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Higher-order topological insulators (HOTIs) have enticed enormous research interests owing to their novelty
in supporting gapless states along the hinges of a crystal. Despite several theoretical predictions, enough
experimental confirmation of the HOTI state in crystalline solids is still lacking. It is shown that interplay
between topology and magnetism can give rise to various magnetic topological states, including HOTI and
axion insulator states. Here, using high-resolution angle-resolved photoemission spectroscopy combined with
the first-principles calculations, we report a systematic study of the electronic structure and its evolution across
the magnetic phase transition in Euln,As, which possesses an antiferromagnetic ground state below 16 K.
Antiferromagnetic Euln, As; has been predicted to host both the axion insulator and the HOTI states. We directly
observe the linearly dispersing holelike bands crossing the Fermi level and the change in their dispersion across
the magnetic phase transition. Our paper points to Euln, As, as being a promising material for the exploration of

interplay between topology and magnetism.
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I. INTRODUCTION

The discovery of topological insulators (TIs) [1-4] has
prompted intensive theoretical and experimental studies on re-
alizing various topological states in quantum materials [5-9].
Owing to the bulk-boundary correspondence, the TIs sup-
port conducting surface states that lie within the gapped bulk
electronic spectrum of the TIs. These surface states are spin
polarized and disperse linearly with Dirac-cone energy dis-
persion. Constraints of the time-reversal symmetry protect
the surface states from backscattering and localization in the
presence of nonmagnetic perturbations thereby making TIs
promising for low-power energy-efficient quantum electronic
applications [10-12]. Recently, new types of topological insu-
lating materials have come on the scene, which do not exhibit
the usual bulk-boundary correspondence. They, dubbed as
higher-order topological insulators (HOTIs) [13—15], possess
bulk-surface-hinge correspondence where both the bulk and
the surface states are gapped and the topology of the bulk
bands supports gapless states along the hinges of the material.
In HOTIs, the surfaces adjoining the hinges are required to be
in different topological classes [16].

Topological states in HOTIs are protected by spatial sym-
metries, such as mirror, rotational, inversion, among others
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[14—18]. These states have been shown to exist in electronic
circuits [19] as well as in photonic and phononic systems
[20,21]. Recent work has reported the discovery of HOTI
state in crystalline Bi via scanning-tunneling spectroscopy
and Josephson interferometry aided by first-principles calcu-
lations [22]. Although HOTI states have been predicted in
Euln;As, [23], Sm-doped Bi,Se; [24], and other materials
[15,25-28], their systematic momentum-resolved spectro-
scopic exploration is still lacking. The interplay between
magnetism and topology is known to generate a variety of
topological states including axion insulators [23,29,30], an-
tiferromagnetic TIs [31-35], and magnetic topological states
[36—40]. However, the experimental exploration of such states
is held back due to limited availability of candidate magnetic
materials with nontrivial band structures.

In this paper, by using high-resolution angle-resolved pho-
toemission spectroscopy (ARPES) combined with parallel
first-principles calculations, we systematically study the elec-
tronic properties of antiferromagnetic Euln,As,, which is
predicted to exhibit HOTI and axion insulator states. Our
first-principles calculations reveal that Euln,As; exhibits an
axion insulator state in both the AFM-B phase in which the
magnetic moments lie in plane and the AFM-C phase in which
the magnetic moments lie out of plane. Our experimental
results show the evolution of the band structure in the vicinity
of the Fermi level across the magnetic transition temperature.
Our transport measurements find a metallic behavior over the
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FIG. 1. Crystal structure and sample characterization of Euln,As,. (a) Crystal structure of Euln,As,. Red, seagreen, and cadetblue balls
identify Eu, As, and In atoms, respectively. (b) Bulk and (001) surface Brillouin zones. High-symmetry points are marked. (c) Core-level
photoemission spectrum with characteristic peaks of Eu 4f, In 4d, and As 3d orbitals. (d) Zero-field resistivity as a function of temperature.

Bulk band structure (e) without and (f) with spin-orbit coupling.

entire temperature range investigated except at temperatures
slightly higher than the antiferromagnetic transition tempera-
ture where Kondo-type behavior is observed. Our paper, thus,
suggests that Euln,As, is a promising material for exploring
interplay of topology and magnetism.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of Euln,As, were grown by using the
flux method [41]. We examined their chemical composition
and crystal structure by energy-dispersive x-ray spectroscopy
and single-crystal x-ray diffraction, respectively (see Supple-
mental Material (SM) for details [42]). Electrical behavior
of Euln,As, was investigated as described in the SM [42].
ARPES measurements were performed at the Advanced Light
Source (ALS), Berkeley on Beamline 10.0.1 equipped with a
high-efficiency R4000 electron analyzer. The energy resolu-
tion was set better than 20 meV, and the angular resolution
was set better than 0.2°. Samples were cleaved in situ and
measured over 8-50 K in a vacuum better than 10~'° torr.
Crystals were very stable for the typical measurement pe-
riod of 20 h. In order to examine the nature of the states
observed in Euln,As,, the ARPES data were compared with
the corresponding computed band dispersions projected onto
the two-dimensional Brillouin zone (BZ). We performed
the first-principles calculations within the framework of the
density functional theory using the projector-augmented-wave

pseudopotential method as implemented in the VASP software
[43—45] (see the SM [42] for details).

III. RESULTS AND DISCUSSION

Euln;As, crystallizes in a hexagonal Bravais lattice with
space-group P63/mmc (No. 194) and lattice parameters a =
b=4.207andc = 17.889 A [41,46] [see Fig. 1(a)]. The crys-
tal structure is layered where Eu, In, and As atomic layers
occupy Wyckoff positions 2a (0,0, 0), 4f (4, 3, 0.17155),
and 4f (%, %,0.60706), respectively. The associated bulk
and (001) surface BZs are shown in Fig. 1(b) with high-
symmetry points marked. Figure 1(c) presents the core-level
photoemission spectrum which clearly shows the presence
of the characteristic peaks coming from Eu 4f, In 4d, and
As 3d orbitals indicating the high quality of our Euln;As;
crystals.

Another proof of the quality of the Euln, As; single crystals
grown is made by means of electrical transport measurements
performed with electrical current flowing within the hexago-
nal a-b plane [see Fig. 1(d)]. The compound is found to exhibit
metallic conductivity with a fairly large room-temperature
resistivity of about 630 ;€2 cm, and its p(7') forming a dis-
tinct sharp maximum at the antiferromagnetic phase transition
at Ty = 16 K. In the ordered state, the resistivity smoothly
decreases with decreasing temperature, which reflects grad-
ual reduction in scattering conduction electrons on magnetic
moments carried by the Eu>* ions. At the lowest temperatures,
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FIG. 2. Fermi surface map and constant energy contours of Euln,As,. (a) Fermi surface (leftmost) and constant energy contours measured
at a temperature of 22 K. (b) Same as (a) but measured at 8 K. The binding energy is marked on each panel. Data were collected at the ALS

beamline 10.0.1 using a photon energy of 60 eV.

o (T ) makes a plateau, and the resistivity saturates at a residual
value of about 180 w2 cm observed near 0.4 K. Both the
shape of p(T') and the resistivity magnitude are in concert with
the literature data [41,46].

The electric measurements show that Euln,As, exhibits
an antiferromagnetic ground state. To gain insight into its
electronic band topology, we present the calculated bulk band
structure in Figs. 1(e) and 1(f). In the absence of spin-orbit
coupling (SOC), the valence and conduction bands dip into
each other to produce a band inversion with an inverted band
gap of 0.46 eV at the I" point [see Fig. 1(e)]. Although the
band structure resembles band crossing features around the
I'-K and I'-M directions, we find that the bands along the I'-M
direction are gapped whereas they are gapless and symmetry
protected along the I'-K direction [23]. After including SOC,
all the band crossings are gapped, separating valence and con-
ductions bands [Fig. 1(f)]. We consider two antiferromagnetic
(AFM) configurations: AFM-B in which magnetic moments
lie in plane, and AFM-C in which magnetic moments lie out
of plane (see the SM for the comparison of bulk crystal and
band structures of paramagnetic, AFM-B, and AFM-C phases
[42]). The AFM-B and AFM-C states are nearly degenerate
with an energy difference of less than 1 meV per unit cell in
agreement with earlier theoretical results [23].

Since both AFM-B and AFM-C configurations are gapped
with a band inversion, we determine their topological state by
calculating the parity-based Z,4 topological invariant [23,47—
49], which is defined as

14 é‘n(rl)
ZZTHIO

Here, ¢, (I';) is the parity at the ith time-reversal invariant
momenta point I'; for the nth band, and N, is the number

d4. (1

of occupied bands. We find Z4 = 2 for both the AFM-B and
the AFM-C configurations which indicate that Euln,As; is an
axion insulator.

Although Z, = 2 indicates that Euln,As, is an axion in-
sulator, it can still be characterized based on the magnetic
group symmetries. Specifically, the AFM-B phase supports
two mirror planes k, = 0 and k; = 0 with a nonzero mirror
Chern number, indicating a topological crystalline insulator
phase. On the contrary, there is no such preserved mirror
plane in the AFM-C phase, and, as a result, AFM-C real-
izes the HOTI state with Z4 = 2. We have also examined
the paramagnetic state by freezing Eu f electrons and found
the system to be a topological insulator with a nonzero Z,
invariant (vo; vivv3) = (1;000).

We now present our ARPES measured Fermi surface and
constant energy contour results measured at different binding
energies in both the paramagnetic and AFM phases in Fig. 2.
The constant energy contours measured at 22 K are presented
in Fig. 2(a), which shows their evolution with increasing
the binding energy from zero (Fermi surface) to 500 meV.
Figure 2(b) represents constant energy contours at various
binding energies taken at 8 K (below the AFM transition tem-
perature). One can resolve the circular energy pockets in both
the paramagnetic and the AFM states. A careful inspection of
constant energy contours reveals that an inner circular pocket
appears in the AFM state, which is absent in the paramagnetic
phase and can be well resolved at 50-meV binding energy.
The absence of this extra feature in the paramagnetic phase is
also confirmed by measurements at a temperature of 46 K (see
the SM [42]). The size of this inner circular contour grows as
one goes to higher binding energies, and it finally merges with
the outer circular pocket at 300 meV, indicating the holelike
nature of the associated states. At the higher binding energy of
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FIG. 3. Experimentally obtained electronic structure along various momentum directions. (a) Fermi-surface maps at different temperatures
where the white dashed lines identify the cut directions along which the dispersion maps are taken. (b) Energy dispersion along the cut 1
direction (K-I"-K) in (a). (c) Second derivative plot of dispersion maps in (b). (d) Energy dispersion along the cut 2 direction (M-I"-M) in (a).
Temperature is noted on each plot. All data were taken at the ALS beamline 10.0.1 using a photon energy of 60 eV.

500 meV, the inner circular contour in AFM phase vanishes
and a new rectangular holelike bulk feature appears in both
the paramagnetic and the AFM states, although the size of
this rectangular pocket in the AFM phase is smaller than that
in the paramagnetic phase.

Figure 3 presents the dispersion maps along different mo-
mentum directions in both the paramagnetic and the AFM
phases. Figure 3(a) shows the Fermi surface at 8 K (left) and
22 K (right) where the white dashed lines represent the cut
directions along which the dispersion maps are taken. The left
panel in Fig. 3(b) shows the band dispersion along the cut 1
direction (K-I'-K) at 8 K. The two linear holelike bands are
clearly resolved near the Fermi level and extend well below
the Fermi level up to ~400-meV binding energy, consistent
with the results for Fermi surface and constant energy con-
tours in Fig. 2(b). The right panel in Fig. 3(b) shows the band
dispersion along the K-I'-K direction at 22 K. The holelike
band can be seen crossing the Fermi level, but the second band
near the Fermi level is absent. Absence of this second band
in the paramagnetic phase is also confirmed by our measure-
ments at 46 K (see the SM [42]). These results dictate that,
although the outer holelike state with linear energy dispersion
stays robust across the AFM phase transition, the inner band is
sensitive to magnetism. These features are further resolved in
the second derivative plots in Fig. 3(c). We present the energy
dispersion measured along the cut 2 (M-I"-M direction) in Fig.
3(d) where the extra feature cannot be well resolved.

To better illustrate the changes in electronic structure
across the magnetic phase transition, we present the second

derivative of the constant energy contours at 50-meV binding
energy and the momentum distribution curves (MDCs) along
the K-I'-K direction in Fig. 4. The second derivative of the
energy contour in Fig. 4(a) in the AFM state at 8 K clearly
shows an inner feature, which is absent in the paramagnetic
phase at 22 K in Fig. 4(b). Figure 4(c) shows the MDC plot
along the K-I'-K direction in the AFM phase. The two-peak
feature near the Fermi level (see arrows marked on the figure)
is seen to merge into a single peak as we go to higher binding
energies. However, in the paramagnetic phase (Fig. 4(d), also
see the SM [42]), we only see the single peak feature.
Splitting of the hole band in the magnetic state is also
supported by our theoretical surface state calculations. In
Fig. 5, we present (001) surface states obtained for As termi-
nation with a modified surface potential for the magnetic and
nonmagnetic phases. In the paramagnetic phase [Fig. 5(c)],
a doubly degenerate nontrivial hole band crosses the Fermi
level with the nontrivial Dirac-cone state lying above it. Such
an energy dispersion results in a single hole band at the Fermi
level and at —50 meV [Fig. 5(f)] in reasonable agreement with
our experimental results for T > Ty. Surface band structures
below Ty in both the AFM-B and the AFM-C phases are
shown in Figs. 5(a) and 5(b), respectively. The presence of
magnetism uplifts the surface state degeneracy giving rise
to two-hole bands. Notably, both the AFM-B and the AFM-
C states give similar energy dispersion in the hole doped
regime. However, the AFM-B phase realizes a gapless type-11
Dirac-cone state whereas AFM-C yields a gapped surface
state above the Fermi level consistent with the calculated bulk
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FIG. 4. Temperature-dependent electronic structure of Euln,As,. (a) Second derivative plots of the constant energy contours at the binding
energy of 50 meV in the AFM state at 8 K (left) and the paramagnetic state at 22 K (right). (b) MDCs in the vicinity of Fermi level along
the K-I'-K direction in the AFM state at 8 K (left) and paramagnetic state at 22 K (right). Changes in the energy dispersion across the AFM

transition are resolved clearly.

invariants. Although both AFM-B and AFM-C energy disper-
sions are in agreement with the experiments in the hole-doped
regime, the nature of states above the Fermi level is essential
to identify the exact topological state of AFM Euln;As,.

IV. CONCLUSION

Our paper explores the electronic structure of Euln,As;
across the AFM transition by using temperature-dependent
high-resolution ARPES along with parallel first-principles

AFMC

computation. In the paramagnetic phase, the two linearly dis-
persing degenerate holelike bands are found to cross the Fermi
level with the Dirac point located above the Fermi level (see
the SM [42] for the energy position of the Dirac point). As the
temperature is lowered, Euln,As, transitions into the AFM
state where doubly degenerate hole band splits in energy in the
vicinity of the Fermi level. Combined with our first-principles
bulk and surface-state computations, our experimental results
point to the possibility that Euln,As, harbors a topological
magnetic state. Since the Dirac point is located above the
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FIG. 5. The (001) surface band structure and the associated constant energy contours for the antiferromagnetic state with (a) and (d) in-
plane (AFMB), (b) and (e) out-of-plane (AFMC) magnetic moments. (c) and (f) The (001) surface band structure and the related constant
energy contours for the nonmagnetic (NM) state. A modified surface potential was used in these calculations. The Fermi level was shifted to
improve comparison with the experimental results.
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Fermi level, it can be tuned to the Fermi level via the electrical
gating or chemical doping. Notably, transport measurements
show a Kondo-type behavior at temperatures slightly above
the magnetic transition temperature. Our paper suggests that
Euln,As; could provide a promising new material platform
for exploring topological magnetic states and their evolution
from nonmagnetic states.
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