
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Single pair of Weyl nodes in the spin-canted structure of
math

xmlns="http://www.w3.org/1998/Math/MathML">mrow>ms
ub>mi>EuCd/mi>mn>2/mn>/msub>msub>mi>As/mi>mn

>2/mn>/msub>/mrow>/math>
K. M. Taddei, L. Yin, L. D. Sanjeewa, Y. Li, J. Xing, C. dela Cruz, D. Phelan, A. S. Sefat, and

D. S. Parker
Phys. Rev. B 105, L140401 — Published 18 April 2022

DOI: 10.1103/PhysRevB.105.L140401

https://dx.doi.org/10.1103/PhysRevB.105.L140401


Notice of Copyright This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-
00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by
accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-
up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to
do so, for United States Government purposes. The Department of Energy will provide public access to these results
of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-
public-access-plan).

Single pair of Weyl nodes in the spin-canted structure of EuCd2As2

K.M. Taddei,1, ∗ L. Yin,2, ∗ L.D. Sanjeewa,2 Y. Li,3 J. Xing,2 C. dela Cruz,1 D. Phelan,3 A.S. Sefat,2 and D. Parker2

1Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831†
2Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831

3Materials Science Division, Argonne National Laboratory, Lemont, IL 60439
(Dated: March 22, 2022)

Time reversal symmetry breaking Weyl semimetals are unique among Weyl materials in allowing
the minimal number of Weyl points thus offering the clearest signatures of the associated physics.
Here we present neutron diffraction, density functional theory and transport measurement results
which indicate that EuCd2As2, under ambient field, strain and pressure, is such a material with a
single pair of Weyl points. Our work reveals a magnetic structure (magnetic space group C2′/m′)
with Eu moments pointing along the [210] direction in-plane and canted ∼ 30◦ out-of-plane. Density
functional theory calculations using this structure show that the observed canting drastically alters
the relevant electronic bands, relative to the in-plane order, leading to a single set of well defined
Weyl points. Furthermore, we find the canting angle can tune the distance of the Weyl points above
the Fermi level, with the smallest distance at low canting angles. Finally, transport measurements
of the anomalous Hall Effect and longitudinal magnetoresistance exhibit properties indicative of a
chiral anomaly, thus supporting the neutron scattering and DFT results suggesting EuCd2As2 is
close to the ideal situation of the Weyl ‘Hydrogen atom ’.

I. INTRODUCTION

The development of the relativistic quantum mechani-
cal wave equation was a watershed moment in the estab-
lishment of quantum mechanics [1, 2]. With its successful
realization came an assortment of newly predicted parti-
cles with exotic characteristics such as chirality; broken
Lorentz-symmetry; and particle as antiparticle; born at
times of ‘beautiful’ simplifications of the Dirac equation
- usually without direct physical motivation [3]. Perhaps
unsurprisingly, many of these particles have never been
found in experimental high energy physics, yet several
of them have manifested in condensed matter settings as
quasi-particles and excitations.

However, whereas in the Dirac equation many of these
solutions were found through simple manipulations, in
condensed matter systems they face a problem of careful
tuning, requiring a band structure such that the quasi-
particles and low energy exicitations may be described
sufficiently well by the relevant formula. In general this
requires a specific orbital character to the relevant bands,
pre-determined crystal symmetries and a careful tuning
of the feature to energy scales relevant for the material’s
energenetics in order for the solutions to be approached
and the associated physics to be detected and available
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for use in existing and new technologies [4–6]. Con-
sequently, few ideal realizations which allow full explo-
ration of the resultant physics of Weyl, Axion, Majorana
or other such particles, have been found despite general
observations that strongly suggest their presence.

For instance, Weyl Fermions (massless chiral spin-1/2
particles) were first predicted as quasi-particles in the
1930s but not convincingly observed as intrinsic to a ma-
terial until 2015 and then only via fundamental signa-
tures as quasiparticles (such as Fermi arcs) rather than
in their more practically useful bulk transport [4, 7–14].
This is at least partially due to the requirements needed
to create Weyl Fermion-like quasi-particles which neces-
sitate a semi-metal with a fourfold degenerate linearly
dispersing band crossing (i.e. a Dirac point) at the Fermi
level (EF ) whose spin degeneracy is split by breaking ei-
ther time reversal (TRS) or inversion symmetry (IS) and
for which there is preferably no other band at EF , trivial
or otherwise.

These requirements are highly restrictive, and thus de-
spite the identification of numerous Weyl semi-metals
(WSMs), no such ideal material has been reported ab-
sent a perturbing field. [6, 15, 16] This situation is in
part due to the inequivalency between the number of and
energy difference between Weyl points (WP) generated
by TRS breaking (TRSB) and IS breaking (ISB) and
nature’s seeming preference for the latter [6]. As net chi-
rality must always be zero, WPs always appear in pairs
with opposite chirality. For an ISB system where TRS is
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FIG. 1. Neutron diffraction patterns of the HK0 plane for an isotopic EuCd2As2 single crystal over a broad range of H and
K for data collected at (a) 50 K, 0 T. Zoomed in regions of the HK0 plane focusing on the {100} series of reflections for data
collected at (b) 50 K,0 T; (c) 5 K, 0 T; and (d) 5 K, 2 T. (e) EuCd2As2 crystal structure viewed along an arbitrary direction
to show the layered structure. (f) EuCd2As2 structure viewed along c showing the triangular lattice. (g) M(H) curves for H
along different crystallographic directions. (h) M(T ) curves for H along different crystallographic directions.

present, a set of WPs at momentum k and −k will have
the same chirality and so another pair with the opposite
chirality must exist leaving a minimum number of four
WPs not constrained to be at the same energy. On the
other hand, when TRS is broken while maintaining IS
WPs at k and −k must have opposite chiralities and are
also forced by symmetry to have the same energy, leav-
ing a simplified system dubbed the ‘Hydrogen atom’ of
WSM with the minimum possible of WPs [3, 6].

Though originally studied as a potential TRSB Dirac
semi-metal, EuCd2As2 has recently been suggested as a
potential ideal WSM - if found to order with the right
magnetic space group [17, 18]. Vexingly, the considerable
neutron absorption cross-sections of Cd and Eu have left
the magnetic structure effectively unsolved leaving the
exact nature of the band structure unknown, an ambi-
guity which has been further complicated by recent re-
ports of a synthesis dependence to the magnetic struc-
ture [19–22]. None-the-less EuCd2As2 has evoked topo-
logical physics in numerous measurements, with a large

anomalous Hall Effect and negative magnetoresistance,
an anomalous Nernst effect, a quantum anomalous hall
to quantum spin hall insulator transition and linear band
dispersions near a band crossing in Angle Resolved Photo
Emission Spectroscopy [17–19, 21, 23–25]. These results
strongly motivate the need to solve EuCd2As2’s magnetic
structure and consequently uncover the electronic band
structure in the TRSB state. Such information is vital to
understanding what type of topological physics is driv-
ing the novel bulk behaviors and to uncovering whether
EuCd2As2 may be the much sought after Weyl ‘Hydrogen
atom’.

In this Letter, using isotopic 153Eu and 116Cd we
report the zero field and 2 T magnetic structures of
FM EuCd2As2 determined by neutron diffraction, an-
alyze the topology of the resulting electronic band struc-
tures and perform transport measurements to identify
potential WP driven phenomena. Our data reveal a
k = (0, 0, 0) FM order for both the zero field and 2 T
structures. In the former, the Eu moments point along
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the in-plane [210] direction with a ∼ 30◦ out-of-plane
canting (MSG C2′/m′). For the latter, a c-polarized
state is found where the moments align with the applied
field (H||c). Using the canted C2′/m′ magnetic structure
we performed density functional theory (DFT) calcula-
tions and found that the band structure is extraordinarily
sensitive to the moment canting, with even small canting
angles enhancing the Weyl physics. For 30◦ canting, we
found a single well-defined set of WP with a close prox-
imity to the Fermi level. Finally, using field orientation
dependent transport measurements, we find strong signa-
tures of phenomena expected for Weyl physics including
a large negative magnetoresistance which is maximized
when H ‖ E and a large intrinsic anomalous Hall effect.
These results suggest that EuCd2As2 may be an ideal
magnetic WSM with a single set of WPs - the Weyl ‘Hy-
drogen atom’ - even under ambient field conditions and
encourages further work optimizing the canting angle.

Single crystals of EuCd2As2 were grown following the
procedure reported in Ref. 21. To mitigate the neutron
absorption of naturally occurring Eu and Cd, isotopic
116Cd and 153Eu (of purity ∼99% ) were used in the re-
actions and a hexagonally shaped crystal of mass < 1 mg,
with a diameter of ∼ 1 mm and thickness of < 0.1 mm
was used for measurements. Neutron diffraction exper-
iments were carried out on the WAND2 diffractometer
of Oak Ridge National Laboratory’s High Flux Isotope
reactor with incident wavelength 1.48 Å [26, 27]. Sym-
metry analysis was carried out using the Bilbao Crys-
tallographic Server, SARAh and ISODISTORT [28–33].
Quantitative analyses of the diffraction data were per-
formed using the FullProf software suite [34]. Crystal
structure visualization was performed using VESTA [35].
First-principles calculations were performed using DFT
with spin-orbit coupling as implemented in the Vienna
Ab initio Simulation Package (VASP) [36, 37]. Projector
augmented wave pseudo-potentials were applied with the
Perdew-Burke-Ernzerhof exchange correlation functional
and an energy cutoff of 318 eV [22, 38–40]. The magne-
toresistance and Hall measurements were carried out in a
Quantum Design (QD) Physical Properties Measurment
System Dynacool with a Horizontal Rotator option us-
ing the standard four-terminal technique. The exact size
of the crystal was not measured and so the resistivities
are reported in arbitrary units. For more details on the
methods see the supplemental materials (SM) [41].

To better understand the impact of the symmetry
of the TRSB state on the topological properties, we
start with a discussion of EuCd2As2’s crystal structure
(Fig. 1(e) and (f)). EuCd2As2 crystallizes in a trigo-
nal crystal system (space group P3m1). The Eu2+ ions
occupy the origin of the unit cell creating a triangular
sublattice which defines the basal plane (Fig. 1(e)). Be-
tween these Eu layers is a layer of edge sharing CdAs4
tetrahedra which create a triangluar sublattice (Fig. 1(e)
and (f)). The P3m1 space group has the D3d symmetry
with an implicit C3 rotation axis along the c-axis. This
rotation provides the symmetry protection for the DP
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FIG. 2. (a) Integrated intensities of the {100} series of reflec-
tions and (b) of the strongest peaks from the H2HL plane for
data collected at 5 K,0 T (green) and 5 K,2 T (black). Plotted
with lines are the calculated intensities from best fit models
of the C2′/m′ magnetic structure with no canting (magenta)
and canting (blue). (c) Best fit magnetic structure with mo-
ments along the [210] direction with 30◦ canting. (d) diagram
showing the definition of the canting angles. (e) c-polarized
structure for the H ‖ c measurement.

which lie along the Γ-A line of the Brillouin zone in the
paramagnetic state and so its preservation or breaking is
vital to considerations of the topology in the magnetically
ordered state [17].

In diffraction measurements, a trigonal crystal with
the hexagonal lattice will show a 6-fold rotation sym-
metry in the HK0 plane (with the trigonal symmetry
appearing when L 6= 0) as seen in Fig. 1 (a). Here the
quality of the crystal can be seen in the sharp resolu-
tion limited diffraction peaks and we can confirm that
the neutron absorption has been mitigated by noting the
lack of intensity modulation around any constant scat-
tering vector magnitude (|Q|) ring (e.g. the {110} series
of reflections (110), (120), (210), (110), (120), (210) which
should have equivalent structure factors in the paramag-
netic state |F110|2 = |F120|2 = |F210|2 = ...). We note
that this 6-fold rotation symmetry is generated by the
hexagonal lattice setting and therefore the C3 rotation
which protects the DP. Any intensity modulation around
a constant |Q| ring in the HK0 plane is evidence of this
symmetry being broken.

We now turn to the magnetic order which onsets at
Tc ∼ 30 K in our samples as shown in Fig. 1(h) and
reported previously [21, 22]. We note that the samples
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studied here exhibit FM-like behavior in the magnetiza-
tion curve rather than the AFM reported in early reports
on EuCd2As2 and point to Refs 22 and 21 for discussions
on the significance of this difference [19, 42, 43]. Shown
in Fig. 1(b) and (c) are slices of the HK0 plane focusing
on the small scattering vector region for data collected
above (50 K) and below (5 K) Tc respectively. At 50 K no
peaks are seen in this region; however, at 5 K intensity is
observed at positions indexed by the {100} HKL series
indicies. While in the P3m1 symmetry these {100} re-
flections are not forbidden, in EuCd2As2 their structure
factors are vanishingly small and so we can identify these
peaks as belonging to a magnetic structure which does
not break the translational symmetry of the unit cell (i.e.
ordering vector of k = (0, 0, 0)). We note that no addi-
tional new reflections are seen at fractional coordinates
including along the L direction.

Using group theory and representational analysis we
considered all allowed subgroups of P3m1 for a k =
(0, 0, 0) which produced unique magnetic structures. Of
the four thus obtained MSG the only structure which
maintains the C3 symmetry is a c-polarized state with
MSG P3m′1 (Fig. 2(e)). The remaining three all signif-
icantly lower the space group symmetry with two mon-
oclinic models C2/m and C2′/m′ and a low symmetry
triclinic P1 model. The former two of these have con-
straints on the moment direction with C2/m locking the
magnetic moment to the b-axis (M = (0,My, 0)) and
C2′/m′ enforcing the in-plane moment to be along the
[210] (M = (2My,My,Mz)) direction while allowing the
moment to have a c-axis component (Fig. 2(c) and (d))
. Meanwhile the P1 MSG puts no constraints on the
moment direction (M = (Mx,My,Mz)) and can conse-
quently recreate any of the other models.

As magnetic neutron scattering is only sensitive to the
moment component perpendicular to Q, the relative in-
tensities of peaks in a series of constant |Q| reflections
allows for a quick discrimination between these mod-
els, for example in the P3m′1 model all peaks in the
{100} series are equivalent, while for C2/m the (100)
and (100) peaks will have higher intensity than the re-
maining peaks. Knowing this, we can immediately elim-
inate these two models. Considering the remaining two
possible structures, weaker (100) and (100) reflections are
consistent with a moment along the [210] direction as de-
scribed by C2′/m′ and thus favor that model (Fig. 2(c)).

To quantify the moment size and direction as well as
more rigorously test the various models, we performed
Rietveld refinements using all four magnetic structures.
To better constrain the moment direction, a second set of
neutron diffraction data was collected in a perpendicular
plane with access to peaks with non-zero L and inte-
grated for use in the refinements (Fig. 2 (b) and the SM
41). In this analysis we found the C2′/m′ structure to
definitively produce the best fit of the observed intensi-
ties. The obtained structure has a total moment of 6.7(4)
µB/Eu with a canting angle of θ ∼ 30◦(Fig. 2(c)). The
calculated intensities from the model are shown together

( a )

( c ) ( d )

( b )

FIG. 3. The band structures of ferromagnetic EuCd2As2
zoomed into the location of the WP for the magnetic moment
along the (a) [210] (b) [210]+10◦ canting , (c) [210]+30◦ cant-
ing, and (f) [001] directions. The canting angle is defined with
respect to the ab-plane).

with the strongest magnetic peaks of the two data sets
in Fig. 2(a) and (b) demonstrating the good agreement
of the model with the data.

Though allowed in C2′/m′, this canting is unexpected
and so worth carefully checking. In Fig. 2(a) and (b)
we show the calculated intensities from best fit models
for the structure with a purely in-plane moment and for
a canted structure. The purely in-plane structure is un-
able to reproduce the observed intensity on the (100) and
(100) Friedel pair which for the [210] moment direction
should be zero. However, canting the moment alleviates
this and produces an excellent agreement with the ob-
served intensities. We also considered the possibility of
magnetic domains with 120◦ rotations of the moment di-
rection, however modeling with domain structures both
introduced more refinable parameters and resulted in less
satisfactory fits and so the model using a single domain
with canting was used for the final refinements (we note
that a single domain is consistent with the effective field
cooling due to remnant fields in the cryomagnet see SM
for details)[41].

Briefly, we now consider the data collected under a 2
T applied field (Fig. 1(d)). In these data, the intensity
on the {100} series does not modulate suggesting the
moment points purely along the c-axis (Fig. 3(a). This
indicates a metamagnetic transition to the c-polarized
P3m′1 MSG as has been previously suggested. We label
this as a metamagnetic transition rather than a spin-
reorientation within the C2′/m′ due to the suggestion of
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a phase transition in previous studies [21, 22].

To predict the topological properties associated with
these magnetic structures, we performed DFT calcula-
tions of the electronic band structure for the purely in-
plane [210] direction, the [001] direction as well as for
several canting angles in between (Fig. 3.) Starting with
the [001] structure (Fig. 4(a) and (g)), our results are con-
sistent with previous calculations showing a single pair of
WPs ∼0.06 eV above the Fermi energy (EF ) along the
Γ-A direction in the Brillouin zone [22, 23].

For the purely in-plane [210] order (Fig. 3 (b)), the
band structure looks largely similar, except for along the
Γ-A line. Here we still find a WP which is actually closer
to EF but, slightly off of the Γ-A line (as was reported
for the [100] structure) [22, 23]. This demonstrates the
significance of the broken C3 rotation axis in the [210]
in-plane order which pulls the WPs off of the Γ−A axis.
Additionally, the previously steep valence band between
the WP and Γ becomes nearly flat creating a less ideal
situation for the isolation of Weyl physics.

As the moment cants out of the ab-plane, we find that
this flat band quickly becomes more dispersive and the
band structure more conducive to Weyl physics. For a
minor 10◦ canting (Fig. 3(d)) the dispersion in the im-
mediate vicinity of the WP already closely resembles the
[001] structure. Furthermore, an extensive search of the
Brillouin zone revealed that once canted only a single pair
of WPs is realized (see SM) [41]. Looking at the position
of the WP relative to EF , we find that the [210] structure
is closest at ∼ 0.03 eV above the EF . As the canting is
increased the WP moves up in energy but always resides
lower than the ∼0.06 eV of the [001] structure. Together
these results indicate that EuCd2As2 should be a near
ideal WSM even under ambient field conditions with a
single pair of WPs close to the EF .

The results of canting on the electronic structure are
compelling. Though the [001] state has been thought
the preferred structure for realizing Weyl physics in
EuCd2As2 our results suggest otherwise. As shown, one
does not need to stabilize the fully c-polarized state to
realize a single set of WPs - this is achieved in the canted
[210] structure which creates a situation similar to the
[001] band structure while also moving the WP closer
to the EF . This indicates that the ideal configuration
is close to the realized zero-field ground state magnetic
structure without any need for external tuning.

Such topological features in the band structure should
give rise to strong signatures in transport properties with
a set of WPs causing a chiral anomaly and therefore
a large longitudinal negative magnetoresistance (nMR)
and a large intrinsic anomalous Hall Effect (AHE) [44–
49]. To check for evidence of such effects, as well as
further corroborate our model’s out-of-plane canting we
performed angle dependent transport measurements on a
single crystal of EuCd2As2(fig. 4)). By altering the angle
(θ) between the applied H and E fields we could discrim-
inate between different origins to the observed effects.

To start we consider the most obvious signal of a topo-

FIG. 4. (a) Magnetoresistance for a FM EuCd2As2 crystal
with three different orientations of H and E (b) transverse
resistance (ρxy) as the Anomalous Hall Effect for the same
three orientations as (a). (c) ρxy collected in the cononical
geometry for several different temperatures. (d) diagram of
the MR and AHE measurements showing the geometry of our
measurements .

logical band structure by looking for an intrinsic AHE, in
particular one which is non-linear in the magnetization.
This has been reported previously for both AFM and FM
EuCd2As2; nonetheless, in Fig. 4(c) we show our crystals
exhibit a large non-linear AHE for the traditional H ⊥ E
configuration [19, 21, 22]. Upon cooling to just above Tc
(at 40 K) the previously flat ρxy begins to show the sig-
nature kink structure of the AHE, which is maximized
at Tc and diminishes at lower temperatures. Below Tc
we observe non-monotonic behavior in the AHE indica-
tive of topological effects where ρxy shows a peak feature
at ∼ 1.5 T. The significance of such behavior has been
discussed previously, and so we use this observation to
demonstrate that our samples exhibit the signatures of
topological transport [19, 50].

Next we discuss the longitudinal MR (Fig. 4(a)), for
the chiral anomaly, a large nMR is expected when H is
parallel to E (i.e. θ = 90) which should show a mini-
mum when rotated such that H ⊥ E [51, 52]. This gives
a way to discriminate between nMR due to topological
transport and that due to purely magnetic effects (which
should not show such a θ dependence)[53]. In Fig. 4(a)
we show the longitudinal MR measured at three differ-
ent θ settings at T = 2 K for E applied in the ab plane
(see diagram in Fig. 4(d)). In all cases we see nMR how-
ever, when θ = 90◦we observe a clear maximum in the
magnitude of the nMR with a change from ∼ 2% for
θ = 0◦ to ∼ 12% for θ = 90◦. Such an observation is
consistent with topological transport where in the H ‖ E
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configuration the chiral anomaly leads to charge carries
being pumped between the Weyl nodes of opposite chi-
rality leading to an additional term contributing to the
conductance [44].

In summary, we report that EuCd2As2 orders in the
FM C2′/m′ MSG where the Eu moments point along the
crystallographic [210] direction with a ∼ 30◦ out-of-plane
canting. DFT analysis of this structure shows that the
well defined single pair of WPs previously reported for
the field stabilized c-polarized structure is achieved by
the out-of-plane canting of the zero-field structure. Fur-
thermore, we find that the WPs lie closest to the EF

for the in-plane structure and so the minimal canting
possible which leads to a well-defined WP is the ideal
configuration for optimizing the Weyl physics. Trans-
port measurements demonstrate the effects of the WPs
through showing indirect evidence of a chiral anomaly in
both a large AHE and nMR the latter of which is max-
imized when H ‖ E as expected for the chiral anomaly.
Notably, C2′/m′ allows canting by symmetry and so con-
tinuous tuning of the canting angle should be possible
via small perturbations which tune the magnetic inter-
actions. This result increases the intrigue of our recent
report on Ba substitution (i.e. Eu1−xBaxCd2As2) which
suggested small Ba substitutions led to moment cant-
ing and enhanced Weyl physics as identified by transport
measurements [21]. Our results suggest EuCd2As2 is a
magnetic WSM with a single pair of WPs under ambient
field conditions - a rare if not singular such example - and
present a route forward to optimize the Weyl physics.

Note: During the review of this paper, another pa-

per was submitted which studied the effect of canting in
AFM EuCd2As2 and found a maximum of the AHE for
a canting angle (in our notation) of 60◦ and argue that
the configuration of the WP is optimized for this cant-
ing angle [50]. Accepting this hypothesis, we can check
with our FM sample and the θ dependence of ρxy for
where the AHE is optimized (Fig. 4(b)). In our study
we find the maximum AHE for the H ‖ E configuration
which is coarsely consistent then with our findings of a
30◦ moment canting and the optimization of the WP.
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