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Motivated by the wealth of proposals and realizations of nontrivial topological phases in EuCd2As2, such as a
Weyl semimetallic state and the recently controversially discussed semimetallic versus semiconductor behavior
in this system, we analyze in this work the role of the delicate interplay of Eu magnetism, strain, and pressure
on the realization of such phases. For that we invoke a combination of a group theoretical analysis with ab
initio density functional theory calculations and uncover a rich phase diagram with various nontrivial topological
phases beyond a Weyl semimetallic state, such as axion and topological crystalline insulating phases, and discuss
their realization.
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I. INTRODUCTION

Trigonal ACd2X2 pnictides (A = lanthanoid or alkaline-
earth metal, X = P, As, Sb) [1–4] have lately received a lot
of attention due to the presence of nontrivial topology asso-
ciated to their electronic properties. In particular, EuCd2As2

has been intensively discussed as a possible Weyl semimetal
candidate [5–7], although the semimetallic behavior itself at
ambient pressure is controversially being debated [8].

This compound consists of stacked layers of edge-shared
CdAs4 tetrahedra separated by hexagonal layers of Eu ions
(Fig. 1). At ambient pressure the Eu2+ network orders at TN ≈
9.5 K in an A-type antiferromagnetic pattern where the Eu
moments align ferromagnetically (FM) in the ab plane and
antiferromagnetically (AFM) along the c direction with the
Néel vector pointing in the ab plane [9,10].

In recent years, a few theoretical studies based on density
functional theory have predicted the possibility of topological
states in this material. The authors of Ref. [11] suggested the
A-type AFM ordered EuCd2As2 with Eu moments pointing
along the c direction (out-of-plane) as a candidate for hosting
a pair of Dirac points protected by inversion P , time-reversal
T symmetry combined with a τ = (0, 0, 1/2)T translation of
the magnetic unit cell and C3 rotational symmetry. Interest-
ingly, the predicted antiferromagnetic Dirac fermions belong
to a different type than, for instance, in CuMnAs [12,13]
where the Dirac fermions are protected by a PT symmetry
and a nonsymmorphic screw rotation. In CuMnAs a tuning
of crystallographic and magnetic symmetries can result, for
instance, in enhanced transport properties [13]. Such a tun-
ability in EuCd2As2 is presently being intensively scrutinized.
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For example, it has been proposed [5] that doping with Ba a
fully ferromagnetically ordered EuCd2As2 with Eu moments
pointing out-of-plane, would turn the system into a Weyl
semimetal [14,15]. The presence of antiferromagnetic or fer-
romagnetic order was recently reported [16] as a function of
band filling, and a stable ferromagnetic order was observed
with Ba doping [17], albeit with an additional canting of the
Eu magnetization, which sensitively affects the realization of
Weyl physics.

EuCd2As2 appears to represent a convenient system for
studying phase transitions by application of pressure or
strain [18] as well. Efforts to investigate this material under
pressure [19] found a transition from an A-type AFM order to
a FM order at a pressure of 2GPa with in-plane oriented Eu
moments. The long-sought Weyl semimetal was predicted to
appear at much higher pressures along with a second transition
from FM order with in-plane Eu moments to FM order with
out-of-plane Eu moments. However, we became aware of a
recent publication [20] that sees no transition to the FM out-
of-plane order up to ∼40 GPa. Furthermore, recent theoretical
work [21] suggests that EuCd2As2 is more of a trivial semi-
conductor than a topologically nontrivial semimetal.

Despite this wealth of theoretical predictions and ex-
perimental results, the question remains whether further
topological phases exist or at least can be accessed by ma-
nipulating certain parameters. In this work we invoke a
combination of a group theoretical analysis in the context
of topological quantum chemistry (TQC) [22–26] and ab
initio density functional theory. With these methods we ex-
plore systematically the topology and electronic properties
of EuCd2As2 as a function of Eu magnetism, strain, and
pressure. The trends of these predictions provide important
insights into how to tune this or related systems in and out
of topologically nontrivial phases. Depending on the type
of magnetic ordering of Eu moments, strain, and pressure,
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FIG. 1. (a) Primitive unit cell of EuCd2As2. (b) First Brillouin
zone (black) of the P3̄m1 trigonal space group with all high sym-
metry lines and points shown in red. The labels indicate the high
symmetry points. (c) Top view of the crystal structure with additional
unit cells showing the honeycomb structure of CdAs4 tetrahedra.

we find diverse nontrivial topological phases beyond Weyl
semimetals including axion insulators [27] and topological
crystalline insulators.

The paper is organized as follows. In Sec. II we describe
the computational methods used for our study. In Sec. III we
present the results of the topology of the electronic struc-
ture of EuCd2As2, starting with the analysis of uniaxial and
shear strain effects on nonmagnetic EuCd2As2 (Sec. III A).
We proceed in Sec. III B with the role of A-type antifer-
romagnetic ordering on the topology of EuCd2As2 and in
Sec. III C we analyze the effect of pressure and strain on
this particular magnetic phase. Sections III D, III E are dedi-
cated to ferromagnetic EuCd2As2. In Sec. III F we investigate
how correlations as described by the Hubbard U affect the
topology of EuCd2As2. Finally in Sec. IV we present our
conclusions.

II. COMPUTATIONAL METHODS

We perform electronic structure calculations within den-
sity functional theory (DFT) by using two different basis
sets: the pseudopotential augmented plane-wave Vienna ab
initio Simulation Package (VASP) [28] and the full-potential
(linearized) augmented plane-wave + local orbitals method
WIEN2K [29]. All calculations were performed with the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approx-
imation (GGA) [30], and a plane-wave cutoff of 500 eV. For
the nonmagnetic and ferromagnetic cases, which have the
same primitive unit cell, an 18 × 18 × 9 k-point mesh was
utilized. A different k mesh of size 22 × 22 × 6 was chosen
for the antiferromagnetic case. Depending on the calcula-
tion, we also considered spin polarization, spin-orbit coupling
(SOC), and a Hubbard U = 5 eV interaction, which localizes

the Eu 4 f bands closely to the positions visible from experi-
ments [31,32].

The crystal information for EuCd2As2 was taken from
Ref. [2]. We relaxed the structure with VASP (GGA+SOC+U)
until forces smaller than 0.01 eV/Å were reached. On the
one hand, we considered A-type AFM order with Eu mo-
ments pointing out of plane. The relaxed structure is in very
good agreement with the experimental one (see Table in Ap-
pendix A) and hardly changes under the variation of the spin
direction. On the other hand, we note that relaxations with a
ferromagnetic initial configuration hardly change the results.
Relaxations of the crystal structures under pressure or strain
conditions were done with VASP.

For the group theoretical analysis we use
(M)VASP2TRACE [22,33]. As a cross check for the electronic
structures and irreducible (co)representations, calculations
with WIEN2K were also performed.

III. RESULTS AND DISCUSSION

A. Strain effects on the nonmagnetic structure

We first investigate the effect of strain on the symmetry
of nonmagnetic EuCd2As2. The arrangement of ions forms
a trigonal structure with lattice parameters a = b and c, and
angles α = β = π/2, γ = 2π/3 between the primitive lattice
vectors [see Figs. 1(a), 1(c)]. The symmetry of this crystal is
given by the space group P3̄m1 (No. 164, see Appendix B).
Eu, Cd, and As sit in Wyckoff positions 1a, 2d , and 2d ,
respectively.

In what follows we analyze the possible subgroups of
P3̄m1 that one can achieve by applying strain, for further
discussion see Appendix B. We consider distortions that
change (i) the length of the lattice vectors, known as axial
strain, and (ii) the angle between the lattice vectors, i.e.,
shear strain (see Fig. 2). Uniaxial strain along the c direction
(Fig. 2, bottom right corner), its corresponding analog with
equal strain on a and b directions, known as biaxial (or
epitaxial) strain, and the combination of both, preserve the
trigonal symmetry. Any other uniaxial strain perturbation
will drive a transition to a space group of lower symmetry.
For instance, uniaxial strain along either a or b direction
breaks every symmetry except for inversion and translations,
reducing the symmetry to P1̄ (No. 2).

Shear strain (Fig. 2, bottom left corner) is able to preserve
one of the three secondary twofold rotation axes of the trigonal
lattice system, and the reflection plane perpendicular to the
rotation axis, if either α or β is changed with γ fixed. The
symmetry is lowered to the space group C2/m (No. 12) in this
case. Alternatively, changing both α and β drives a transition
to the same monoclinic space group, as long as their sum is
kept constant at α + β = π . For the latter case γ can take an
arbitrary physically meaningful value. All other conceivable
ways of applying shear strain reduce the spatial symmetry to
P1̄, as is shown in the table in Fig. 2.

In Sec. III C we analyze the effect of such strains on the
topological properties of magnetic EuCd2As2.

B. A-type antiferromagnetic ground states

The arrangement of the Eu magnetic moments in specific
directions may lead to a reduction of conserved symmetries
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FIG. 2. Schematic representation of the action of shear strain
(bottom left corner) and uniaxial strain (bottom right corner) on the
unit cell of EuCd2As2 (top left corner). The table on the top right
corner lists the possible subgroups of P3̄m1 that can be achieved
applying strain (see main text) and the conditions imposed on the
lattice parameters a, b, c and the lattice angles α, β, γ .

and affects the topology of the electronic structure at the
Fermi surface. Experimentally, in-plane A-type AFM order
has been reported to be the preferred ground state [2,16] (for
a discussion on the effect of the magnetic moments of Eu on
Cd and As, see Appendix C).

In the A-type AFM states of EuCd2As2, translation in-
variance by a primitive translation in c direction τ is
spontaneously broken due to the magnetic ordering, and only
remains a symmetry in combination with time reversal T (see
Appendix B). Therefore, the primitive unit cell of the AFM
structure is twice as large as in the nonmagnetic structure [see
Fig. 3(b)]. Nevertheless, T ′ = T τ symmetry can be seen as an
effective time-reversal symmetry, since its combination with
inversion symmetry P satisfies (PT ′)2 = −1 and protects
Kramers degeneracy [11,35].

In Fig. 3(a) we show the atom-resolved electronic structure
and density of states of EuCd2As2 with Eu2+ moments in
the A-type AFM configuration as obtained from GGA+U
(U = 5 eV) without including SOC, i.e., spin space and po-
sition space can be treated as decoupled from symmetries’
perspective [36–38]. Cd s and As px, py orbitals constitute
the dominant contribution at the Fermi level. The density of
states near the Fermi level is concentrated along the �-A high
symmetry line, also denoted as � = (0, 0, kz ) with 0 < kz <

π/c. Without SOC the electronic structure has a direct gap of
64 meV at �, and trivial valence bands [see Fig. 3(b)].

With SOC, the direction of the A-type antiferromagnetic
vector of Eu2+ moments M is essential to determine the nature
of the possible topological states. In particular, when M is
aligned along the principal axis (case denoted as M||3+

001),
EuCd2As2 hosts a pair of Dirac points in the vicinity of the
Fermi level along the line � [see Fig. 3(c)].

As soon as the antiferromagnetic vector is not aligned with
the principal axis [Figs. 3(d), 3(e)], the 3+

001 symmetry is
broken. It turns out that the possible in-plane magnetic groups
are Cc2/m, Cc2/c, or PS 1̄ [34] [see Figs. 3(c)–3(e)]. In the
face of this symmetry lowering, the high symmetry line �,
parameterized by (0, 0, kz ) with 0 < kz < π/c, stays invariant
under the same symmetry operations as any point (kx, 0, kz )
in the plane B, with 0 < kx < π/a. As a consequence, we
replace the line � by the plane B in Table I.

In the following, we discuss the potential of each mag-
netic structure with broken trigonal symmetry to host band
crossings in the line � or plane B. For that, we analyze the
corepresentations (coreps) of ab initio bands that could be in-
volved in these crossings. These irreducible coreps are written
in Table I, together with the corresponding band corepresenta-
tions [for a short introduction of band (co)representations and
basic group theoretical notions see Appendix D].

When collinear Eu2+ moments are aligned with one of
the secondary axes hosting a twofold rotation symmetry (e.g.,
2100, which is denoted as M||2100), the space group symmetry
is given by the monoclinic magnetic group Cc2/m (No. 12.63)
[see Fig. 3(d)]. Cd and As ions sit within the (conventional
base-centered) unit cell in WPs 8i, whose sites are left invari-
ant by site-symmetry groups isomorphic to the reflection point
group m. s orbitals of Cd transform as the composite band
corepresentation [(1Ē ⊕ 2Ē )↑G]8i. px and py orbitals of As
also transform separately as the same band corepresentation.
Furthermore, the band corepresentation [(1Ē ⊕ 2Ē )↑G]8i has
a single corep of the little group for points on the plane B.
Therefore, all bands induced from these orbitals transform as
the same corep on this plane, which prevents the existence of
symmetry protected band crossings. Equivalently, the space
group Cc2/m lacks the symmetries needed to protect the Dirac
points present in the trigonal-symmetry setting.

If collinear Eu2+ moments are parallel to a mirror plane
(case that we denote M||m100), the magnetic space group of
the crystal is Cc2/c (No. 15.90). The unit cell of this structure
is shown in Fig. 3(e). The application of shear strain may but
does not have to lead to the loss of symmetry. Cd and As
ions are located within the unit cell in WPs 8i, on sites whose
site-symmetry groups are isomorphic to the point group m′.
Since the unitary subgroup of this group is the identity 1,
all Cd s and As p orbitals transform separately as the same
corep 2Ā of m′. As a consequence, all bands induced from
these orbitals transform on the points of the plane B as the
same corep B̄3B̄4, which forbids the existence of symmetry-
protected band crossings there.

Any other A-type AFM alignment of magnetic moments
reduces the symmetry to the magnetic space group PS 1̄ (No
2.7) [see Fig. 3(e)]. Regardless of which strain or stress type
is applied, this subgroup remains unaltered. The Wyckoff po-
sitions of Cd and As are 4i, and the site-symmetry groups are
isomorphic to the identity group 1. Thus, irreducible coreps
on the plane B of the band corepresentations corresponding
to Cd s and As p orbitals are of the same form as in Cc2/c,
as it is written in the fourth row of Table I. This implies that
crossings between bands do not occur on this plane, so that
the band structure does not exhibit Dirac points. Additionally,
an avoided crossing with inverted band characters occurs, as
depicted in Figs. 3(d)–3(e).
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FIG. 3. Electronic structure and unit cells of EuCd2As2 for A-type antiferromagnetic orders. (a) GGA+U band structure and DOS obtained
with U = 5 eV, and without SOC. (b) Blow up of the electronic structure near the Fermi surface along the �-A path. The magnetic unit cell
is shown on the right. The red and blue atoms denote Eu with up- and down-spin initialization, respectively. (c)–(e) GGA+U+SOC band
structures of EuCd2As2 along the �-A path obtained for moments aligned parallel to (c) the principal axis, M||3+

001, (d) a twofold rotation axis,
e.g., in [100] direction, M||2100, (e) a mirror plane, M||m100. The insets of (b)–(e) denote the magnetic space groups (top) and the corresponding
irreducible coreps (their dimension is indicated by the black lines on the bands).

TABLE I. Alignment of the Eu A-type antiferromagnetic vector along specific directions and their resulting space groups with the
irreducible corepresentations for the given band corepresentation along the symmetry path between � and A indicated. The notation was
adapted from Ref. [34].

M direction space group band corepresentation

(1Ē ↑ Pc3̄c1)4d (2Ē ↑ Pc3̄c1)4d (Ē ↑ Pc3̄c1)4d

M||3+
001 Pc3̄c1 � �̄8(2) ⊕ �̄9(2) �̄8(2) ⊕ �̄9(2) �̄4�̄5(2) ⊕ �̄6�̄7(2)

� 2�̄6(2) 2�̄6(2) 2�̄4�̄5(2)
A Ā5(2) ⊕ Ā6(2) Ā5(2) ⊕ Ā6(2) 2Ā4(2)

(1Ē ↑ Cc2/m)8i (2Ē ↑ Cc2/m)8i

M||2100 Cc2/m � 2�̄3�̄4(2) ⊕ 2�̄5�̄6(2) 2�̄3�̄4(2) ⊕ 2�̄5�̄6(2)
B 4B̄3B̄4(2) 4B̄3B̄4(2)
A 2Ā3Ā5(2) ⊕ 2Ā4Ā6(2) 2Ā3Ā5(2) ⊕ 2Ā4Ā6(2)

(Ā ↑ Cc2/c)8i (Ā ↑ PS 1̄)4i

M||m100 or else Cc2/c or PS 1̄ � 2�̄3�̄4(2) ⊕ 2�̄5�̄6(2) �̄2�̄2(2) ⊕ �̄3�̄3(2)
B/GP 4B̄3B̄4(2) 2GP2GP2(2)
A/Z 4Ā2(2) 2Z̄2Z̄3(2)
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FIG. 4. (a) GGA+SOC (in-plane)+U band structure and den-
sity of states for EuCd2As2 relaxed under hydrostatic conditions at
pc ≈ 5GPa. The characters of the Cd s and As px , py orbitals are
colored in blue and red, respectively. (b) Schematic representation
of the topological-to-trivial transition along A-�-A when applying
compressive hydrostatic pressure to EuCd2As2.

The relevant topological index for Cc2/m, Cc2/c and PS 1̄
is η4I [22], as time-reversal symmetry is broken but inversion
symmetry is preserved.1 For the A-type AFM band structures
shown in Fig. 3 the topological index η4I = 2, which corre-
sponds to an axion insulator. It is stable and independent of
almost any direction of the antiferromagnetic vector. The only
exception is given by the alignment of the Eu2+ magnetic
moments with the c axis, where a crossing is allowed and is
also existent [11] [see Fig. 3(c)]. In addition the monoclinic
magnetic space group Cc2/m, i.e., M||2100 (or any other sec-
ondary axis) introduced above, has the symmetry indicator
δ2m = 1, describing the difference of mirror Chern numbers
at kz = 0 and kz = π , and, therefore the axion insulator phase
is decorated by features of crystalline topology [22,32].

C. A-type antiferromagnetic ground states under
pressure and strain

Under effects of pressure or strain, both symmetry changes
and electronic structure modifications may influence the
topology of EuCd2As2. We first apply hydrostatic pressure
preserving all symmetries (see Sec. II) and track the changes
of the valence bands in A-type AFM EuCd2As2 by performing
GGA+SOC(in-plane)+U band structure calculations for the
configuration with M||2100 and M||m100. We restrict the Néel
vector to in-plane directions as these are of most relevant for
experimental studies [9,10].

At pc ≈ 5 GPa, a gap of ∼0.15 eV opens at the Fermi
level in the density of states [see Fig. 4(a)], and the values
of symmetry indicators for the valence bands change from
topologically nontrivial to TQC-trivial values. Equivalently,

1The density of states of the structures analyzed in Figs. 3(c)–3(e)
have well separated valence and conduction bands but are gapless,
wherefore, an analysis using symmetry indicators can be done.

the coreps of valence bands at maximal k points coincide
with those of a linear combination of elementary band corep-
resentations. This indicates that, as the applied hydrostatic
pressure is increased, the system undergoes a transition to a
trivial insulating phase. This transition is sketched in Fig. 4(b),
and consists on a shift of Cd s and As p orbitals in opposite
directions as a results of a change in their hybridization.

Uniaxial strain along the c axis preserves all symmetries
of the system similar to the hydrostatic case. However, it
does not cause a change of the band topology for strains we
considered of up to ±10%. This straining tunes the exact
position of the gapped Dirac cone. At 0% the position of
the gapped Dirac cone is about 30 meV above the Fermi
level, but by applying −8% to −10% it coincides exactly with
the Fermi level. Furthermore, over the whole range of strain
±10% the Eu magnetization remains in plane. In contrast,
application of shear strain of ±1% in the A-type antiferro-
magnet, independent of how the γ angle is strained, leads to
a energetic preference of magnetization to be commensurate
with the Cc2/c symmetry over the other symmetries Cc2/m
and PS 1̄, while the avoided crossings of the band structure
persist. Surface states for the shear strain cases are shown in
Ref. [39].

D. Ferromagnetic ground states

Recently, there has been increased interest on the ferro-
magnetic phase of EuCd2As2. An important reason for this
is the prediction of a single pair of Weyl points just in the
vicinity of the Fermi level [5]. Ferromagnetic order has been
realized in several different ways since then. For instance as
a function of band filling [16], by substituting with Ba [40],
under hydrostatic pressure [19] or by applying a small external
magnetic field [6]. Here we investigate the potential of fer-
romagnetic EuCd2As2 to exhibit a Weyl semimetallic phase
depending on the direction of Eu2+ moments.

In Figs. 5(a)–5(b) we show the GGA+U (U = 5 eV)
atom-resolved electronic structure and density of states of
FM EuCd2As2 with space group P3̄m1. The right-hand side
of Fig. 5(a) contains the band structure, while the left-hand
side shows the density of states. Both depend strongly on
the magnetization and relate to the strength of the exchange
interaction [9,10]. As in the A-type AFM case, Cd s and As
px, py orbitals are the dominant ones at the Fermi level, and
the density of states near the Fermi level is concentrated along
the � to A high symmetry line.

Various interesting topological states emerge upon inclu-
sion of SOC and consideration of different orientations for the
moments, as it is shown in the GGA+SOC+U calculations in
Figs. 5(c)–5(e). An alignment of the moments parallel to the
principal axis [see Fig. 5(c) and Table II first row] preserves
3+

001 symmetry, whereas it breaks the unitary twofold rotations
and mirror reflection. Hence, the symmetry of the magnetic
structure is given by the space group P3̄m′1 (No. 164.89) (see
Appendix B). The Wyckoff positions of Cd and As ions are
2d , and their actual sites are left invariant by site-symmetry
groups isomorphic to 3m′. With SOC, Cd s transform as the
band corepresentation [(1Ē ⊕ 2Ē ) ↑ G]2d , whereas the band
corepresentation of As p orbitals is [(1Ē ⊕ 2Ē ⊕ 2Ē ) ↑ G]2d .
These band corepresentations contain more than one corep in
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FIG. 5. (a) GGA+U (U = 5 eV) electronic structure (left) and DOS (right) of EuCd2As2 in ferromagnetic order. (b) Blow up of the
electronic structure near the Fermi surface along the �-A path. The unit cell is shown on the right. (c)–(e) GGA+SOC+U electronic structure
of EuCd2As2 in ferromagnetic order along the �-A path by considering the magnetic quantization axis M (c) along (001), (d) along (100), and
(e) along (210). The insets of (b)–(e) denote the corresponding irreducible corepresentations of the magnetic space groups given on the right.
Compare with Table II.

the line �, which opens the possibility for the band structure
to exhibit symmetry-protected Weyl points and band crossings
in this high symmetry line, as it is shown in Fig. 5(c) [41].

When moments are parallel to a secondary axis, as shown
in Fig. 5(d), threefold rotation and rotoinversion symmetries
are broken, such that the symmetry is reduced to the magnetic

TABLE II. Alignment of the Eu ferromagnetic vector along specific directions and their resulting space groups with the irreducible
corepresentations for the given band corepresentation along the symmetry path between � and A indicated. The notation was adapted from
Ref. [34].

M direction space group band corepresentation

(1Ē ↑ P3̄m′1)2d (2Ē ↑ P3̄m′1)2d (Ē ↑ P3̄m′1)2d

M||3+
001 P3̄m′1 � �̄5(1) ⊕ �̄8(1) �̄6(1) ⊕ �̄9(1) �̄4(1) ⊕ �̄7(1)

� 2�̄5(1) 2�̄6(1) 2�̄4(1)
A Ā5(1) ⊕ Ā8(1) Ā6(1) ⊕ Ā9(1) Ā4(1) ⊕ Ā7(1)

(1Ē ↑ C2/m)4i (2Ē ↑ C2/m)4i

M||2100 C2/m � 2�̄4(1) ⊕ 2�̄5(1) 2�̄3(1) ⊕ 2�̄6(1)
B 4B̄4(1) 4B̄3(1)
A 2Ā4(1) ⊕ 2Ā5(1) 2Ā3(1) ⊕ 2Ā6(1)

(Ā ↑ C2′/m′)4i (Ā ↑ P1̄)2i

M||m100 or else C2′/m′ or P1̄ � 2�̄2(1) ⊕ 2�̄3(1) �̄2(1) ⊕ �̄3(1)
B/GP 4B̄2(1) 2GP2(1)
A/Z 2Ā2(1) ⊕ 2Ā3(1) Z̄2(1) ⊕ Z̄3(1)

235113-6



INFLUENCE OF MAGNETISM, STRAIN, AND PRESSURE … PHYSICAL REVIEW B 108, 235113 (2023)

space group C2/m (No. 12.58). Cd and As ions sit in
WPs 4i, and their site-symmetry groups are isomorphic to
the reflection point group m. This band corepresentation
involves two different coreps (B̄3 and B̄4) at all points in
the plane B. Possible band crossings between the valence or
the conduction bands therefore lead to symmetry protected
(Weyl) nodal lines. We have identified two such crossings on
the �-A path between the conduction bands and one crossing
between the valence bands. However, these will hardly be
detectable as they do not sufficiently gap out away from the
nodal point, where the band structure appears to be almost
degenerate [see Fig. 5(d)].

Aligning the magnetic moments with one of the mirror
planes [see Fig. 5(e)] leads to the magnetic space group
C2′/m′ (No. 12.62). Cd and As ions are located in WPs
4i, whose sites are invariant under site-symmetry groups
isomorphic to m′. Moreover, the unitary subgroup of the site-
symmetry group is given by the identity 1, therefore, all band
corepresentations induced from these positions coincide with
[2Ā ↑ G]4i. As a consequence, all band corepresentations have
the same corepresentation between � and A, removing any
symmetry protection for crossings along the symmetry plane
B. This magnetic space group is compatible with the higher
symmetry shear strain case.

For any other direction of moments, or for arbitrary strain
modifications, no symmetry other than inversion will be pre-
served, so the symmetry is lowered to the group P1̄ (No. 2.4),
see Fig. 5(e). The Wyckoff position of Cd and As ions is 2i,
with site-symmetry group 1. Just like in the previous case, the
band corepresentations induced from this positions involve a
single corep on the plane B, preventing the existence of band
crossings on its k points.

In contrast to the Dirac points of the AFM case, Weyl
points have a local topological protection in k space. Hence,
Weyl crossings might take place away from high symmetry
lines and planes. Such crossings might be invisible to symme-
try indicators of topology, which stem from corepresentations
at maximal k points.

Analogous to the A-type antiferromagnetic case, the index
η4I describes the topology in systems with inversion P but
without time-reversal T symmetry. We again find η4I = 2
for gapped band structures. In addition, these FM groups
might also host mirror-Chern phases labeled by the Chern
numbers z2I,i, where i = 1, 2, 3 indicates the ki = π planes.
It turns out that the values for these Chern numbers are
trivial in the gapped FM phases discussed here, and there-
fore they are axion insulator phases as in the A-type AFM
order studied in Sec. III B. The corresponding topological
label is given by 2; 000 (η4I ; z2I,1z2I,2z2I,3), which corresponds
to an axion insulator [22] as in the A-type AFM order of
the previous section. A special case is again given by the
alignment of the Eu2+ magnetic moments with the c axis,
where a single pair of Weyl points are possible [5]. Another
special case is the monoclinic magnetic space group Cc2/m,
i.e., M||2100 introduced above, which has δ2m = 1, describ-
ing the difference of mirror Chern numbers at kz = 0 and
kz = π , and, therefore, it denotes a topological crystalline
insulator [22].

FIG. 6. (a) GGA+SOC+U Band structure of EuCd2As2 with
FM order and Eu2+ magnetic moments aligned in c direction at
hydrostatic pressure of p′

c ≈ 7.5 GPa. Conduction and valence bands
do not touch. (b) Schematic representation of applying compressive
hydrostatic pressure for the � to A path. Both subfigures show the
Cd s (blue) and As px , py (red) characters.

E. Ferromagnetic ground states under strain and pressure

Similar to AFM order we apply hydrostatic pressure to FM
ordered EuCd2As2. We focus on the magnetic order pointing
along the c direction as this allows to use symmetry indicators
to keep track of the fate of the Weyl points. We reach a
critical pressure, p′

c ≈ 7.5 GPa where the Weyl points gets
annihilated. Analogous to the AFM case, this phenomenon
can be explained by an overall hybridization change, which
forces the bonding and antibonding states to move apart from
each other. This produces an approximately 46 meV gap cor-
responding to a trivial insulating or semiconducting phase
without breaking 3+

001 symmetry (see Fig. 6).
Similar to the AFM case, uniaxial strain along the principal

axis does not cause a change of the symmetry indicators for
topology where we considered up to ±10%. Furthermore,
over the whole range of strain from ±10% the Eu magne-
tization remains in plane. In contrast, application of shear
strain in the FM order, independently on how the γ angle is
strained, leads to a energetic preference of magnetization to
be commensurate with the C2′/m′ symmetry over the other
symmetries C2/m and P1̄.

F. Role of Hubbard U in the ferromagnetic ground state

Finally, we investigate the effect of tuning the Hubbard
U parameter on the topology of the electronic structure of
ferromagnetic EuCd2As2. Correlations due to the presence
of localized Eu 4 f states in EuCd2As2 are treated in our
analysis within the GGA+U and GGA+SOC+U exchange-
correlation functionals where a Hubbard U term is included
in the self-consistent calculations. In practice, the inclusion of
such a term shifts the Eu 4 f bands to higher binding energies.
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FIG. 7. (a) Phase diagram for EuCd2As2 in dependence of the
Hubbard U parameter for different Eu2+ magnetization directions
of the FM ordered EuCd2As2. From top to bottom we go along
the boundary of one-eighth of a sphere, (b) visualizes the different
direction of the magnetization. The lower colors of the color bars
indicate the different types of band corepresentations with respect
to the Fermi level, while the upper colors show the topological
indices for the topological insulating phases, if applicable, otherwise
it is the same as the lower color. The abbreviations were adapted
from [22,33], where NLC stands for no linear combination of EBRs,
SEBR stands for split EBR, ES stands for enforced semimetal, FD
stands for Fermi degeneracy, and LCEBR stands for linear combina-
tion of EBRs.

Experimentally it has been observed, that these bands are
strongly localized below the Fermi level at about 1–2 eV [31],
which corresponds here to U ≈ 5 eV. It is nevertheless in-
teresting to evaluate how the strength of this parameter, and
therefore the position of the localized bands affects the topol-
ogy [32], even though, for the case of Eu, the 4 f bands
are strongly localized far below the Fermi level. In Fig. 7
we present the result of our analysis by assuming ferromag-
netic EuCd2As2 and different Eu magnetization directions
in a range of interaction strengths from U = 0 to 10 eV.
According to the elementary band corepresentations (EBRs)
for the different spin orientations it can be distinguished be-
tween trivial insulators, i.e., linear combinations of EBRs
(LCEBRs), accidental Fermi degeneracies (FDs), enforced
semimetals (ESs), split EBRs (SEBRs), and no linear combi-
nations (NLCs) of EBRs. Furthermore, the topological indices
can be calculated for the latter two NLCs and SEBRs. The no-
tation was adopted from Refs. [33,42]. The main topological
index for this magnetic space group as in all magnetic cases
discussed here is given by η4I , since time-reversal symmetry is
broken but inversion is preserved. Odd numbers of this index
correspond to a Weyl semimetallic phase, while η4I = 2 is an
axion insulating phase [22]. For the magnetic space groups
P3̄m′1, C2/m, C2′/m′, and P1̄ one can further identify z2I,i

for i = 1, 2, 3 as Chern number in the ki = π planes [22].
We will denote these as η4I ; z2I,1z2I,2z2I,3. The magnetic space
group C2/m has an additional mirror index δ2m describing the
difference in the mirror Chern number of kz = 0 and kz = π ,
together with z±

2m,π , i.e., the mirror Chern number at k =
π [22,33]. We denote these as η4I ; z2I,1z2I,2|δ2m; z+

2m,π z−
2m,π . As

a conclusion we report four different topologically insulating

nontrivial phases, found by varying the Hubbard U in steps
of 1 eV parameter and the spin orientations. The indices are
depicted in Fig. 7 and given by 1; 001, 2; 000, 3; 000, and
2; 00|1; 00.

IV. CONCLUSION

In this work we have explored the effects of strain, pres-
sure, magnetic order, and spin-orbit coupling on the symmetry
and topology of the electronic structure of EuCd2As2. For
that we considered a combination of group theory analysis
and DFT calculations. We not only corroborate previous pre-
dictions and observations but we also observe new possible
topological phases.

We found a Dirac semimetallic phase for A-type AFM or-
der and a Weyl semimetallic phase for FM order, in agreement
with earlier theoretical predictions [5,32]. These phases are
symmetry protected if 3+

001 rotation symmetry is conserved,
otherwise in insulating regimes symmetry indicators were
used to identify different topological phases. We found for
instance that EuCd2As2 is an axion insulator in the absence
of the protecting 3+

001 rotation symmetry and a mirror Chern
insulator in the presence of m100 mirror symmetry.

Under application of hydrostatic pressure, we obtain that
when the Eu moments are in a A-type AFM order, a band in-
version due to the annihilation of gapped Dirac cones occurs,
leading to a trivial insulating phase, whereas for ferromagneti-
cally aligned Eu moments the system enters a trivial insulating
phase by the annihilation of Weyl points. In contrast, un-
der strain such as uniaxial strain along the c direction, the
topology of the band structure remains robust. In addition,
when we allow for a variable Coulomb repulsion U within
GGA+U and GGA+SOC+U, what translates in a shifting
in energy of the Eu 4 f bands, we obtain a rich cascade of
topological phases that could be realized in other members of
the EuCd2As2 family by substituting Eu by other magnetic
ions where the position of the localized bands are nearer to
the Fermi level.
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APPENDIX A: GROUND-STATE RELAXATION

Table III lists the experimental and theoretical relaxed
ground state structure parameters of EuCd2As2.
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TABLE III. Unit cell parameters, volume, and z fractional coor-
dinates for Cd and As of EuCd2As2 in the P3̄m1 space group from
powder x-ray diffraction measurements [2] and after DFT relaxation
as explained in the text. The Wyckoff positions are 1a for Eu and 2d
for Cd and As.

EuCd2As2 experiment [2] theory

a [Å/f.u.] 4.450 4.508
c [Å/f.u.] 7.350 7.403
Vol [Å3/f.u.] 145.542 150.212
Cd z 0.247 0.246
As z 0.633 0.634

APPENDIX B: MAGNETIC STRUCTURES AND THEIR
MAGNETIC GROUPS

In this section we discuss the way each of the magnetic
configurations investigated in the main text lowers the symme-
try of the system. We consider as a starting point the symmetry
of the nonmagnetic ionic lattice, whose symmetry is given by
the space group P3̄m11′ = P3̄m1 ⊗ T (No. 164.86, with time
reversal T ). Its symmetry elements that are not equivalent up
to translations are given by

{1, 3±
001, 2100, 2010, 2110, 1̄, 3̄±

001, m100, m010, m110} ⊗ T .

(B1)

Formally speaking, these form a complete set of coset rep-
resentatives for a coset decomposition with respect to the
translation group. For the sake of simplicity we will denote
symmetry elements by their point group operation instead
of using the Seitz notation and we will only consider the
coset representatives for the following symmetry groups. As
discussed in Sec. III A, the application of strain can reduce
the symmetry of the system in different ways, depending on
the type of strain and its direction. Shear strain acting, e.g.,
in [100] direction will reduce the symmetry to the space
group C2/m1′ = C2/m ⊗ T (No. 12.59) with symmetry el-
ements {1, 2100, 1̄, m010} ⊗ T , whereas any other strain will
either leave all the symmetries intact or reduce the to space
group to P1̄1′ = P1̄ ⊗ T (No. 2.5) with symmetry elements
{1, 1̄} ⊗ T .

Magnetically ordered structures do not contain T as a sym-
metry element and are described by magnetic space groups,
which might contain T combined with crystal symmetries

other than identity. Symmetry operations also act on the mag-
netization, which transforms as a pseudovector. Due to the
spontaneous breaking of translation symmetry in c direction,
all antiferromagnetic structures contain the symmetry T ′ =
T τ , where τ = (0, 0, 1/2)T is half a translation in c direction
of the primitive magnetic unit cell. They are thus all type IV
Shubnikov groups. Depending on whether the magnetization
is parallel to the principal axis, one of the three secondary axes
or a mirror plane, one obtains the space groups Pc3̄c1 (No.
165.96), Cc2/m (No. 12.63), and Cc2/c (No. 15.90), while
for ferromagnetic ordering one finds P3̄m′1 (No. 164.89, type
III), C2/m (No. 12.58, type I), and C2′/m′ (No. 12.62, type
III). Their symmetry elements are listed in Table IV.

APPENDIX C: MAGNETIC MOMENTS OF EU, CD, AND AS

For the electronic structure calculations, the magnetism of
Eu influences Cd and As, which usually do not carry any
magnetism, even if the Eu 4 f electrons are strongly localized
at about (≈ −1 eV) from the Fermi level. For our calculations
the Eu magnetic moment converges to a value of 6.916 µB.
Cd has the lowest magnetic moment of 0.005 µB and As is
approximately a factor of three stronger with 0.014 µB. The
two induced magnetic moments are small, however, they are
big enough to reflect the symmetry change due to the variation
of the Eu moment direction as one can see in Fig. 3. To
increase or decrease the influence of the Eu moments, we
varied the position of the Eu 4 f electrons via the Hubbard
U parameter, see Fig. 8. We picked three different U values
3 eV, 5 eV, and 7 eV and visualized the charge densities
ρ = ρ↑ + ρ↓. As shown in the figure, for increasing U , which
corresponds to a shift farther away from the Fermi level (as
described in Fig. 8, bottom panel), Eu has less effect on the
shape of the charge densities around Cd and As, see Fig. 8,
top panel highlighted by the dashed rectangles. A decreased
U has exactly the opposite effect. The calculated magnetic
moment of Eu is constantly increasing in steps of 0.03 µB from
3–7 eV, As shows the same behavior with less magnitude of
about 3 × 10−4 µB. Cd on the other hand behaves opposite, it
increases in steps of 4.5 × 10−4 µB. This may be attributed to
the location of the Cd 5s bonding states in the energy range
of −4 eV to −5 eV, which then form a stronger hybridization
with the Eu 4 f states, compare Fig. 8. By removing the Eu 4 f
states completely, the magnetization of Cd and As reduces to
0, as expected.

TABLE IV. Coset representatives with respect to the translation group of all of the space groups under consideration depending on the
orientation of the magnetization.

Magn. order M direction space group symmetry elements

AFM M||3+
001 Pc3̄c1 {1, 3±

001, τ2100, τ2110, τ2010, 1̄, 3̄±
001, τm100, τm110, τm010,

T ′,T ′3±
001,T 2100,T 2110,T 2010,T ′1̄,T ′3̄±

001,T m100,T m110,T m010}
AFM M||2+

100 Cc2/m {1, 2100, 1̄, m100} ⊗ T ′

AFM M||m+
100 Cc2/c {1, τ2100, 1̄, τm100,T ′,T 2100,T ′1̄,T m100}

FM M||3+
001 P3̄m′1 {1, 3±

001, 1̄, 3̄±
001,T 2100,T 2110,T 2010,T m100,T m110,T m010}

FM M||2+
100 C2/m {1, 2100, 1̄, m100}

FM M||m+
100 C2′/m′ {1, 1̄,T 2100,T m100}
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FIG. 8. The top panel shows charge density plots in dependence
of the U parameter for the values 3 eV, 5 eV, and 7 eV for the
AFM case. The charge densities are plotted onto one of the mirror
planes along the c direction between (0, 0, 0)T and (0, 0, 1/2)T . The
dashed rectangles emphasize the regions with changes compared to
U = 5 eV. The lower panel shows a schematic figure for the effect of
varying the U parameter.

APPENDIX D: SHORT INTRODUCTION TO BAND
(CO)REPRESENTATIONS

Central to the framework of topological quantum chem-
istry is the notion of band representations [43,44], according
to which Bloch wave functions in a set of bands inherit their
symmetry properties, protected by a space group G, from the
localized orbitals they originate from. In real space an orbital
is exponentially localized at some point in the unit cell. For the
symmetry analysis, it only matters which Wyckoff position
it corresponds to. These orbitals sit in Wyckoff positions,
and their transformation under symmetries is described by a
representation ρ of the corresponding site-symmetry group.

A band representation is a representation of the space group,
which acts on a set of localized orbitals and which respects
their symmetry behavior characterized by ρ. In the language
of group theory one says that the band representation ρG

is induced from ρ, formally denoted by ρ ↑ G. Since every
site symmetry group is isomorphic to a point group, it is
common to use a representation of the point group for ρ. Dif-
ferent Wyckoff positions may have isomorphic site-symmetry
groups, so to uniquely define the band representation one
writes (ρ̄ ↑ G)Wyk, where ρ̄ is the representation of the point
group and Wyk is the Wyckoff position.

If the Wannier functions of a band (or set of bands) are ex-
ponentially localized, they will transform like orbitals, hence
its symmetry behavior can be described by a band representa-
tion ρG. The representations under which the band(s) at high
symmetry points 	k in reciprocal space transform, characterize
the band representation and are used as symmetry indicators.
They are given by subducing the band representation to the
little cogroups G	k of high symmetry points, i.e., restricting
the symmetry operations of the space group G to those that
leave 	k invariant (where elements related by translation are
treated equivalent, so that the little cogroup is isomorphic
to a finite point group), formally denoted as ρG ↓ Gk . If
the representations of the little cogroups of some band at
high symmetry points cannot be related to any possible band
representation, its Wannier functions cannot be exponentially
localized indicating nontrivial topology. A variety of different
topological phases, such as semimetals may also be diagnosed
by symmetry indicators.

For magnetic space groups representation theory has to
be modified to account for antiunitary symmetry elements.
Instead of representations for unitary groups one works
with corepresentations, which are constructed form ordinary
representations using the Frobenius-Schur indicator. Band
corepresentations induced from magnetic point groups be-
have similarly to band representations in that one can form
a direct sum of elementary corepresentations to obtain com-
posite band corepresentations that describe localized atomic
orbitals.
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