Although the Hamiltonian in Eq. (1) is a reasonable approxima-
tion, it cannot describe the sample with T=0.5 as it stands. To
produce 1= 0.5, Eqg. (2) would require J; =0, in which case Eq. (3)
gives B, = 0. This would imply that there was no metamagnetic
transition and that the period-4 helix was not stable in zero field,
both contrary to what we have observed. Possible ways in which
the Hamiltonian could be modified to stabilize a period-4 helix in
zero field include: (1) six-fold in-plane anisotropy, which is allowed
from the crystal structure of EuCuAs but could not be detected in

Table 1. Estimated exchange and anisotropy parameters (in meV) for
EuCuAs.

T Jo J; J, D
0.42 - 0.021 —0.021 0.009
0.59 0.060(3) —0.0077 —0.0069 0.011

The two sets of parameters are for samples with different incommensurate
propagation vectors T. Jo was determined experimentally for the T=0.59
sample only.

our magnetization measurements, could stabilize a period-4 helix
with the Eu spins aligned along the easy directions in the plane
(i.e., the turn-angle would alternate between /3 and 271/3); (2) a
biquadratic interaction J,(S; - S,-H)2 with J, >0, which favors a
turn-angle of 71/2 (ref. 38); (3) metallic (RKKY) exchange.

Next, we determine the in-plane nearest-neighbor exchange
parameter Jy from the spin-wave spectrum. The inelastic neutron
scattering spectrum is reported in Fig. 5a, measured on the same
sample as used for the neutron powder diffraction study (Fig. 3a).
Despite the punitive neutron absorption of Eu, the spin-wave
scattering signal is clearly observable in the neutron scattering
data, especially for momentum transfers Q below about 1A~
where a sharp dispersive mode is observed.

We simulated the neutron scattering intensity by powder-
averaging the theoretical expressions obtained from Eq. (1) by linear
spin-wave theory (see “Methods”). With the Hamiltonian parameters
J1, J» and D obtained above (Table 1) we find that the inter-layer
magnon dispersion has a band width of only 0.1 meV, and so cannot
be resolved from the strong elastic scattering that extends in energy
up to about 0.2 meV (see Fig. 5a). Therefore, the measured spectrum
consists almost entirely of the in-plane magnon dispersion.

The simulation displayed in Fig. 5b, performed with nearest-
neighbor exchange parameter J,=0.060 meV and other para-
meters as given in Table 1, is seen to agree well with the observed
spectrum. Inclusion of in-plane exchange couplings to spins
beyond the nearest neighbors did not improve the agreement.
Our analysis indicates that the magnitude of the next-nearest-
neighbor exchange is less than 10% of J,.

The modeling presented in this section has found that the nearest-
neighbor intra-layer exchange coupling Jy is between 3 and 8 times
larger than the nearest- and next-nearest-neighbor inter-layer
couplings J; and J, (see Table 1). Moreover, each Eu spin is coupled
to six other spins by Jo, and to only two other spins by J; and J,. The
magnetism in EuCuAs, therefore, is highly two-dimensional. Given
this, it is perhaps surprising that the magnetic order is so well
correlated in the out-of-plane direction, as reflected in the narrow
widths of the peaks in L scans—see Fig. 3b, c. We estimate the
correlation length along the ¢ axis to be ~100 A. This suggests that
the material is relatively free from chemical disorder of the kind that
might disrupt the propagation of the magnetic structure.

DISCUSSION

Our measurements and analysis provide strong evidence that the
Eu spins in EuCuAs adopt a helical spin structure in zero field below
Tn = 14.5 K. The magnetic propagation vector q,, =~ (0, 0, 0.5) is very
different from the propagation vector q,, =(0,0,0) of the A-type
AFM structure (Fig. 1b) which had previously been assumed®* and

0 05 10
Q(A™)

1.5 2.0

0 0.5 1.0 1.5 2.0 2.5

QA

Fig. 5 Spin-wave spectrum of EuCuAs. a Inelastic neutron scattering data recorded at T= 2 K. b Simulation from linear spin-wave theory with

the parameters given in Table 1 for the sample with 7= 0.59.
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which is often observed in hexagonal layered Eu compounds, e.g.,
refs. 39-*4, At the same time, helical or helical-like magnetic phases
have been observed in a number of other layered Eu compounds,
e.g. refs. 1671945748 Aq it is difficult to distinguish helical and AFM
order from bulk magnetization measurements or ab initio
calculations it is important to establish the magnetic structure
more directly from a microscopic probe of the spin configuration,
such as neutron or resonant magnetic x-ray diffraction.

We have found that the magnetic order in EuCuAs has a
profound effect on the electronic band topology. The P6s/mmc
space group of EuCuAs has inversion symmetry, so in the
paramagnetic phase the bands are doubly degenerate. In the
helical phase, however, inversion and time-reversal symmetries
are lost, and as a result the bands become singly degenerate and
realize two quadratic Weyl points with C= %2 at the A point.

In EuCuAs, therefore, we have an unusual state of affairs in
which a topological phase transition is driven by a magnetic
transition from a paramagnet to a helical magnetic order. This
differs from most other known magnetic Weyl semimetals, which
are induced by ferromagnetism or by externally applied magnetic
fields®. Recently, weak helimagnetism was reported in NdAISi,
which is also a magnetic Weyl semimetal*>. The dominant
interactions in NdAISi favor ferrimagnetic order, but it is proposed
that Weyl fermions modify the coupling between Nd ions and
generate Dzyaloshinkii-Moriya and Kitaev-type interactions which
are responsible for the weak chiral tilting of the moments away
from the easy direction. Hence, the interplay between helical
magnetism and electronic topology is very different in the two
materials. In EuCuAs, helical magnetism generates the Weyl state,
whereas in NdAISi, the Weyl state generate helical magnetism.

A more closely related magnetic Weyl semimetal is MnsX (X = Sn,
Ge) which, like EuCuAs, has a non-collinear magnetic structure that
breaks both 7" and Px 7 symmetries. The main differences are (1)
that Mn3X has a q = 0 magnetic structure with different space group
symmetries compared to the q#0 magnetic order in EuCuAs, and
(2) that the conduction states of Mn3X are strongly correlated. The
Eu bands in EuCuAs are located well below the Fermi level (Fig. 4a)
and the conduction states are weakly interacting, so magnetism and
electrical conduction originate from different electronic sub-systems
which, however, are sufficiently coupled that band splittings of
order 0.1eV can be induced or controlled by changes in the
magnetic order. This is an interesting and potentially useful feature
of Eu-containing topological semimetals like EuCuAs.

The central outcome of this work is the discovery that helical
magnetic order induces Weyl nodes in EuCuAs. This finding
expands the range of systems in which magnetic order influences
the electronic band topology. Of course, EuCuAs is far from ideal
because the Weyl points are at different energies and shifted from
E¢, and because the response of the Weyl fermions is complicated
by the presence of several topologically trivial bands at E. It
would be interesting, therefore, to find a simpler system in which
study the interplay between Weyl fermions and a subsystem of
helically ordered local moments.

Recently, we became aware of a related study of the magnetic,
transport and spectroscopic properties of EuCuAs which included
neutron diffraction measurements in the magnetic phase®®. The
authors of ref. *° find a helical magnetic structure similar to that
found in our study, but with a propagation vector of (0, 0, 0.352(1)).

METHODS

Crystal growth

Single crystalline EuCuAs was grown by the self-flux method, as
described in ref. 24, The quality and structure of the single crystals
was checked with laboratory x-rays on a 6-circle diffractometer
(Oxford Diffraction) and Laue diffractometer (Photonic Science).

Published in partnership with Nanjing University

J. Soh et al.

npj

7
Laboratory single-crystal x-ray diffraction confirmed the hexagonal
NiyIn-type structure (P63/mmc).

Magnetization

Magnetization measurements were performed on a Physical
Properties Measurements System (PPMS, Quantum Design) with
the vibrating sample magnetometer (VSM) option. The
temperature-dependent magnetometry measurements were per-
formed in the temperature range 2 < T<50 K in an external field
of B=0.1 T in two different field configurations, with B parallel
and perpendicular to the crystal ¢ axes, respectively. The field-
dependent measurements were performed at T=2K in fields up
to 5 T applied in the same two field directions, that is B||c and B_Lc.

Magnetotransport

Magnetotransport measurements were performed on the PPMS
with the resistivity option, to shed light on the coupling between
charge transport and the different spin-configurations. The field
was applied perpendicular to the crystal ¢ axis, in field strengths
up to uoH =5 T and temperatures down to T=2 K.

Powder neutron diffraction

The polycrystalline sample used for neutron powder diffraction
and inelastic neutron scattering was prepared from single crystals
which were crushed and finely ground. Measurements were made
on the WISH diffractometer at the ISIS Neutron and Muon Facility.
A mass of 1.3g of powder was contained in a thin-walled
cylindrical can of diameter 3 mm, made from vanadium. The can
was mounted inside a helium cryostat. Data were recorded at
temperatures between 20K and 2 K. Magnetic Bragg peaks were
observed at temperatures below Ty=14.5+0.5K (see Supple-
mentary Fig. 1). Rietveld profile refinement was performed with
the FULLPROF software suite®'. Data from detector banks 2 to 4
were used for the refinements. The refined lattice parameters at
20 K in the space group P63/mmc were found to be a=b=
4.2331(1) A and ¢=8.2354(2) A. The Lobanov-alte da Veiga
function was used to model the absorption for the cylindrical
sample, but due to the severe neutron absorption of Eu
(absorption cross-section 0,,s = 4530 b at wavelength A=1.8 A)
the absorption correction is not sufficiently accurate to give
reliable thermal parameters, site occupancies or magnetic
moment sizes (see Supplementary Note 1).

Single-crystal neutron diffraction

Single crystal neutron diffraction was performed on the D9
diffractometer at the Institut Laue-Langevin (ILL). Hot neutrons
(A=10.84 A) were used to reduce the absorption due to Eu. To
refine the structure in zero field we collected at total of 229
reflections at a temperature of 2 K with the sample mounted in a
four-circle cryostat. The full dataset comprised 109 structural
reflections consistent with the P6s/mmc space group, and 120
corresponding to the magnetic propagation vector q,, = (0, 0, 0.5).
After averaging symmetry-equivalent reflections, there were a
total of 38 unique structural reflections and 40 unique magnetic
reflections. Magnetic structure models were refined using the
Mag2Pol software®2. Attenuation corrections to the peak inten-
sities (due to the strong neutron absorption of Eu) were calculated
according to the length of the neutron path through the crystal,
whose shape and dimensions were measured for this purpose. To
study how the magnetic structure of EuCuAs evolves with an
applied magnetic field, we performed single-crystal neutron
diffraction at various field strengths up to B=2.5 T in a vertical
field cryomagnet. The crystal was mounted with the b axis vertical
(parallel to the field direction) so that hO/ reflections were
accessible in the horizontal scattering geometry.

npj Quantum Materials (2024) 7
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Polarized neutron diffraction

Polarized neutrons of wavelength 0.83 A were employed on the
D3 diffractometer (ILL) in the spherical neutron polarimetry (SNP)
set-up with the Cryopad device®®. The incident beam was
polarized by Bragg reflection from the (111) planes of a crystal
of ferromagnetic Heusler alloy (Cu,MnAl). An erbium filter was
placed in the incident beam to suppress half-wavelength
contamination. Nutator and precession fields were used to control
the direction of the beam polarization. A 3He spin filter was used
to analyze the polarization of the scattered beam. Standard
corrections for time decay of the filter efficiency were applied
based on measurements of the (102) structural Bragg peak. The
polarization matrix elements P; are defined as:

_ Ny =Ny

(6)

where N; and N;; are the number of counts (at a Bragg reflection)
when the incident neutron polarization is along i and the scattered
polarization is measured parallel and antiparallel to j, respectively,
with i, j being the principal directions x, y, z. The direction x is defined
as the direction along the scattering vector Q, z is perpendicular to
the scattering plane, and y completes the right-handed set.

Resonant elastic x-ray diffraction

The REXS measurements were performed at the 116 beamline,
Diamond Light Source. The incident x-ray photon energy was tuned
to the Eu L3 edge so as to benefit from the resonant enhancement
of the scattered x-ray intensity from the Eu?* ions. For the zero-field
measurements, the diffractometer was set to the vertical geometry
and the o — 7’ scattering channel, to be mainly sensitive to
magnetism which can rotate the linear polarization of the incident
x-rays. For the magnetic field-dependent measurements, the
diffractometer was set to the horizontal scattering configuration to
accommodate the vertical field magnet. The m — o’ scattering
channel was adopted to suppress the charge scattering and
enhance the magnetic scattering.

Density functional theory

To clarify the topological nature of the electronic band structure in
EuCuAs and how it evolves in a magnetic field, we performed
density functional theory (DFT) calculations of the electronic band
structure using VASP>*°v.6.2.1. Projector-augmented wave pseudo-
potentials in the generalized gradient approximation with Perdew
Burke Ernzerhof parametrization (PBE)*® were used. Relativistic
pseudo-potentials were used in the calculations to account for the
large spin-orbit coupling (SOC) arising from the heavy As ions which
might lead to band inversion, with a kinetic energy cutoff of 480 eV.
Furthermore, a Hubbard U=>5.0eV was used to model the strong
electron-electron correlations and reproduce the observed binding
energy of the localized Eu 4f bands (see Supplementary Note 4). A
Monkhorst-Pack k-point sampling mesh of 9 x 9 x 7 was used®”.

Angle-resolved photoemission spectroscopy

ARPES of EuCuAs was performed on the SIS-ULTRA beamline at the
Swiss Light Source (SLS). To determine the I and A high symmetry
point, we performed a k, dependent scan by varying the incident
photon energy from 50 to 150eV (see Supplementary Note 3).
Samples were cleaved at T~ 15 K under high vacuum (~10~8 Torr)
and measured at various temperatures between 5 K and 22 K at
incident photon energy of 74eV. Vertical, horizontal, left-handed
and right-handed circular incident photon polarization was used.
Spectra obtained at different temperatures and in each polarization
channel are reported in Supplementary Figs. 5 and 7.
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Inelastic neutron scattering

Measurements were performed at the ISIS Neutron and Muon
Facility, U.K,, on the same 1.3 g polycrystalline sample as used for
neutron powder diffraction. Initial measurements were performed
on the Merlin chopper spectrometer with incident neutron
energies between 8 and 100 meV. The spectra established that
the magnetic excitation spectrum did not extend beyond 2 meV in
energy. Subsequent measurements of the same sample were
made on the cold-neutron chopper spectrometer LET with
neutron incident energies of between 2 and 9 meV. The data
presented in Fig. 5 were recorded on LET with 3.7 meV incident
neutrons. During the run, the sample was maintained at a
temperature of 2 K in a pumped helium cryostat.

Spin-wave spectrum

The magnetic excitations of the Hamiltonian Eq. (1) were
calculated by linear spin-wave theory (LSWT). Following Yosida
and Miwa®, we define local coordinates which rotate with the
spins in the helix. Introduction of Holstein—Primakoff operators in
the local coordinates followed by Fourier transformation brings
the Hamiltonian into the form:

1
H ="Ho +Ezq:XLHqu7 7)
where
Ho = —NS*Jq, ®)
Xl = (al,a_q) 9)
Aq B
Ha = ( a P ) (10)
Bqg Aq

Sis the spin quantum number, N is the number of lattice points, aL
is a Fourier-transformed boson creation operator, and:

Jq = ZJ,; exp(iq - 8) a1
620
1 1
Aq = S{qu = 5%~ 4 Ua,+a +Jg,-a) + D} (12)
1 1
qus{qu*Z(qwq +qu—q)*D}~ (13)

The summation in Eq. (11) extends over the vectors & which join a
spin to the neighboring spins. Diagonalization of the matrix gHg,
where g is the metric tensor:

(1 0 (14)

gives the spin-wave energy

hwg = /A% — B3 (15)

Equation (15) was first obtained for a planar helix by Yosida and
Miwa?8. The eigenvectors of gHg are related to the Bose operators
via the Bogoliubov transformation:

dq Uq —Vq Qq
. = 16
(a'q> (—Vq uq)<aq‘q>v (16)

where

Aq + hwq Aq - hwq
- - =,/ 17
Ya Zhwq ’ Va Zhwq ’ (7)

and aL creates a magnon with wavevector q.
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In the dipole approximation, the inelastic neutron scattering
intensity is proportional to>':

5(q, w) = fz(q)eJW Z(‘Saﬂ — 44p)Sap(q, W), (18)
ap

a, B =x,y,z, where f(q) is the magnetic form factor and e 2" is the
Debye-Waller factor. The partial response functions Sqa(q, w)
contain the Fourier-transformed spin operators Sq(q), Sglq). To
proceed, these operators are expressed in terms of spin operators
in local coordinates and hence in terms of magnon creation and
annihilation operators via Eq. (16). The final expressions for
magnon creation are:

Sxx(q7 0.)) = SVY(q7 (.0)

sap—Bax (19)
= PP e n(0)8(w — Wg=q,)
Sz, w) = g3 A0 (w)6(w — wg). (20)

The + terms in S,/S, are to be summed. n(w)=
{exp(hw/ksT) — 1)} " is the boson population factor. The partial
response functions with a = do not contribute to the unpolar-
ized neutron scattering intensity.
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