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We report theoretical and experimental evidence that EuCd2Ass in magnetic fields greater than
1.6 T applied along the ¢ axis is a Weyl semimetal with a single pair of Weyl nodes. Ab initio elec-
tronic structure calculations, verified at zero field by angle-resolved photoemission spectra, predict
Weyl nodes with wavevectors k = (0,0,+0.03) x 27 /c at the Fermi level when the Eu spins are fully
aligned along the c¢ axis. Shubnikov—de Haas oscillations measured in fields parallel to c reveal a
cyclotron effective mass of m) = 0.08 me and a Fermi surface of extremal area Aexy = 0.24 nm_2,

corresponding to 0.1% of the area of the Brillouin zone.

The small values of m} and Aext are

consistent with quasiparticles near a Weyl node. The identification of EuCd2Ass as a model Weyl
semimetal opens the door to fundamental tests of Weyl physics.

Weyl semimetals (WSMs) exhibit exceptional quan-
tum electronic transport due to the presence of
topologically-protected band crossings called Weyl
nodes [I, 2]. The nodes come in pairs with opposite chi-
rality, but their number and location in momentum space
is otherwise material specific.

Weyl nodes are distinct from other topological features
of electron band structures in severals respects, includ-
ing (1) the bulk bands that cross at a Weyl node are
non-degenerate, (2) the associated Weyl fermions have a
definite chirality, and (3) the Weyl nodes are protected
against perturbations that do not couple the nodes [II-
3]. Moreover, the individual nodes within a pair act as a
source and a sink of Berry curvature, a topological prop-
erty of the electronic wavefunctions which relates directly
to several anomalous transport phenomena [T}, 4].

Weyl semimetal phases in crystals require either bro-
ken spatial inversion symmetry, or broken time-reversal
symmetry (TRS), or both. There are a number of exper-
imental realizations of the first type (with broken inver-
sion symmetry only), especially in the TaAs structural
family [5H9], but magnetic WSMs (with broken TRS)
are still rare. The few known candidates are complicated
by multiple pairs of Weyl nodes and/or by extra (non-
topological) Fermi surface pockets which shroud the Weyl
nodes [3, [T0HI4]. Magnetic WSMs are important for fun-
damental studies of Weyl fermions because it is possible

for such systems to have only a single pair of Weyl nodes
which, due to inversion symmetry, are guaranteed to be
at the same energy and so have a vanishing density of
states. By contrast, WSMs formed by breaking inversion
symmetry (but with TRS) have a minimum of four nodes
which are in general separated in energy.

Following the initial discoveries [5H7] there is now a
need for better material realizations of WSMs, ideally
comprising a single pair of Weyl nodes located at or very
close to the Fermi level and in an energy window free from
other overlapping bands. Here we propose the layered in-
termetallic EuCdaAsy [15], [16] to be such a system. We
show that Weyl nodes in EuCdyAss are magnetically-
induced via exchange coupling, emerging when the Eu
spins are aligned by a small external magnetic field ap-
plied along the ¢ axis.

Bulk single crystals of EuCdaAsy; (ECA) were grown
by a NaCl/KCl flux method [I7]. The magnetic, trans-
port and crystallographic properties of the crystals were
fully consistent with earlier reports [I5HIT] (see Supple-
mental Material [I8]). Magnetotransport measurements
were performed on a Quantum Design Physical Proper-
ties Measurement System for fields B < 16 T, and at the
High Field Magnet Laboratory, Nijmegen, and the Na-
tional High Magnetic Field Laboratory, Tallahassee, for
fields up to 38T and 45T, respectively. ARPES mea-
surements were performed at the high-resolution branch
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FIG. 1. Crystal structure of EuCdzAsz and location of Weyl
nodes in the Brillouin zone. (a) The trigonal unit cell for
the space group P3ml (No.164). The Weyl fermions pre-
dominantly occupy orbitals in the double-corrugated CdaAs;
layers, which are sandwiched between the Eu layers [15]. (b)
The Weyl nodes lie along the A-T'-A high symmetry line and
are separated by Ak (not shown to scale). (c¢) In the fully po-
larized state, singly degenerate conduction and valence bands
meet at a pair of Weyl nodes (shown here schematically). The
nodes act as a source and sink of Berry curvature (indicated
by arrows).

line of the beamline 105 at the Diamond Light Source,
UK [I9]. A Scienta R4000 analyzer was used to select
a photon energy of 130 eV, which approximately corre-
sponds to the k, = 0 measurement plane. The sample
temperature was T ~ 5K.

To calculate the band structure we employed den-
sity functional theory (DFT) as implemented in the
Vienna Ab-initio Simulation Package (VASP) [20, 21].
The exchange correlation term is described accord-
ing to the Perdew-Burke-Ernzerhof (PBE) prescription
together with projected augmented-wave pseudopoten-
tials [22]. For the self-consistent calculations we used a
10x10x5 k-points mesh. The kinetic energy cut-off was
set to 550 eV. The spin-polarized band structures are cal-
culated within GGA+U, with the value of U chosen to
be 5eV to match the position of the Eu 4f bands in the
ARPES spectrum. The lattice parameters used in the
calculations were a = b = 0.443nm and ¢ = 0.729nm
(see Supplemental Material [18]).

The trigonal crystal structure of ECA, shown in
Fig. a)7 contains alternating layers of Eu?t and
[Cd2Ass)?>~ (Ref. [23]). The Eu ions carry a localized
magnetic moment with spin S = 7/2 and essentially zero
orbital angular momentum. Below Tx = 9.5 K the spins
order in an A-type antiferromagnetic (AFM) structure
in which the spins form ferromagnetic layers which stack
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FIG. 2. Exchange-induced Weyl nodes in EuCdzAs,. (a),
(¢) In zero field, the Eu spins order in an A-type antiferromag-
netic structure at ' < T, with the spins lying in the ab plane.
The corresponding band structure is gapped at I', and every
band is doubly degenerate due to the combination of inver-
sion and time-reversal symmetries. (b), (d) The Eu moments
can be fully polarized along the ¢ axis in a small coercive field
(B > B.), lifting the double degeneracy of the bands and
creating a pair of Weyl nodes along I'-A, at k, = 0.03 r.l.u.

antiferromagnetically along the ¢ axis [Fig. 2f(a)] [15]. A
relatively small magnetic field (B, = 1.6 T at T = 2K
for B || ¢) can be used to coerce the Eu spins into a fully
aligned state [15]. ECA is metallic at temperatures down
to T ~ 80K, but for lower temperatures the resistivity
increases to a sharp maximum at Ty before falling again
at lower temperatures. This behaviour has been inter-
preted as due to scattering of conduction electrons by
fluctuations of localized Eu magnetic moments which are
exchange-coupled to the Cd and As orbitals [I5] [16].

In previous ab initio electronic structure calculations,
where spins in the AFM state were found to be aligned
with the ¢ axis, ECA was predicted to host a band inver-
sion of doubly-degenerate As 4p and Cd 5s states near the
Fermi level (Er), producing a crossing along the I'— A line
protected by C3 symmetry [15] 24]. Experimentally [15]
(and in more recent calculations [25]) the spins are in
fact found to point perpendicular to the c axis [Fig. [2[a)]
breaking C3 symmetry, so an avoided crossing at finite
momentum would be expected.

We performed new ab initio calculations of the elec-
tronic structure of ECA with the Eu spins configured (1)
in the AFM state [Fig. Ja)], and (2) in the ferromag-
netic state with Eu spins fully aligned along the c¢ axis
[Fig. P[b)]. In the AFM state, the combination of time-



reversal and inversion symmetry requires every band to
be doubly degenerate. For a wide range of parameters,
the AFM state displays a small direct gap at I' (Fig. [2{c)
and Supplemental Material [I8]) which is mostly insensi-
tive to the orientation of the spins. When the Eu spins
are fully spin-polarized along the ¢ axis the double degen-
eracy is lifted, and a single pair of Weyl nodes appears
at Fp with no other Fermi surface pockets in the Bril-
louin zone (Fig. [2(d) and Supplemental Material [18]).
These Weyl nodes lie along the I'—A high symmetry
line [see Fig. [[[b)] at wavevectors k = (0,0, £ko) with
ko =~ 0.03 x 2 /c = 0.26 nm~!. ECA in a small magnetic
field applied along the c axis, therefore, is predicted to
be a Weyl semimetal with a single pair of Weyl nodes
located at Ef.

The band splitting in the saturated phase is found to be
~100meV, which is two orders of magnitude larger than
the Zeeman splitting in the saturation field B.. From
this we can conclude, first, that the calculations, which
include exchange but no Zeeman interaction, are a good
representation of the experimental situation in which a
small magnetic field is used to align the Eu spins, and
second, that the existence of the Weyl nodes is driven by
exchange coupling to the Eu spins.

In order to validate the ab initio predictions we carried
out angle-resolved photoemission spectroscopy (ARPES)
and quantum oscillations measurements. ARPES data
on ECA for T' < Ty and zero applied magnetic field are
presented in Figs. B[a) and (c). These k—E plots are
for k along the M-I'-M path [see Fig. [[{b)] and show
steeply dispersing bands approaching Fr. The spectra
are in good agreement with the ab initio band struc-
ture [Figs. [3(b) and (d)] calculated for the observed AFM
state with spins lying in the plane. The agreement is best
when FEy is shifted slightly downward by about 50 meV,
which indicates that the sample is very slightly hole-
doped.

Our quantum oscillations measurements are summa-
rized in Figs. Bfe)—(g). Figure [3|e) shows the second
derivative of the in-plane longitudinal resistance mea-
sured at T = 1.4K in magnetic fields applied parallel
to the ¢ axis (B || ¢) up to 37T, well above the coer-
cive field (see Supplemental Material [I§] for details of
the data treatment). For B < B, there is a very strong
variation in magnetoresistance associated with the pro-
gressive canting of the spins towards the c¢ axis, shown
also in Fig. a), but at higher fields the curve displays
clear Shubnikov—de Haas (SdH) oscillations. Only a sin-
gle SdH oscillation frequency could be resolved, consis-
tent with a single band. Moreover, we do not find any
evidence for a spin-splitting of the Landau levels, in con-
trast to the SAH data on the structurally-related Dirac
semimetal CdzAsy (Ref. [26]). A lack of spin splitting
would be consistent with the prediction that for B > B,
the bands are already split by a constant exchange field,
implying that the observed SAH oscillations correspond

to the small pockets derived from the Weyl points when
Er is shifted downwards slightly, as suggested by the
ARPES measurements.

The maxima and minima of the oscillations are plotted
on a Landau level index plot in Fig. (f), with minima in
Pz assigned to the integers [27]. The SdH frequency ob-
tained from the gradient is F' = 25 £ 3T, which converts
via the Onsager relation F' = (h/2me) Aext to an extremal
area of the Fermi surface perpendicular to the ¢ axis of
Aext = 0.24nm ™2, or kp = 0.28 nm ™' assuming a circular
cross-section. This Aey value represents approximately
0.1% of the cross-sectional area of the Brillouin zone per-
pendicular to the ¢ axis. Measurements at higher fields
up to 45 T did not find any additional oscillation frequen-
cies (see Supplemental Material [18]), and confirmed that
the maximum centred on 30T in Fig. d) corresponds
to the quantum limit (first Landau level).

Figure (f) shows the temperature dependence of
the SdH oscillation amplitude up to 40K. By fitting
the data to the Lifshitz—Kosevich formula (amplitude
~ X/sinh X, where X = 2m2kgTm}/ehB and m} =
(h?/27) dAext/dE) we obtain a cyclotron effective mass
of about my = 0.08m,. The observation that m*/m, < 1
is consistent with quasiparticles near a Dirac or Weyl
node. A small effective mass is also found in our ab ini-
tio calculations. Assuming kp = 0.28nm~!, as deter-
mined from the SdH data, and a circular Fermi surface
cross-section, we obtain m} = 0.18m, from the calculated
band structure. We caution, however, that the measured
and calculated m} are not directly comparable because
the Lifshitz—Kosevich formula assumes that the Landau
levels are equally-spaced and that many levels are filled,
neither of which applies here.

Our quantum oscillations and ARPES results, as
well as previous optical reflectivity measurements which
found clear evidence for a very low carrier density [16],
all point to a very small Fermi surface, and support the
prediction that in the spin-polarized state of ECA there
is a single pair of Weyl nodes located close to I' along
I'—A, in a small window of energy free from other bands.
The small effective mass and Fermi surface area from the
SdH data, together with p-type Hall transport [15], in-
dicate that the crystals used in this study are slightly
hole-doped. From the SdH measurements and ab ini-
tio in-plane dispersion we estimate that Er is located
approximately 52 meV below the Weyl node (see Supple-
mental Material [I8]), which is consistent with the shift
applied to the DFT bands in order to match the ARPES
data.

In recent years, there has been a great deal of in-
terest in measuring anomalous transport effects caused
by Berry curvature in topological semimetals, especially
the anomalous Hall effect (AHE) [4, 28]. In a Weyl
semimetal, the Berry curvature is associated with the
separation Ak of the Weyl nodes in k-space, as illus-
trated in Fig. 1c, and for a single pair of nodes at Er the
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FIG. 3. ARPES and high-field magnetotransport of EuCdzAs;. (a), (c) ARPES spectrum as a function of wavevector along
the M-I'-M high symmetry line measured at 7" ~ 5K with incident photon energy of 130eV. The data shown here are a
sum of two measurements taken with linear-vertical and linear-horizontal polarization, respectively, to compensate the effect
of selection-rules. Nonlinear scaling was applied to the intensity to enhance the visibility of bands with a small photoemission
cross-section. (b), (d) Electronic bands calculated by DFT (in red). (e) The second derivative of the longitudinal resistivity
pue(B) as a function of field applied along the c axis. (f) Plot of 1/Bint at the minima and maxima in p,, against Landau level
index, with integers assigned to the minima, where Biny = B + poM is the internal field. The SdH frequency F' is obtained
from the gradient of the linear fit shown. (g) Temperature dependence of the amplitude in the SAdH oscillation, measured at
B =10T. The line is a fit to the Lifshitz—Kosevich formula, from which the cyclotron effective mass m of the charge carriers
is estimated. The quoted error in m derives from the least-squares fit, but the uncertainty in the measurement is expected to
be larger because of the long period of the oscillations and the relatively narrow field range.

the effect of field on the band splitting. This makes
it difficult to separate the anomalous and semi-classical
contributions to the Hall effect, as the latter is also field-
dependent. In ECA, however, Ak is almost constant for
fields above the saturation field B, = 1.6 T, which makes
it straightforward to isolate the anomalous part of the
Hall resistivity. In principle, therefore, ECA is an ideal
system for studying the AHE experimentally.

anomalous Hall conductivity has the universal form [4],

AHE e? A

In experiments, Ak is typically field-dependent due to

Figure a) presents measurements of the longitudinal

(a) 1 (b)

0.035 - magnetoresistance p,, and the anomalous part of the
05 ~ _ transverse (Hall) conductivity ayAfE at T = 2K as a

£ 003 £ B function of field applied parallel to the ¢ axis (the experi-
% 0025 L M ;J‘_? mental geometry is shown in Fig. b)7.and thg proc.edure
< fe to obtain the anomalous part of oy, is described in the
0.02 AN 05 ° vlie Supplemental Material [18]). There are rapid changes in
Pz at low field due to the reorientation of the Eu spins in

O T s o 2 a4 o the magnetic field, as noted earlier, but above the satu-

B(M ration field B, = 1.6 T p,, decreases monotonically with
field. The field range in Fig. [f{a) is below that where
quantum oscillations become observable [see Fig. [3(e)].

FIG. 4. Magnetotransport of EuCdaAsz. (a) pre and oy The o5 ®(B) curve is an odd function of field, increas-

as a function of field. (b) Definition of the zyz axes relative
to the crystal orientation and directions of the current and
applied field used in the measurement.

ing rapidly for 0 < B < B, and remaining constant for
B > B, consistent with a non-zero anomalous Hall con-
ductivity.



Assuming Ak ~ 0.52nm™! from our ab initio results,
equation predicts the anomalous Hall conductance for
ECA to be oF ~ 30Q~'cm™!, which is significantly
larger than observed. This prediction, however, applies
only when the Weyl nodes lie exactly at Er. In the sam-
ples used here the nodes are slightly shifted from Fg, and
in this situation other factors are expected to affect the
Berry phase [28]. One such factor is disorder. We have
found the AHE in ECA to be reduced by the polishing
process used to shape the Hall bar samples. Although it
has been argued that disorder-induced contributions to
the AHE are absent when EF is near the nodes [], the
presence of a tilt in the dispersion makes these contri-
butions possible in the form of skew scattering [29] [30].
The significant tilt predicted in our ab initio calculations
[Fig. 2{d)] might explain why the AHE is so reduced.

The simple structure of the Weyl nodes in ECA makes
it an ideal material with which to study the different con-
tributions to the AHE. This could be achieved by tuning
the position of Fr relative to the Weyl nodes by doping
or application of pressure, or by controlling the level of
defects by irradiation. The degrading effects of polishing
could be avoided by studying transport phenomena with
thin film samples.

More generally, ECA could provide the means to test
predictions of other exotic physics in Weyl semimet-
als, such as the anomalous Nernst and thermal Hall
effects [14] B1], non-reciprocal effects in light propaga-
tion [32], the repulsive Casimir effect [33], or to probe
the effects of the chiral anomaly in the optical absorp-
tion [34] and non-local transport [35].

Note added: Very recently, Ma et al. [36] reported
ARPES results on EuCdsAsy which provide evidence
for the existence of dynamically fluctuating Weyl points
due to ferromagnetic correlations present in zero field at
T > Tn. The results in Ref. [36] provide experimental
confirmation that the DFT calculations correctly predict
the effects of ferromagnetic polarization of the Eu spins
on the band structure.
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