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EuCd2As2 is magnetic semimetal that has the potential of manifesting non-trivial

electronic states, depending on its low temperature magnetic ordering. Here, we

report the successful synthesis of single crystals of EuCd2As2 that order ferromag-

netically (FM) or antiferromagnetically (AFM) depending on the level of band fill-

ing, thus allowing for the use of magnetism to tune the topological properties within

the same host. We explored their physical properties via magnetization, electrical

transport, heat capacity, and angle resolved photoemission spectroscopy (ARPES)

measurements and conclude that EuCd2As2 is an excellent, tunable, system for ex-

ploring the interplay of magnetic ordering and topology.
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Magnetic Weyl semimetals are expected to have extraordinary physical properties such

as a chiral anomaly and large anomalous Hall effects that may be useful for future, potential,

spintronics applications. 1,2 To date, a number of magnetic topological materials have been

proposed. GdPtBi 3 is a proposed magnetic field driven Weyl semimetal.4 Multiple Weyl

points were found in canted antiferromagnetic state of YbMnBi2.
5 Furthermore, interesting

topological features have been observed in some ferromagnetic Kagome lattice materials in-

cluding Co3Sn2S2,
6 Fe3Sn2

7 and FeSn.8 To be more specific, theoretical predictions suggested

three pairs of Weyl points in Co3Sn2S2 with out-of-plane ferromagnetic order, and a giant

anomalous Hall effect and ARPES results support this scenario.6,9–11 Fe3Sn2 has two Dirac

cones with 30 meV gap near the Fermi level.7 A flat band and a pair of Dirac bands were

observed in FeSn.8 However, a material with a single pair of Weyl points that readily offers

tuning of its topological states is yet to be found.

Recently, the layered triangular lattice compound EuCd2As2 was identified as a possible

AFM Dirac semimetal with a single Dirac cone located close to the Fermi level when its

in-plane, three fold symmetry is preserved. 12 Subsequently, density functional theory (DFT)

calculations on EuCd2As2 predicted that a FM ordered state with Eu moments aligned out-

of-plane can split the Dirac cone into a single pair of Weyl points. 13 However, previous

experimental studies on EuCd2As2 show an A-type AFM below TN ' 9.5 K that consists of

FM triangular layers stacked antiferromagnetically, with moments pointing in the layer. 14–16

Unfortunately, the in-plane three fold symmetry is broken in this spin configuration. In this

case, the Dirac cone is no longer protected and a gap opens. 16 Very recently, an ARPES study

above the AFM transition temperature claimed that the effective breaking of time reversal

symmetry by FM-like fluctuations, associated with strong intralayer FM correlations of the

A-type AFM order, can induce Weyl nodes.17 In addition, Soh et al. 18 reported a single pair

of Weyl nodes in the spin polarized state of EuCd2As2. All of these results point toward the

importance of stabilizing a FM state in EuCd2As2.

Here, by discovering and taking advantage of the chemical tunability of EuCd2As2, we

report the successful growths of single crystals of EuCd2As2 with two different magnetic

ground states: EuCd2As2 that orders magnetically at low temperatures with a ferromagnetic

component to its long range order (FM-EuCd2As2) and EuCd2As2 that orders magnetically

at low temperatures without any detectable ferromagnetic component (AFM-EuCd2As2).

Whereas for many local moment compounds, the desire to tune or change an AFM state to
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a FM state can be considered to be an unachievable pipe-dream, in some cases, chemical

substitutions, or even just widths of formation, can be used to accomplish just this feat.

For example in the simple, binary, CeGe2−x system, depending on the value of x, there can

be either a FM or AFM transitions. 19 Based on our DFT calculations, 13 we expect to have

a topological insulator in the AFM-EuCd2As2 and two pairs of Weyl points in the FM-

EuCd2As2. In addition, a single pair of Weyl points can be further realized with a magnetic

field applied along the crystallographic c direction. (See Supplemental Material at [URL

will be inserted by the production group]. 20 See, also, references 14, 16, 17, 21–46 therein.)

Single crystals of both FM-EuCd2As2 and AFM-EuCd2As2 were grown via solution

growth using a salt mixture as flux. The difference in growth procedure between FM-

EuCd2As2 and AFM-EuCd2As2 was the initial stoichiometry of Eu:Cd:As in the salt mixture.

We also grew single crystals of EuCd2As2 using Sn flux and these crystals also manifest AFM

order. We confirmed the crystal structure and composition via X-ray diffraction patterns

and scanning transmission electron microscopy (STEM) with energy dispersive spectroscopy

(EDS). (See Supplemental Material at [URL will be inserted by the production group] for

more details of crystal growth and experiments 20)

In order to determine the transition temperatures and nature of the magnetic ground state

in these crystals, we conducted specific heat, resistivity, and magnetization measurements.

Figures 1 (a)-(c) show the anisotropic M(H) and H/M(T ) data for the three representa-

tive crystals we have studied: FM(salt)-EuCd2As2, AFM(salt)-EuCd2As2, and AFM(Sn)-

EuCd2As2. At T = 2 K, each of these samples becomes saturated by roughly 20 kOe for

H ‖ c; for H ⊥ c, the M(H) data saturates at progressively lower and lower fields as we

progress from AFM(Sn) to AFM(salt) to FM(salt). All samples displays a magnetic easy

axis that lies within the layers. Whereas the H ⊥ c data in Fig. 1 (a) suggests a FM state,

Figure 1 (d) shows that, indeed, the FM(salt) sample develops an unambiguous remanent

magnetization at H = 0 for full, four-quadrant M(H) loops. Other differences between these

samples include FM(salt) having a resolvably lower µsat and µeff and higher Curie Weiss

theta value than the AFM samples. These data suggest that FM(salt) samples have less

than the full Eu2+ occupancy of the Eu sites. This is consistent with multiple powder X-

ray data sets we have collected and analyzed. Both lab-based as well as synchrotron based

data indicate that the FM(salt) sample have Eu vacancies at the several percent level. (See

Supplemental Material at [URL will be inserted by the production group] 20) At a finer level
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of comparison, the AFM(salt) sample is closer to the AFM(Sn) sample, but intermediate in

its M(H) behavior at 1.8 K and Curie Weiss temperature value. This is an observation that

we will return to once we present our ARPES data in Fig. 3 below.

We can also compare the behavior of FM(salt) and AFM(salt) near their respective

transition temperatures. FM(salt) has a broader, and much higher temperature, feature

than AFM(salt) in the specific heat data as shown in Fig. 1 (e) and (f), respectively. Using

the peak position as a criterion, the transition temperature for FM(salt) is TC ' 26.4 K, and

the transition temperature for AFM(salt) is TN ' 9.2 K. Note that AFM(Sn) has a similar

transition temperature as that found for AFM(salt). The peak position of the magnetic

susceptibility data when the applied magnetic field was parallel to c is same for AFM(salt)

and AFM(Sn). (See Supplemental Material at [URL will be inserted by the production

group] 20) In addition to these transitions, both EuCd2As2 samples have a broad shoulder

at temperatures below TN of TC . The origin of this additional anomaly can be attributed

to the thermal population of the 4f crystal-field levels that are split by the molecular field

acting on Eu ions.47

Figures 1 (e) and (f) also show temperature dependent resistivity derivatives (dρ/dT ) of

FM(salt) and AFM(salt) samples. (See Supplemental Material at [URL will be inserted by

the production group] for ρ(T ) data 20) Near the magnetic transition temperature, dρ/dT is

found to resemble the specific heat. 48 Clear signatures of a phase transition are observed for

both FM(salt) and AFM(salt). Figure 1 (f) also shows the temperature dependent d(MT/H)
dT

at H = 50 Oe along the crystallographic c axis on AFM(salt) which also reveals a feature

similar to that seen in the specific heat data; 49 this analysis is formally only appropriate for

AFM transitions (not FM ones) and is not shown in Fig.1 (e).

To confirm the FM nature of FM(salt) samples, magneto-optical images were taken at

temperatures above and below the transition temperature (see Fig. 2 as well as SI at [URL

will be inserted by the production group] 20), and comparison reveals the formation of mag-

netic domains below the transition. Similar imaging was performed on AFM(salt) but no

domains were detected at any temperature. (See Supplemental Material at [URL will be

inserted by the production group] for more details of crystal growth and experiments 20) In

addition to observation of hysteresis, the ferromagnetic domains seen in Fig. 2 (and studied

in further detail in SI at [URL will be inserted by the production group] 20)) provide a sec-

ond, clear, indication that there is a net ferromagnetic component to the ordered state in
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FM(salt). 50 On the other hand, the data shown in Fig. 1 (d) and SI Fig.S7 are consistent

with an antiferromagnetic ground state of AFM(salt). 20

In order to probe the possible electronic origins that distinguish the FM(salt), AFM(salt)

and AFM(Sn) samples, ARPES measurements were performed at low temperature. (See

Fig. 3) The data clearly show changes in the band filling: there is an almost rigid band shift

of the hole pocket that crosses EF to higher binding energy as we progress from FM(salt)

to AFM(salt) to AFM(Sn). Energy distribution curves at the Γ point shown in Fig. 3

(d) also demonstrate that the top of the inner hole band of FM(salt) is ∼ 120 meV higher

than the one of AFMs. In addition, we observe a smaller size of the pocket in momentum

distribution curve at the EF . (See Fig. 3 (e)) The difference in the band filling between

FM(salt), AFM(salt), and AFM(Sn) could be associated with either Eu-site occupancy or

the ratio of divalent to trivalent (non-magnetic) Eu.

To better correlate the differences in magnetization and band filling between FM(salt)

and AFM(salt) with possible composition differences, we performed STEM on both FM(salt)

and AFM(salt). The results suggest more Eu vacancies in FM(salt). Color composite,

high-resolution high-angle-annular-dark-field (HAADF) scanning transmission electron mi-

croscopy (STEM) image and EDS elemental mapping of FM(salt) along the [21 1̄ 0̄] crys-

tallographic direction (Figs. 4 (a)-(d)) clearly demonstrate individual Eu, Cd and As atomic

columns. To reveal any possible Eu and Cd site occupancy difference in AFM(salt) and

FM(salt) samples, we directly compared the intensity of Eu, Cd and As columns in HAADF

images of both samples (Figs. 4 (e) and (f)). 51 The images were taken under the same ex-

perimental conditions and sample thickness (∼ 10 nm). Figs. 4 (g) and (h) show line profiles

through the two locations marked in Figs. 4 (e) and (h), respectively. The intensities were

normalized to equal one for As column. Profile A-A’ and C-C’ indicate the intensity of Eu

columns, and profile B-B’ and D-D’ show the intensity of Cd-As pairs. The Eu column of

FM(salt) shows slightly lower intensity (∼ 1.7) than that of AFM(salt) (∼ 1.8), whereas Cd

column indicates almost the same intensity. Figures 4 (i) and (j) show a histogram of the

normalized peak intensities (As peak as 1) for all the atoms in the Figs. 4 (e) and (f), respec-

tively. A theoretical Gaussian fit 51 for the distributions of the different species of the atoms,

based on the standard deviations determined experimentally for the Eu, Cd and As atoms

is overlaid on the figure. It is clearly demonstrated that the Eu columns of FM(salt) has

lower average intensity (1.671) than that of AFM(salt) (1.803), suggesting more vacancies
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in FM(salt). The TEM results is also consistent with X-ray results shown in SI at [URL will

be inserted by the production group] 20. In addition, the presence of Eu vacancies in FM

samples, which will lower the electron count, is also consistent with ARPES data indicating

a lower EF .

Our results show that EuCd2As2 is a rare material that can be tuned from having an

antiferromagnetic ground state to a ferromagnetic one. By changing growth conditions,

EuCd2As2 can be shifted from a TN ' 9.2 K antiferromagnet to a TC ' 26.4 K ferromagnet.

This change in ground state is associated with a clear shift in the electronic structure as well

as measured Eu2+ content. Detailed DFT calculations predict that AFM state is a host to

topological insulator, while FM state hosts two pairs of Weyl points. This can be further

tuned to one pair of Weyl points by polarizing spins along the crystallographic c direction.

This material is therefore an ideal candidate for studies of the interplay of magnetism and

topology and the macroscopic manifestation of Weyl Fermions.
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FIG. 1. (color online) Specific heat, resistivity and magnetization data for FM-EuCd2As2 and

AFM-EuCd2As2 (a)-(c) Magnetic field dependent magnetization with the field parallel to the c axis

(black filled circle) and perpendicular to the c axis (red open circle) at 2 K for FM-EuCd2As2, AFM-

EuCd2As2, and Sn flux grown AFM-EuCd2As2 respectively. Inset shows the inverse susceptibility

with Curie-Weiss fitting. (d) A comparison between the magnetic field dependent magnetization

for the three samples, FM-EuCd2As2, AFM- EuCd2As2, and Sn flux grown AFM-EuCd2As2, in the

low field regime between -1000 Oe to 1000 Oe. All the measurements shown were done with the field

perpendicular to the c-axis. (e) Temperature dependent specific heat CP (black line, left axis) and

resistivity derivatives (red line, right axis) for FM-EuCd2As2. (f) Temperature dependent specific

heat CP (black line, left axis), resistivity derivatives (red line, right axis) and d(MT/H)/dT at

H‖c = 50 Oe (blue line, the second right axis) for AFM-EuCd2As2.
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a        FM(salt)-EuCd2As2, T = 8 K

b                                      T = 70 K

FIG. 2. (color online) Magneto optical image of FM(salt)-EuCd2As2 (a) Imaged at T = 8 K,

ferromagnetic domains (brown and green colors) appear below TC . (b) Absence of domains above

the magnetic transition, here imaged at T = 70 K. Copper-color area on the left in each image is

copper sample holder.
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FIG. 3. (color online) ARPES measurement of band structure of FM(salt)-EuCd2As2, AFM(salt)-

EuCd2As2, and AFM(Sn)-EuCd2As2. ARPES intensity plot along a cut through Gamma point

for: (a) FM(salt) at T = 40 K. (b) AFM(salt) at T = 40 K. (c) Electronic structure of AFM(Sn)

at T ∼ 11 K. (d) Energy distribution curve at the zero momentum of FM(salt), AFM(salt), and

AFM(Sn) with black, red and blue lines respectively. Dashed lines indicate the energy of top of

the inner hole band for FM(salt) and AFM(salt). (e) Momentum distribution curves (MDC) at

EF of FM(salt), AFM(salt), and AFM(Sn) with black, red and blue line respectively. Dashed lines

(black for FM(salt), red for AFM(salt), and blue for AFM(Sn)) are indicating the peak positions

of MDCs that mark the value of the Fermi momentum.
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FIG. 4. (color online) HAADF STEM and EDS analysis of FM(salt)-EuCd2As2 and AFM(salt)-

EuCd2As2 along [21 1̄ 0̄] zone axis. (a) High resolution HAADF-STEM image of FM(salt) superim-

posed with color composite EDS elemental maps, and overlaid atomic model. (b)-(d), Atomically

resolved EDS map of Eu, Cd and As taken from the same area of (a). (e)-(f) High resolution

HAADF image of FM(salt) and AFM(salt), respectively. (g)-(h) Line profiles showing the image

intensity (normalized to equal one for As column) as a function of position in image (e) along A-A’

and B-B’, and positions in image (f) along C-C’ and D-D’, respectively. (i)-(j), Histogram of the

intensities of atomic image maxima in the area of (e) and (f), respectively.
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