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ABSTRACT: EuCd2As2 has attracted considerable interest as one of the
few magnetic Weyl semimetal candidate materials, although recently, there
have been emerging reports that claim it to have a semiconducting
electronic structure. To resolve this debate, we established the growth of n-
type EuCd2As2 crystals to directly visualize the nature of the conduction
band using angle-resolved photoemission spectroscopy (ARPES). We show
that La-doping leads to n-type transport signatures in both thermopower
and Hall effect measurements, in crystals with n-type doping levels of 2−6
× 1017 cm−3. Both p- and n-type-doped samples exhibit antiferromagnetic
ordering at 9 K. ARPES experiments at 6 K clearly show the presence of
the conduction band minimum at 0.8 eV above the valence band
maximum, which is further corroborated by the observation of a 0.71−0.72
eV band gap in room temperature diffuse reflectance absorbance
measurements. Together, these findings unambiguously show that EuCd2As2 is indeed a semiconductor with a substantial band
gap and not a topological semimetal.

■ INTRODUCTION
The realization of materials with topologically nontrivial
electronic structures1−3 has been a major thrust in solid-state
research over the past decade. One such desired phase is the
magnetic Weyl semimetal, wherein the band structure near the
Fermi level is characterized by a pair of nodal band crossings
with linear dispersions on top of the underlying magnetic
order, enabling phenomena such as the chiral anomaly and its
thermal analogue.4−7 The chiral anomaly and thermal chiral
anomaly feature large, nonsaturating negative electrical
magnetoresistances and thermal magnetoresistances and thus
hold great promise in electronic devices and thermal switching
applications. However, efficient utilization of these transport
phenomena requires materials in which the Fermi level is
coincident with the nodal band crossings and that there are no
other topologically trivial bands at this energy. Almost all
magnetic Weyl semimetal candidates have either trivial or
nontrivial bands near the topologically nontrivial nodal
crossing, as is the case for materials such as Co2MnGa,
Mn3Sn, and EuGa4.

8−10 Alternatively, MnBi2Te4 is a well-
known magnetic Weyl semimetal candidate that has the ideal
electronic structure but is hindered by the challenge in growing
single crystals with experimentally relevant thickness in the

cross-plane direction due to it being a peritectic phase with a
<10 °C window of synthetic accessibility.11,12 The identi-
fication and development of magnetic Weyl semimetals remain
an important frontier in materials research.
Along these lines, EuCd2As2 has been proposed as an

attractive magnetic Weyl semimetal candidate due to its ideal
band structure and robust synthetic accessibility.13 From 2016
to 2023, most theoretical and experimental studies of
EuCd2As2 assumed that this material was semimetallic at
room temperature and below, until forming a topological
antiferromagnet below the Neél temperature (TN) of 9.5 K,
with nodal crossings very close to the Γ point.13−22 The Weyl
semimetal state was thought to be accessible by forcing the
structure to be ferromagnetic with polarization along the c-axis
via a modest magnetic field (∼1.5 T).13,15 The semimetallic
nature was supported using a broad range of measurements.
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First, most in-plane resistivity measurements on single crystals
remained below 100 mΩ cm (or <10−3 Ω m), often varying
between about 5 and 50 mΩ cm and increasing slightly with
temperature.13,17,21,23−26 Both thermopower and Hall meas-
urements indicated p-type doping,15,17,19,22,26−31 with carrier
concentrations that depended on the synthesis method, and
ranged from about 1015 to 1018 cm−3 in Sn flux to about 1020
cm−3 in salt (KCl/NaCl) flux.26,31−33 The variation in hole
concentrations is attributed to the differing levels of Eu
vacancies.16,26 Angle-resolved photoemission spectroscopy
(ARPES) corroborated the inherent p-type doping as the
Fermi level of all materials was within the valence
band.15,16,21,22,26,32,34,35 This hindered direct observation of
the proposed semimetallic nature, namely, the presence of the
conduction band minimum (CBM) that was expected to dip
below the valence band maximum (VBM) at the Γ point by
∼50 meV from calculations.15,21,22 One previous ARPES study
reported the presence of the CBM within 20 meV of the Fermi
level, although the fact that this is close to the reported 5−30
meV energy resolution of the ARPES experiment introduces
some ambiguity to this assignment.22 The clear identification
of the VBM and CBM by ARPES measurements of n-type
samples would provide more compelling evidence of their
semimetallic nature. Finally, optical reflectivity experiments
show the presence of a low-energy plasma frequency below
350 cm−1 and approach unity at the lowest energy, further
supporting metallic behavior in these samples.23,36 Low-
temperature magneto-infrared spectroscopy measurements
also showed an increase in reflectivity upon application of a
magnetic field below TN, along with the presence of field-
dependent van Hove singularities, which together were
attributed to the excitations between the overlapping CBM
and VBM levels whose energies have a strong magnetic field
dependence in a Weyl semimetal.37

Recently, Santos-Cottin et al. reported that EuCd2As2 is
actually a 0.77 eV semiconductor based on the growth of
EuCd2As2 using a higher-purity Eu metal source (4N) and a
two-step seeded synthesis.35 These higher-purity EuCd2As2
crystals showed an insulating temperature dependence of
resistivity with a 300 K value of around 3 × 103 mΩ cm that
rose over 6 orders of magnitude upon cooling to 10 K.
Similarly, high-purity crystals have since been grown by other
groups, and comparable insulating behavior has been
observed.19,20,30,31 It is important to point out that resistivity
measurements alone are subject to possible error through the
presence of nonohmic or insulating contact barriers. The
insulating behavior was further indicated by optical reflectivity
measurements, in which a low-energy reflectivity value of ∼0.4
was observed in these lower doped samples, along with a
strong absorption edge at 0.77 eV. Finally, pump−probe
ARPES measurements that collected photoemission of the
excited state from the 001 surface (using 37 eV probe
excitation) indicated the presence of a long-lived state at 0.76
eV above the VBM, which was attributed to excitation to the
CBM.35 There was also a short-lived excitation at 0.13 eV
above the Fermi level, which was attributed to excitation to the
VBM and subsequent thermalization back to the Fermi level,
implying appreciable p-type doping. It is important to point
out that in density functional theory calculations that have
predicted a Weyl semimetal electronic structure of EuCd2As2,
the VBM and CBM cross within 0.1 Å−1 of Γ to give the Weyl
nodes and the predicted ∼50 meV overlap, whereas the
difference in energy between the VBM and CBM at the A

point (0 0 π/c) is ∼0.7 eV (Figure S1).15,21,22 Considering the
large number of experiments that previously suggested
EuCd2As2 to be semimetallic, these results along with all
previous studies require careful scrutiny of measurements and
samples.
There is clearly extensive debate about the nature of the

electronic structure of EuCd2As2. Accurate characterization of
a narrow-band-gap semiconductor is often complicated by the
presence of dopants or impurities. Consider the history of InN,
for which early reports assigned the band gap as 1.9 eV.38 This
value was widely accepted until photoluminescence experi-
ments revealed a true value of 0.7 eV.39,40 Furthermore, the
electronic structure of materials composed of unpaired d- or f-
electrons have been notoriously difficult to model accurately
using density functional theory due to the strong electron−
electron correlations along with the high cost of using more
accurate high-level functionals.41 Because of the ambiguity
inherent in all of the previously described measurements, the
most definitive signature that would identify EuCd2As2 as a
semiconductor would be static ARPES measurements on an n-
doped crystal at precisely the Γ point as this is where the CBM
and VBM occur. This is what we report here.
Here, we establish that EuCd2As2 is indeed a semiconductor

with a 0.7−0.8 eV band gap, through the preparation and
extensive characterization of n-type EuCd2As2 crystals. We
show that the incorporation of La into the Sn-flux synthesis
leads to n-type thermopowers and Hall effect signatures.
ARPES measurements at 6 K of potassium-dosed samples
unambiguously show the CBM at 0.8 eV above the VBM, with
no other states observed within the gap. Room-temperature
diffuse reflectance absorbance measurements further confirm
an optical band gap in both p-type and n-type samples around
0.71 eV. Overall, these experiments provide strong evidence
that EuCd2As2 is indeed a semiconductor.

■ METHODS
Single crystals with lengths >3 mm and thicknesses >0.5 mm were
synthesized using the previously reported Sn-flux synthesis
procedure.16,42 The elements Eu (4N, Glentham Life Sciences), Cd
(5N, Thermo Scientific), As (5N, Thermo Scientific), and Sn (6N+,
Thermo Scientific) were mixed in a Eu/Cd/As/Sn ratio of 1:2:2:10
inside Canfield crucibles. Sn was added to the crucible last to promote
solubilization of all reagents. Care was taken to reduce the exposure of
freshly cleaved Eu reagent to parts per million level oxidants. The
reagent mixture was slowly heated to 900 °C over 24 h and then held
at 900 °C for 20 h to allow full reagent diffusion before slowly cooling
to 500 °C at 2 °C per hour to crystallize the EuCd2As2 product. The
molten flux was decanted via centrifugation at 500 °C to collect the
product crystals.43 Sn flux was further removed by fine sanding of the
surfaces. To grow n-type crystals, 1−10 mol % of the Eu was replaced
by La (Strem, 3N). It is important to note that the actual
concentration of La that incorporates into the single crystals is
much less than 1%, as will be described in the Results and Discussion
section.

Thermoelectric transport measurements of EuCd2As2 single
crystals were conducted along the in-plane direction. Measurements
from 80 to 400 K were conducted using a Janis SuperTran cryostat
system (Lakeshore) with liquid nitrogen as the cryogen. The
maximum field used with this instrument was ±1.4 T. Single crystals
were mounted in cryostat measurement devices constructed according
to the described device schematic using conductive silver-based epoxy
(EPO-TEK H20E). Brass sheets were used as current spreaders,
providing a uniform electrical and thermal current flow. An insulating
alumina baseplate acted as the mounting plate and heat sink.
Conductive epoxy was also used to secure measurement leads directly
to the crystals. The measurement leads were 20 μm copper wires. The
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type-T thermocouples were made using the same 20 μm copper wire
as well as Constantan wire. For electrical transport measurements
below 80 K, a cryogen-free Quantum Design Physical Properties
Measurement System (PPMS) was employed. The maximum field for
this instrument was ±14 T. PPMS measurement devices were
constructed in much the same way as the cryostat devices but did not
include a resistive heater or thermocouples. These devices were then
mounted and wired to a resistivity puck (LakeShore). No thermal
measurements were performed on the QD PPMS instrument given
the absence of a thermal transport accessory.

The synchrotron-based ARPES measurements were performed at
beamline 7.0.2 “MAESTRO” of the Advanced Light Source at
Berkeley National Lab. The photoelectrons were collected using a
Scienta Omicron R4000 hemispherical electron analyzer, which
provided energy and momentum resolution better than 30 meV
and 0.01 Å−1, respectively. The EuCd2As2 bulk crystal samples were
cleaved in situ and measured at a base temperature of 6 K. A full
reciprocal space map using a photon energy scan was performed
before potassium dosing to determine the high-symmetry planes in
the momentum space, and 130 eV photon energy was selected to
access the plane. The effective electron concentration induced by
potassium dosing is estimated following the methods described by
Katoch et al., and the details are presented in the Supporting
Information.44

Magnetic susceptibility and magnetization data were collected via
an MPMS3 superconducting quantum interference device (SQUID)
magnetometer by Quantum Design. Magnetic susceptibility data
acquisition occurred over a temperature range from 2 to 300 K. Small
crystals (<5 mg) of EuCd2As2 were encapsulated by Kapton tape and
affixed to the desired field orientation of measurement in a plastic
straw by another piece of Kapton tape. After cooling to 2 K with no

applied field, zero-field cooled magnetic susceptibility measurements
were conducted under an applied field of 500 Oe all the way to 300 K.
Then, the sample was returned to 2 K under the same 500 Oe
measurement field, and magnetic susceptibility measurements were
again conducted under a 500 Oe field up to 300 K. The magnetization
vs field data were collected at 2 K by cycling the applied field in 1000
Oe increments, starting from 0 T, between +4 T and −4 T two times.
The crystals used for magnetic characterization where cleaved as small
fragments of larger single crystals so as not to overrange the SQUID
magnetometer. Thus, the in-plane and cross-plane crystal dimensions
were comparable, and no self-demagnetization correction factor was
applied to the data.

Infrared spectroscopy was performed by using a PerkinElmer
Frontier dual-range IR spectrometer under a nitrogen atmosphere.
The infrared reflectance spectra were acquired in diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) mode. All
material was diluted in KBr that was flame-dried in a quartz ampule,
and the same salt was used as the background. Tauc/Davis−Mott
relations were applied to the reflectance data assuming an allowed
direct transition and a three-dimensional density of states.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was
performed at the Texas Materials Institute at the University of Texas
in Austin. The data collected under negative polarity used a 1 kV O2

+

ion beam with a beam current of about 41 nA. The raster scanned
areas were 300 μm × 300 μm. The depth profile data were collected
sequentially using a 30 keV Bi+ analysis beam with a raster scanned
area equal to 100 μm × 100 μm centered within the sputtered area.
The analysis beam current was 0.3 pA. Positive polarity data were
collected in the same way, except that the sputtering beam was a 0.5
kV Cs+ ion beam with a similar 40 nA beam current. The p-type and
n-type EuCd2As2 samples, including n-type samples grown with initial

Figure 1. (a) Qualitative three-dimensional band structure of an ideal Weyl semimetal with linear dispersion near the Weyl nodes lying along the kz
axis. (b) Qualitative three-dimensional band structure of a trivial direct-gap semiconductor. In schematics (a) and (b), the kz directions lie
horizontally. In (a), the energy gap in the zone center has been reported to be ∼50 meV, whereas in (b), the energy gap in the zone center is
reported to be 0.8 eV. (c) Crystal structure of EuCd2As2, as viewed along the 110-axis with the 001-axis aligned vertically. The yellow highlighted
layers represent the edge-sharing CdAs4 tetrahedra sandwiched between the layers of edge-sharing EuAs6 octahedra in red. (d) Crystal structure of
EuCd2As2 as viewed along the 001-axis to emphasize the trigonal symmetry. (e) Image of a ∼ 4 × 3 mm2 p-type EuCd2As2 crystal with the 001-axis
perpendicular to the plane of the page. (f) Laue backscattered diffraction pattern measured along the 001-axis of a p-type EuCd2As2 sample
showing the trigonal symmetry. (g) Powder X-ray diffraction of ground up crystals of p-type and n-type EuCd2As2. (*) The large hump at low
angles is a background feature caused by reflection from the low-volume acrylic sample holder.
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La/Eu molar ratios of 1:99 and 10:90, were sputtered and measured
using ToF-SIMS. The sputtering depth varied from 0.3 to 5.6 μm.

■ RESULTS AND DISCUSSION
The debate about the nature of EuCd2As2 is centered on
whether there is band overlap between the CBM and VBM
allowing for a Weyl semimetal state with ferromagnetic
alignment of the spins (Figure 1a), or if it is indeed a trivial
semiconductor (Figure 1b). Herein, we seek to answer that
question conclusively by the growth and ARPES character-
ization of EuCd2As2 single crystals. Specifically, ARPES
measurements on samples in which the conduction band is
clearly visible (i.e., n-doped) without the ambiguity inherent in
a pump−probe experiment offer the most compelling answer
to this question. Photo-ARPES requires photoexcitation to
populate and visualize the states in the conduction band,
whereas visualizing the conduction band in a ground state via
n-type doping after confirming the location along kz is a more
precise observation. To accomplish this, EuCd2As2 crystals
were synthesized in Sn flux using high-purity reagents (4N or
greater, except 3N for La), which resulted in the growth of
batches of crystals that were either p-type or n-type with carrier
densities on the order of 1017 − 1018 cm−3 at room
temperature based on Hall measurements. ToF-SIMS was
able to detect the incorporation of La in more highly doped n-
type crystals with carrier densities around 6 × 1017 cm−3

(Figure S2). ToF-SIMS revealed no significant compositional
differences between the p-type and the more lightly doped n-
type samples with carrier densities of 2 × 1017 cm−3 (Figures
S3 and S4), indicating that the dopant concentration was likely

below the ToF-SIMS detection limit. n-Type doping behavior
was reproduced across multiple batches of crystals when La
was intentionally incorporated into the reaction mixture. In
contrast, crystals grown with >1% Li, Na, Se, Gd, Dy, Sm, or
Yb added to the reaction mixture resulted in p-type transport
signatures. A simple electron counting approach would suggest
that any trivalent lanthanide substituted onto a metal site
would donate one more electron than the divalent Eu or Cd.
However, the observation that the other trivalent lanthanides
mentioned do not lead to n-type doping behavior implies
either a lack of incorporation into EuCd2As2 or a more
complex doping mechanism that does not lead to n-type
behavior. A detailed understanding of rare earth doping
behavior merits future study.
EuCd2As2 has a crystal structure (P3̅m1) composed of layers

of edge-sharing CdAs4 tetrahedra, sandwiched between single-
octahedron-thick layers of edge-sharing EuAs6 octahedra
(Figure 1c). Using an ionic bonding formality, the Eu and
Cd-oxidation states are both 2+, while that of As is 3-. The
trigonal symmetry becomes clear by viewing the structure
along the 001-axis (Figure 1d) and is manifested in the crystal
growth shape (Figure 1e) and Laue backscattered diffraction
pattern (Figure 1f). Phase confirmation by powder X-ray
diffraction shows that both p-type and n-type EuCd2As2 retain
the expected crystal structure (Figure 1g). The lattice
parameters were refined to values of a = 4.43979(5) Å and c
= 7.32690(6) Å for p-type EuCd2As2 and refined to a =
4.44012(9) Å and c = 7.32664(10) Å for n-type EuCd2As2
(Figure S4). These values are in excellent agreement with
previously reported values and show no significant structural

Figure 2. (a) Schematic diagram of a typical cryostat device used to measure the thermal and electrical transport properties of EuCd2As2 single
crystals. The yellow slabs represent brass contacts and current spreaders. The red colored slab at the top represents the resistive heater used for
establishing a thermal gradient. The gray vertical block in the middle represents the single crystal of EuCd2As2, and the light-gray slab (bottom)
represents the alumina baseplate. (b−f) Transport data measured on both p- and n-type EuCd2As2 single crystals. Hall data are extracted assuming
single carrier transport. Circles represent PPMS data, while triangles correspond to cryostat data. (b) Temperature-dependent resistivity measured
from <10 to 400 K. (c) Temperature-dependent carrier density measured from <10 to 400 K. (d) Temperature-dependent Hall mobility measured
from <10 to 400 K. (e) Temperature-dependent thermopower measured from about 80 to 400 K. (f) Temperature-dependent thermal conductivity
measured from about 80 to 400 K.
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d i ff e r e n c e b e tw e en t h e p - a nd n - t y p e s am -
ples.13,14,17,19,20,23,30,35,45−49

Thermoelectric transport properties were measured using
both a Janis SuperTran cryostat system (Figure 2a) and a
Quantum Design PPMS. The temperature-dependent resistiv-
ities obtained for all samples of EuCd2As2 are similar in
magnitude to previous reports on the metallic samples (Figure
2b). The p-type resistivity shows a sharp cusp at the magnetic
transition temperature (TN ≅ 9.2 K), peaking just under 60
mΩ cm and ranging from about 29 mΩ cm at 2 K to nearly
100 mΩ cm at 400 K. The cusp at the magnetic transition
temperature has been observed in nearly all previous p-type
transitions and arises due to carrier scattering with the spin-
waves that emerge below this temperature. The n-type
resistivities show a much smaller cusp near the magnetic
transition (Figure 2b inset). Also, the n-type samples, although
close in magnitude, have varying temperature coefficients of
resistivities. One crystal (crystal 1) had a modest decrease in
resistivity from just over 55 mΩ cm at 3 K to about 32 mΩ cm
at 400 K, while a second crystal (crystal 2) showed a small
increase in resistivity from about 8 mΩ cm at 80 K to just over
12 mΩ cm. The cryostat data and PPMS data show good
overlap and appear consistent over the measured temperature
range. Overall, this resistivity range is in good agreement with
previous reports and fits a degenerately doped-semiconductor
picture for EuCd2As2.

13,17,21,23−26

The carrier concentrations were extracted from the Hall
resistivity curves (Figure S5) using a single carrier model. The
temperature-dependent carrier densities observed for all
samples of EuCd2As2 are plotted in Figure 2c. The p-type
carrier densities fall in a narrow range from 6.0 × 1017 cm−3 at
low temperature to 8.3 × 1017 cm−3 at high temperature. The
n-type carrier densities fall into similarly narrow ranges. Crystal

1 has a doping level of 1.7 × 1017 cm−3 at low temperatures
that rises to 2.4 × 1017 cm−3 at high temperatures. Crystal 2
stays nearly constant across the measured temperature range of
6 × 1017 cm−3. These carrier densities are 1−3 orders of
magnitude lower than the previous reports claiming semi-
metallic behavior.26,32 The nearly temperature-independent
carrier densities and resistivities in both the p-type and n-type
samples suggest that these EuCd2As2 crystals are degenerately
doped. For comparison, Ge, a semiconductor with a similar
band gap, also becomes degenerately doped at 1017 cm−3.50

Hall mobility was derived from the Hall coefficient and
electrical resistivity. The temperature-dependent Hall mobi-
lities are plotted in Figure 2d. The p-type mobility is 322 cm2

V−1 s−1 at 2 K and rises to 368 cm2 V−1 s−1 at 80 K before
finally falling to 76.5 cm2 V−1 s−1 at about 400 K. The n-type
mobility for crystal 1 is higher, beginning at 658 cm2 V−1 s−1 at
3.5 K before reaching a maximum value of 1144 cm2 V−1 s−1 at
120 K. Finally, the n-type mobility drops to 796 cm2 V−1 s−1 at
400 K. n-Type crystal 2 has comparable mobilities. The fact
that the n-type crystals have similar doping levels but higher
mobilities than the p-type crystals is consistent with the
behavior of virtually all known semiconductors as conduction
electrons originate in bands with more antibonding character
that tend to be more disperse resulting in higher mobility.51

Additionally, the magnitudes of the observed mobilities are
more consistent with a semiconductor than a topologically
trivial metal. The electron effective mass determined by the
method of the four coefficients52 was found to be 0.07 me at
low temperature.
The temperature-dependent thermopowers shown in Figure

2e were measured down to 80 K. The signs of the
thermopower, along with the slopes of the Hall resistivity
curves, allow unambiguous assignment of p- and n-type doping

Figure 3. (a) Magnetic structure of AFM EuCd2As2 showing in-plane ferromagnetic exchange and cross-plane AFM exchange. (b) Field-dependent
magnetization of both p- and n-type EuCd2As2. (c) Temperature-dependent magnetic susceptibility and inverse magnetic susceptibility of p-type
EuCd2As2 measured from 2 to 300 K. (d) Temperature-dependent magnetic susceptibility and inverse magnetic susceptibility of n-type EuCd2As2
measured from 2 to 300 K. The Curie−Weiss fitting was taken over the range from 11 to 300 K for both p-type and n-type samples. In (c) and (d),
the FC and ZFC curves are superimposable.
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for the EuCd2As2 samples. The data are nearly symmetric
about the zero line in the temperature-dependent thermo-
power, with p-type thermopowers rising from 130 μV K−1 at
about 80 K to 420 μV K−1 at about 400 K. The p-type
thermopowers compare well with previous reports.17 The n-
type thermopower for crystal 1 on the other hand drops from
−164 μV K−1 at around 80 K to about −415 μV K−1 near 400
K. The thermopower values in the more highly doped crystal 2
have lower magnitudes, ranging from −105 to −308 μV K−1

from 80 to 400 K, respectively.
Temperature-dependent thermal conductivity was measured

from 80 to 400 K. The temperature-dependent thermal
conductivities of p-type and n-type EuCd2As2 have no
significant differences. Both samples clearly show the expected
features for a lattice-dominated thermal conductivity, namely,
the 1/T Umklapp phonon−phonon scattering trend with
temperature. The p-type thermal conductivity at 80 K is about
14 W m−1 K−1 and drops off to about 4 W m−1 K−1 at 400 K.
The n-type 80 K values are about 20 W m−1 K−1, falling to
about 5.5 W m−1 K−1 at 400 K. These values are all within the
errors in the measurements and agree well with previously
reported thermal conductivities.17 An initial estimation of the
400 K thermoelectric figure of merit (zT) from the Seebeck
coefficients, electrical resistivities, and thermal conductivities
was 0.018−0.056 across all samples (Table S1). Improved
thermoelectric performance is possible with further optimiza-
tion and derivatization. However, because EuCd2As2 is
composed of the toxic elements of cadmium and arsenic,

terrestrial thermoelectric applications of this material would be
niche at best.
The magnetic behavior of both p- and n-type crystals was

investigated by SQUID magnetometry to reveal any doping-
dependent differences in magnetism. Previous reports have
demonstrated that the magnetic ground state of p-type
EuCd2As2 is antiferromagnetic (AFM) with an in-plane A-
type ordering (Figure 3a), and that EuCd2As2 can be fully
ferromagnetically polarized in modest fields of <2 T.13,14,23

Magnetization vs applied field measurements at 2 K on both p-
type and n-type crystals corroborate the AFM ground state,
showing an absence of hysteresis, and both give polarization to
the ferromagnetic state at a field of about 0.6−0.8 T for in-
plane and about 1.3−2.0 T for cross-plane. The saturation
moments from the magnetization data on p-type and n-type
samples are 7.1 μB Eu−1 and 6.8 μB Eu−1, respectively. A
previous study evaluating EuCd2As2 crystals with different p-
doping levels found that the saturation moment is suppressed
with increased p-doping.16 The decreased saturation moment
in our n-doped sample corroborates the observation that the
saturation moment is quite sensitive to the doping level.
Magnetic susceptibility measurements from 2 to 300 K further
confirmed the AFM ground state of both p-type and n-type
samples, both of which have a TN of 9 K (Figure 3c and d).
The p-type ZFC and FC susceptibility peaks are at 26.8 emu
mol−1 Oe−1. The n-type magnetic susceptibility also remains
practically identical from ZFC to FC, with both peaking above
4 emu mol−1 of Oe−1. A Curie−Weiss fit was applied to the
temperature range from 11 K − 300 K for the inverse magnetic

Figure 4. (a) Energy-dependent Fermi surface mapping along the cross-plane A-Γ-A direction (kz-axis) from 60 to 140 eV. The kx-axis lies in the
M-Γ-M in-plane direction. 130 eV was selected to access the kz = 0 plane. (b) Intensity plot for ARPES measured at 6 K on an n-type sample of
EuCd2As2 showing the dispersion over the M-Γ-M direction on a cleaved 001-facet. (c) ARPES intensity plot measured on the same n-type sample
at 6 K after dosing the surface with evaporated potassium metal (K-dosing). Note that the bottom of the conduction band is clearly visible at ∼800
meV above the top of the valence band. (d) Energy distribution curves showing the energy-dependent density of states at Γ. Note the clear
emergence of conduction band states at about 800 meV after K-dosing. (e) DRIFTS Tauc plot measured on p-type EuCd2As2 assuming an allowed
3D direct transition. (f) DRIFTS Tauc plot measured on n-type EuCd2As2 assuming an allowed 3D direct transition.
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susceptibility yielding positive Curie−Weiss temperatures of
15.0 and 9.9 K for p-type and n-type, respectively. The positive
Curie−Weiss temperature is likely due to the strength of the
ferromagnetic short-range interactions and has been seen
previously in p-type EuCd2As2 as well as other materials
containing Eu2+.13,14,23,53−55 The high-temperature local
saturation moment is also evident in the magnetic suscepti-
bility, giving values of 7.9 μB Eu−1 for p-type EuCd2As2 and 7.4
μB Eu−1 for the n-type. Further magnetic studies are required
to fully understand the effect of La n-type doping on the
magnetic properties of EuCd2As2.
To answer the question of whether EuCd2As2 is a

topological semimetal or a trivial insulator, we performed
ARPES measurements on n-type EuCd2As2 crystals. The
EuCd2As2 bulk crystals are cleaved in situ and measured at T =
6 K. This temperature was chosen because it corresponds to
the minimum temperature of the instrumentation and is below
the TN of 9.5 K, and previous ARPES studies show that
changes in the valence band structure due to the AFM order
emerge between 5 and 8 K.21 Figure 4a shows the photon
energy-dependent Fermi surface mapping along the A-Γ-A
direction from 60 to 140 eV before potassium dosing. This
allows for determining the photon energies that corresponded
to kz = 0 and kz = π/c. Subsequently, 130 eV was selected
when collecting further ARPES spectra as this approximately
corresponds to kz = 0. Figure 4b shows the ARPES spectrum
measured along the M-Γ-M direction on the 001-facet, while
the K-Γ-K ARPES spectrum is shown in Figure S7 for
comparison.
The VBM is located at the Γ point, with a cone-like E vs k

dispersion extending to about −0.8 eV, below the VBM.
Between −0.8 and −2.0 eV, the photoemission spectrum is
dominated by flat bands spreading across the entire Brillouin
zone. These bands originate from Eu 4f electrons. All these
features are consistent with previous ARPES studies on
EuCd2As2 single crystals.15,16,21 To directly visualize the
conduction band, in situ potassium dosing was performed as
it has been shown in other semiconductors that the CBM
cannot be detected via ARPES at such a low n-doping level.56

The ARPES spectrum after in situ potassium dosing is shown
in Figure 4c. It is clear that an additional photoemission signal
appears at the Γ point, with the maximum intensity located at
about +0.8 eV above the VBM. The photon energy-dependent
Fermi surface mapping was not repeated after potassium
dosing; however, all bands below 0 eV, as shown in Figure 4b
and c, are essentially superimposable to one another, which
implies negligible shifts in kx, ky, or kz following dosing. Given
that there are no other bands observed between the VBM and
this new signal at +0.8 eV, the new band must be the CBM,
which is only visible when there is sufficient population of
electrons in the conduction band. While a topological
semimetallic electronic structure would also result in the
appearance of a gap between a lower-energy CBM and a
higher-energy VBM (Figure 1a), an 800 meV semimetallic
band overlap is over an order of magnitude larger than the
overlap predicted for EuCd2As2 (∼50 meV).15,21,22 Further-
more, calculations predicted the nodal crossings to occur at a
kz with 0.1 Å−1 of the Γ point.22 Together, this indicates that n-
type EuCd2As2 is a magnetic insulator instead of a topological
semimetal. Figure 4d plots the energy distribution curves
before (red) and after (blue) potassium dosing, giving the
density of states as a function of energy. Fitting these curves at
the Γ point using Lorentzian line shapes yields a band gap of

∼0.8 eV for our EuCd2As2 samples with an effective electron
concentration ne = 6 × 1018 cm−3 after potassium dosing
(Figure S8). To corroborate the band gap, DRIFTS measure-
ments were collected on powders of both p-type and n-type
EuCd2As2, and the Tauc/Davis−Mott relations were applied
by assuming a three-dimensional density of states. Figure 4e
and f shows the Tauc plots for p-type and n-type EuCd2As2,
respectively. The band edges are clearly visible and
extrapolated to 0.72 eV for p-type and 0.71 eV for n-type, in
good agreement with the ARPES gap considering the DRIFTS
data were collected at room temperature while the ARPES
spectrum was collected at 6 K. The reflectance data are also in
excellent agreement with previous reports showing an
absorbance edge at ∼0.75 eV.31,35

■ CONCLUSIONS
These results directly establish the semiconducting nature of
EuCd2As2 with a 0.7−0.8 eV band gap, through the growth
and characterization of n-type EuCd2As2 crystals. Incorpo-
ration of La into the Sn-flux synthesis as a dopant led to n-type
thermopower and Hall effect signatures. The CBM was
observed 0.8 eV above the VBM at 6 K through ARPES
measurements, with no other states observed within the gap.
Room-temperature diffuse reflectance absorbance measure-
ments further confirmed a 0.71−0.72 eV optical band gap.
Together, this corroborates the recent reports of semi-
conducting behavior and, with such a large band gap, precludes
the possibility of realizing Weyl semimetallic behavior in
EuCd2As2 under most accessible experimental conditions.
These results indicate that the realization of magnetic Weyl
semimetals, and the scientifically and technologically intriguing
phenomena that they may exhibit, will require further materials
exploration and much more grounded expectations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00656.

The predicted Weyl semimetal EuCd2As2 band
structure, ToF-SIMS data, Rietveld refinements of
both p- and n-type EuCd2As2, Hall resistivity curves,
and additional ARPES data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Joshua E. Goldberger − Department of Chemistry and
Biochemistry, the Ohio State University, Columbus, Ohio
43210, United States; Department of Materials Science and
Engineering, the Ohio State University, Columbus, Ohio
43210, United States; orcid.org/0000-0003-4284-604X;
Email: goldberger@chemistry.ohio-state.edu

Authors
Ryan A. Nelson − Department of Chemistry and Biochemistry,
the Ohio State University, Columbus, Ohio 43210, United
States; orcid.org/0000-0003-0763-1094

Jesaiah King − Department of Chemistry and Biochemistry,
the Ohio State University, Columbus, Ohio 43210, United
States

Shuyu Cheng − Department of Physics, the Ohio State
University, Columbus, Ohio 43210, United States

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c00656
Chem. Mater. 2024, 36, 7623−7632

7629

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00656/suppl_file/cm4c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00656/suppl_file/cm4c00656_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00656?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00656/suppl_file/cm4c00656_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+E.+Goldberger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4284-604X
mailto:goldberger@chemistry.ohio-state.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+A.+Nelson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0763-1094
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesaiah+King"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuyu+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Archibald+J.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Archibald J. Williams − Department of Chemistry and
Biochemistry, the Ohio State University, Columbus, Ohio
43210, United States

Chris Jozwiak − Advanced Light Source, E.O. Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; orcid.org/0000-0002-0980-3753

Aaron Bostwick − Advanced Light Source, E.O. Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States

Eli Rotenberg − Advanced Light Source, E.O. Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; orcid.org/0000-0002-3979-8844

Souvik Sasmal − Department of Physics, Carnegie Mellon
University, Pittsburgh, Pennsylvania 15213, United States

I-Hsuan Kao − Department of Physics, Carnegie Mellon
University, Pittsburgh, Pennsylvania 15213, United States;
orcid.org/0000-0003-1790-1254

Aalok Tiwari − Department of Physics, Carnegie Mellon
University, Pittsburgh, Pennsylvania 15213, United States

Natalie R. Jones − Department of Chemistry and
Biochemistry, the Ohio State University, Columbus, Ohio
43210, United States

Chuting Cai − Materials Science and Engineering Program,
The University of Texas at Austin, Austin, Texas 78712,
United States

Emma Martin − Department of Mechanical Engineering, The
University of Texas at Austin, Austin, Texas 78712, United
States

Andrei Dolocan − Texas Materials Institute, The University of
Texas at Austin, Austin, Texas 78712, United States;
orcid.org/0000-0001-5653-0439

Li Shi − Materials Science and Engineering Program, The
University of Texas at Austin, Austin, Texas 78712, United
States; Department of Mechanical Engineering, The
University of Texas at Austin, Austin, Texas 78712, United
States; orcid.org/0000-0002-5401-6839

Roland K. Kawakami − Department of Physics, the Ohio State
University, Columbus, Ohio 43210, United States;
orcid.org/0000-0003-0245-9192

Joseph P. Heremans − Department of Physics, Department of
Mechanical and Aerospace Engineering, and Department of
Materials Science and Engineering, the Ohio State University,
Columbus, Ohio 43210, United States; orcid.org/0000-
0003-3996-2744

Jyoti Katoch − Department of Physics, Carnegie Mellon
University, Pittsburgh, Pennsylvania 15213, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.4c00656

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was primarily supported by the ONR MURI
“Extraordinary electronic switching of thermal transport”
(grant no. N00014-21-1-2377) for J.E.G., R.A.N., N.R.J.,
J.C.K., L.S., J.P.H., E.M., and C.C. This research was partially
supported by the Center for Emergent Materials, an NSF

MRSEC, under award no.DMR-2011876, for A.J.W., J.K.,
R.K.K., and S.C. J.K. also acknowledges funding from the U.S.
Department Office of Science, Office of Basic Sciences, of the
U.S. Department of Energy under award no. DE-SC0020323.
This research used resources of the Advanced Light Source,
which is a DOE Office of Science User Facility under contract
no. DE-AC02-05CH11231.

■ REFERENCES
(1) Yan, B.; Felser, C. Topological Materials: Weyl Semimetals.
Annu. Rev. Condens. Matter Phys. 2017, 8, 337−354.
(2) Schoop, L. M.; Pielnhofer, F.; Lotsch, B. V. Chemical Principles
of Topological Semimetals. Chem. Mater. 2018, 30 (10), 3155−3176.
(3) Kumar, N.; Guin, S. N.; Manna, K.; Shekhar, C.; Felser, C.
Topological Quantum Materials from the Viewpoint of Chemistry.
Chem. Rev. 2021, 121 (5), 2780−2815.
(4) Nielsen, H. B.; Ninomiya, M. The Adler-Bell-Jackiw anomaly
and Weyl fermions in a crystal. Phys. Lett. B 1983, 130 (6), 389−396.
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