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EuCd,As, is now widely accepted as a topological semimetal in which a Weyl phase is induced by an
external magnetic field. We challenge this view through firm experimental evidence using a combination of
electronic transport, optical spectroscopy, and excited-state photoemission spectroscopy. We show that the
EuCd,As; is in fact a semiconductor with a gap of 0.77 eV. We show that the externally applied magnetic
field has a profound impact on the electronic band structure of this system. This is manifested by a huge
decrease of the observed band gap, as large as 125 meV at 2 T, and, consequently, by a giant redshift of the
interband absorption edge. However, the semiconductor nature of the material remains preserved.
EuCd,As, is therefore a magnetic semiconductor rather than a Dirac or Weyl semimetal, as suggested

by ab initio computations carried out within the local spin-density approximation.

DOI: 10.1103/PhysRevLett.131.186704

Magnetic Weyl semimetals have harbored the great hope
of bringing spintronics and topology together, unfortu-
nately, to a great extent only in theory. Candidate materials
where the magnetic Weyl phase might come to fruition are
scarce, and their solid experimental confirmations are even
scarcer [1-5]. EuCd,As, has been seen as one of a few rare
magnetic Weyl semimetals—stable under ambient condi-
tions, with large Eu spins positioned on a frustrated
triangular lattice. The interplay of frustrated magnetism
with topological bands made EuCd,As, into a hopeful
playground for a broad range of exciting phenomena [6,7].
Through an extreme sensitivity of valence and conduction
bands to Eu magnetism, external fields would then modify
the band structure [8]. This compound has up to this point
been proposed and interpreted as a Weyl semimetal, based
upon ab initio band structure calculations, electronic trans-
port and photoemission measurements [6,8—10].

In this Letter, we study ultraclean EuCd,As, crystals.
Electronic transport measurements indicate an extremely
low hole concentration. Accordingly, optical conducti-
vity shows no detectable Drude component, and a strong
Reststrahlen phonon mode. Our pump-probe photoemission
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measurement points to a clear band gap, and a carrier
lifetime in the picosecond timescale. These experiments,
together with extensive optical measurements, provide
decisive proof that EuCd,As, is a semiconductor, and not
a topological semimetal as previously thought [6,9—13]. We
deduce a band gap of 770 meV. Our results underline the
need for more adapted band structure -calculations.
Moreover, our results demonstrate that the band structure
of EuCd,As, changes dramatically in an external magnetic
field, due to an intimate coupling to localized Eu spins. All of
these effects persist up to high temperatures, deep within the
paramagnetic phase. We understand this through a strong
exchange coupling of Eu 4f localized spins to the band
states originating from Eu 6s, 6p, and 5d orbitals.

Single crystals of EuCd,As, were prepared by the
Sn-flux method [6]. Details of sample synthesis, x-ray
and electron probe microanalysis are described in
Supplemental Material [14]. Carrier density was changed
through controlling the purity of the starting materials. To
increase the crystal size and quality, a two-step process was
employed, where the crystals from the first growth were
used as a seed material for the final growth. The layered

© 2023 American Physical Society


https://orcid.org/0000-0002-4014-0708
https://orcid.org/0000-0002-3748-4016
https://orcid.org/0000-0002-6016-6120
https://orcid.org/0000-0001-8384-8717
https://orcid.org/0000-0003-1090-4380
https://orcid.org/0000-0002-9633-507X
https://orcid.org/0000-0003-4493-5273
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.186704&domain=pdf&date_stamp=2023-11-03
https://doi.org/10.1103/PhysRevLett.131.186704
https://doi.org/10.1103/PhysRevLett.131.186704
https://doi.org/10.1103/PhysRevLett.131.186704
https://doi.org/10.1103/PhysRevLett.131.186704

PHYSICAL REVIEW LETTERS 131,

186704 (2023)

3 T

. . T
o ~ () L (c) y fe) &~ -
10 F B@ 7 00 PP RRFTE
—_ .8 - ; . 2 i
£ > 6 1 < = 2 e s
§127E 2, %5 %05 3 i i
L L 1 Esf 12, O AR
E e P 8 0% ] osev
Q10 F 3 S 4t i o e e
2 40° = T 5, 5 :
Z10F =y £ 3 1 =210 2
B .4 . 5} £ £
» 10 F 8 1r B c ° ©
2 40 8 g2 1 815 &
102 3 § insulating = 1L ] ’
10 i %] —— metallic = =
101 1 L L 0 L Oh L L T 20E .. | 1 :
0 100 200 300 0 10 20 0 2 4 6 05 -02 00 02 05 -02 00 02 05
Temperature (K) Temperature (K) Magnetic field poH (T) Ky (A—l) Ky (Z\—l)
Photon energy (meV) Photon energy (meV) Photon energy (meV)
20 40 60 10 10" 10’ 10° o 10 10° 100 10t
1000 (f) Er=-11eV 1.0 (g) — 5K 100 (h) p — Reflectance G 5F (i) 1
500 ¢ ] — 20K —— Transmission p
L ] 0.8} ] c
= 808 - t f I o ?goKK Model M ]
) 800 = 1 3 — )
< a00f @%S&O%Oo'ieev- § 06¢ 150K 06} 1 &3} 1
z SRRRY g 200K ; 2z
5 01)%@ . J Boaf 205K ] 04F 1 Zaf ]
S1600 F Ep =-0.13 eV ] o2k ] 3
soof [ ] 0.2¢ ] ' g 1
? 0. 0-o0-0 ©
0 fooos Faa S . A 0o b d St i
2 3 4 5 Q 2 3 4 5
0 5000 10000 100 200 300 400 500 10 10 10 10 (] 10 10 10 10
Time delay (fs) Wave number (cm~1) Wave number (cm™1) Wave number (cm™1)
FIG. 1. (a)Resistivity as a function of temperature for an insulating and a metallic sample. Inset shows the structure of EuCd,As,, with

Eu atoms shown in green, Cd atoms in yellow, and As atoms in purple. Magnetic properties (b) dc susceptibility, and (c) magnetization at
4 K, are shown for the same two sample batches. (d) Static ARPES band map. (e) Pump-probe ARPES experiment results at a delay of
200 fs, where red means increased count rate after the pump-pulse excitation. (f) Time traces of the intensity integrated at different
energies E;, above the Fermi level. The integration is done for a 200 meV window around the indicated energy. (g) Infrared reflectance at
different temperatures, for the insulating sample batch. (h) Transmission and reflectance at 5 K, and their multilayer modeling, which

results in (i) the real part of the optical conductivity, o;.

trigonal lattice of EuCd,As,, shown in the inset of Fig. 1(a),
results in triangular and hexagonally shaped crystals.
The flux-growth of single crystals leads to an optically
isotropic (001) surface. Blocks of Cd,As, are sandwiched
between the Eu planes, with similar distances to binary
semiconducting CdAs, [22]. We have determined infrared
reflectance and transmission [23,24], complemented by
infrared measurements in magnetic fields up to 16 T, for
details see Supplemental Material [14]. Time-resolved
photoemission (tr-ARPES) experiments were carried out
at the EPFL LACUS, at the ASTRA end station [25] of the
Harmonium beamline [26], with details described in
Supplemental Material [14].

Through a controlled crystal synthesis, we obtained
insulating samples of EuCd,As,, which have not been
reported before. Figure 1(a) shows the resistivity of an
insulating sample, resulting from a higher-purity synthesis,
compared to a metallic sample, made through a standard
purity synthesis. The resistivity of a high-purity sample is
thermally activated above Ty, with an activation energy of
~30 meV, flattening above 170 K. Given the Hall coef-
ficient sign, this indicates that thermal activation from the
acceptor states is present up to 170 K and valence band
transport above. A strong activation energy decrease in a
magnetic field, and the corresponding colossal negative

magnetoresistance, is expected for magnetic semiconduc-
tors in a paramagnetic phase [27,28], in agreement with our
resistivity in magnetic fields [14]. The standard synthesis
results in metallic behavior above 50 K, consistent
with previous reports. Interestingly, in both samples the
resistivity peak at Ty = 9.5 K coincides with a sharp,
symmetric peak in the magnetic susceptibility, y,. in
Fig. 1(b), and an antiferromagnetic (AFM) ordering [9].
The susceptibility in both metallic and insulating samples
shows no difference between the zero-cooled and field-
cooled (measured in 10 mT) values above 3.5 K [14],
excluding a possible ferromagnetic phase above Ty [29].
The magnetization M (uoH) is measured with the field
applied along the ¢ axis, perpendicular to the Eu planes.
M(uyH) first steeply and linearly increases up to 0.8 T,
followed by a kink at 1.8 T, reaching a saturated value of
~Tug/Eu atom. This corresponds to the divalent Eu with
half-filled 4f orbitals, like in EuTe [30]. The initial steep
slope of M(ugH) is consistent with a ferromagnetic
structure within each layer, and a relatively weak magnetic
anisotropy expected for atoms with a half-filled orbital.
Despite a strong difference in the resistivity, the suscep-
tibility and magnetization are very similar in both samples,
implying a weak effect of residual doping on magnetic
properties. Both samples are insulating or at the localization
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(a) Near infrared transmission showing the interband absorption edge at low fields, B < 1 T. (b) Color plot of relative

magnetotransmission, 75 /T Ayg, in a broad energy range, and up to 2 T. (c) Magnetotransmission 7z/T, and (d) its first derivative,

d/dE[Tg/Ty], in a broad energy and magnetic field range.

boundary, meaning there are insufficient band carriers at
low temperatures to change 7 by the RKKY mechanism.

The resistivity of the sample with lower residual doping
strongly disagrees with the widely accepted notion that
EuCd,As, is a semimetal, and instead suggests it is a
semiconductor. To confirm this, we turn to photoemission
measurements of the more resistive samples. Figure 1(d)
shows a static ARPES band map, where the band structure
agrees with the published spectra [6,8,9]. A strong 4f7 band
is centered around 1.3 eV below the Fermi level, and the
valence band is near the Fermi level. The results of a pump-
probe experiment in Fig. 1(e) show the conduction band
minimum around 800 meV above the Fermi level. No further
states are seen in the band gap under these conditions. The
conduction band shows extremely high intensity and is
visible without any data treatment. Time traces of the
intensity integrated at different energies above the Fermi
level are shown in Fig. 1(f). The valence band maximum at
~130 meV, and the conduction band away from the mini-
mum, both show a time delay of around 1 ps. In contrast, the
conduction band minimum (£, = —0.86 e¢V) shows hardly
any decay within the full observed time range of 10 ps. The
long recombination time implies an energy barrier, and
confirms there is a band gap of 770 & 70 meV. Similar
results are obtained on a metallic sample [14].

The infrared properties of EuCd,As, are shown in
Figs. 1(g)-1(i), determined for the insulating sample.
Far-infrared reflectance, shown at several different temper-
atures in Fig. 1(g), is dominated by two strong in-plane, E,,
phonon modes, at 86 and 165 cm™' [31]. The higher
frequency mode is an unscreened Reststrahlen mode, since
there are no free carriers to screen it. The weak temperature
dependence of the reflectance is typical of semiconductors.

Moreover, the value of reflectance at low photon energies is
far below unity, contrasting the behavior of metals and
semimetals. To obtain the precise value of the semicon-
ducting band gap, we determine transmission through a
thin EuCd,As, sample. Transmission and reflectance are
modeled using a multilayer model of the dielectric response
[32]. Kramers-Kronig analysis of reflectance is unreliable
as the sample is highly transparent in the midinfrared range.
The obtained optical conductivity, o,(®), is shown in
Fig. 1(i). The onset of absorption coincides with a sudden
drop in transmission at 770 meV (6200 cm™'). No Drude
component appears in the optical conductivity, in line with
our resistivity measurement. Metallic samples [14] show
screened phonons, in agreement with previous optical
studies [31,33]. In metallic and insulating samples, the
infrared phonons appear at the same frequencies, and there
is a strong increase of the optical conductivity above 1 eV.
In both cases, the Drude contribution, if at all present, is
minor. Based on the experimental evidence outlined thus
far, we assert that EuCd,As, is a semiconductor—in our
case with a light p-type doping—whose carrier density
depends on the starting material purity and the crystal
synthesis. The steep slope of the interband absorption edge
at 770 meV is typical of a direct band gap [15]. This is
consistent with the ARPES data in Fig. 1(e), showing the
accumulation of both photoexcited electrons and holes at
the I' point.

The electronic band structure of EuCd,As, is remarkably
tunable even with a small magnetic field. First, let us focus
on the interband absorption edge, evident from magneto-
transmission. In Fig. 2(a), transmission spectra taken at 4 K
are shown at photon energies around the onset, as the
magnetic field is increased in 50 mT steps up to 1 T.
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temperatures where magnetoreflectivity is shown. (n) Onset of absorption extracted from the magnetoreflectivity color plots, at the same

set of temperatures as in (m).

Relative magnetotransmission in a broader energy
and magnetic field range is shown in color plots in
Figs. 2(b)-2(d), where in (d) we show the energy derivative
of the magnetotransmission. Stacked plots of relative
transmission are shown in the Supplemental Material
[14]. The sharp zero-field step at 770 meV transforms into
a double-step feature already at the lowest fields. Below
0.5 T, the lower energy step shifts down in energy, and the
higher energy step moves up in energy. The steps split by
160 meV/T, giving an effective g factor with an extremely
high value of ~1500 [34]. This large splitting originates
from exchange interaction rather than Zeeman splitting.
Above 0.5 T, the higher energy step also begins to redshift.
The splitting between the two steps saturates at about
50 meV. This is a signature of spin polarized bands, which
differently absorb light with opposite circular polarization.
The weak oscillations of the signal below the gap, Fig. 2(d),
are assigned to giant Faraday rotation induced in our
gapped system, with spin-split electronic bands, due to
interband absorption of light that differs for opposite
circular polarizations [14,16,35]. Remarkably, the band
gap decreases by AE, = 125 meV under 2 T of applied
field, reaching a plateau above 5 T.

While the gap is strongly reduced, it never closes in field,
and no band inversion is seen. Instead, the strong redshift of
the band gap AE,(B) in Figs. 2(b)-2(d), is proportional to
Eu spin magnetization M(ugH), similarly to EuTe [36].
This means that the molecular field approximation is valid,
and AE, can be written as

1
AEg:_EjeffSM(TvH)/MSv (1)

where 7. is an effective exchange energy between band
carriers and Eu spins, S = 7/2, and M is saturated Eu spin
magnetization. Highly localized 4f electrons will weakly
hybridize with band states, and 7 . originates mainly from
the intra-atomic potential exchange interaction. This inter-
action is ferromagnetic. According to optical spectra of free
Eu!" ions in the orbital momentum L = 0 state (no spin-
orbit Coupling), j6s—4f = 52, \76p—4f =33 and de-4f =
215 meV [37,38], in accord with chemical trends of s pd—f
exchange energies determined for rare earths in solids [39].
Applying the above expression to our data, we obtain
Jeir & 80 meV. Therefore, we propose that the bands
undergo a large splitting via spd — f exchange coupling
to Eu spins. Overall, our results provide a clear indication
that the Eu magnetic sublattice controls the electronic band
structure of the compound via a strong Eu on-site exchange
interaction.

The natural question that follows is whether the observed
effects are limited to the low-temperature AFM phase.
Figure 3 shows a series of magnetoreflectivity color plots
taken up to 16 T, at temperatures ranging from 4 to 140 K.
In the magnetoreflectivity, we see the same kind of features
as in the magnetotransmission: the band edge redshifting as
magnetic field is applied, and a splitting between the upper
and lower band gap edge. The zero-field band gap increases
first, then decreases with increasing temperature. The
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splitting can be described by an effective g factor, which
drops from 1500 at 4 K to 80 at 140 K [14]. At all the
temperatures up to 100 K, we see that the bands become
polarized in high magnetic field, even deep within the
paramagnetic phase. This shows that EuCd,As, is a strong
paramagnet, and that qualitatively there is no difference in
its response whether the zero-field state is an AFM or a
paramagnet. Interestingly, at all temperatures, the extracted
band edge as a function of external magnetic field be-
haves qualitatively very similar to magnetization, see
Figs. 3(m)-3(n). This means that the Eq. (1) remains valid
for all temperatures and all magnetic fields.

In conclusion, with the full weight of the experimental
evidence presented in this Letter, we show decisively that
EuCd,As, is not a topological semimetal, but rather a
semiconductor with a band gap of 770 meV. This finding
was verified on a number of specimens originating in five
different syntheses. The absorption onset dependence on
the magnetic field mimics the shape of magnetization. The
band gap strongly decreases in magnetic fields, but it never
becomes inverted, and the semiconductor nature of the
material remains preserved. These results show that more
accurate ab initio studies are desired, scrutinizing in detail
all the complexities of correlated electron physics in Eu-
based compounds [40]. Nonetheless, the local Eu magnetic
moments are responsible for band structure changes,
through strong 4f exchange coupling to valence and
conduction states.
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