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Gapping of Dirac surface states through time reversal symmetry breaking may realize the axion insulator
state in condensed matter. Despite tremendous efforts, only a few material systems fall into this category of
intrinsic magnetic topological insulators. Recent theoretical calculations proposed the antiferromagnetic (AFM)
Euln,As; to be a topologically nontrivial magnetic insulator with gapped surface states. Here we use scanning
tunneling microscopy and spectroscopy complemented with density-functional theory calculations and modeling
to probe the surface electronic states in Euln,As,. We find a spin-orbit induced bulk gap of ~120 meV located
only a few meV above the Fermi energy, within which topological surface states reside. Temperature-dependent
measurements provide evidence of the partial gapping (~40 meV) of the surface states at low temperatures
below the AFM order, which decreases with increasing temperature but remains finite above 7Ty.
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I. INTRODUCTION

Merging magnetism with nontrivial topology induces some
of the most fascinating phenomena in quantum materials
from both a fundamental and practical perspective [1-8]. Ex-
amples include the quantum anomalous Hall effect, which
manifests quantized Hall conductivity without an externally
applied magnetic field [9-12], the topological axion insula-
tor state with quantized magnetoelectric effect [13,14], and
Majorana fermions that obey non-Abelian statistics [15]. The
magnetic phase transition in magnetic topological insulators
(TIs) offers the possibility to switch on/off the time reversal
symmetry, providing tuning capabilities of their topological
properties [6]. Vigorous research focus has thus been devoted
to the interplay of magnetism and nontrivial topology [6,16—
29], which due to dissipationless transport has transformative
potential in quantum information technologies, overcoming
power losses induced by the strong electron scatterings in
trivial systems [30,31].

Despite the efforts, stoichiometric magnetic topological
quantum materials remain rare [32-36]. One example that
has recently attracted particular attention is the antiferro-
magnetic MnBi,Tes. Theoretical and experimental studies
indicate topologically nontrivial surface states induced by
its large spin-orbit coupling [10,19,37-39]. Angle resolved
photoemission spectroscopy (ARPES) experiments reveal a
large gap of ~100 meV within the surface states in the
antiferromagnetic (AFM) phase, believed to be related to
the magnetic transition [40]. Yet the gap, which is located
around ~-300 meV, well below the Fermi energy, remains
finite above Ty making its association to the time reversal
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symmetry breaking dubious [40-42]. A possible interpreta-
tion of the observed insensitivity to magnetism is the weak
hybridization of the magnetic Mn d states with the Te p states
[10].

Very recently, Euln,As;, has been theoretically proposed
to host exotic topological states induced by its large spin-
orbit coupling and its AFM transition below Ty = 17 K [43].
First-principles calculations predict Euln,As; to host a long-
awaited axion insulator state [43—45]. Theoretically, gapless
Dirac surface states within the spin-orbit induced bulk band
gap in the paramagnetic phase open a surface state gap in-
duced by the time reversal symmetry breaking in the AFM
phase [44-48]. It may also host higher-order TI with the
one-dimensional (1D) chiral hinge state, depending on the
orientation of magnetic moments [43—46]. Most importantly,
DFT calculations reveal the topological surface states to reside
right at the Fermi energy in its stoichiometric form, making it
particularly interesting and distinct from the previously dis-
covered material systems [43,45].

Euln;As, has an in-plane hexagonal structure with alter-
nating Eu and In-As layers [49]. The Eu?" ions carry the
4 f magnetic moment of 7up [47]. These localized electronic
states reside ~1.7 eV below the Fermi energy. Very recent
neutron diffraction experiments found a broken helical AFM
order in the bulk, where the magnetic moments order ferro-
magnetically within each Eu layer (ab plane) and rotate to
form a broken helix along the ¢ axis [44]. DFT calculations
reveal that a sizable spin-orbit coupling induces bulk band
inversion of the As 4p holelike states and the In Ss elec-
tronlike states, opening up a spin-orbit gap of ~100 meV
at the Fermi energy that is robust and mostly insensitive to
the magnetic order [43,45]. Within the spin-orbit gap reside
the topologically nontrivial surface states. On the other hand,
temperature-dependent ARPES experiments show the system
to be slightly hole doped, shifting the bands higher in energy
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FIG. 1. Topographic image of cleaved Euln,As, single crystal showing (a) the stripe and atomic surfaces (—200 mV, —30 pA), (b) the
disordered stripe surface (—200 mV, —30 pA), and (c) large-scale atomic surface with the disordered stripe surface (—200 mV, —300 pA).
The lower insets correspond to the topographic height across the lines in (a—c). Zoom-in of the surface structure of the (d) the stripe surface

(=200 mV,

—100 pA) and (e) the disordered stripe surface (—200 mV, —100 pA). (f) The atomic surface with different surface coverage (left:

—200 mV, —30 pA; right: 200 mV, —150 pA). (g) Crystal structure of Euln,As, and a corresponding schematic of the layered structure
showing the different observed cleaves with distances between different levels indicated (red = Eu, blue = As, green = In). (h) Schematics
of the two observed reconstructions. The schematic on the left represents the atomic surface, while the one on the right represents the stripe
surface. (i) Topographic line cuts across the atomic, stripe, and disordered stripe surfaces. The different colors correspond to the three different

directions.

and placing the spin-orbit gap just above the chemical poten-
tial, making the nontrivial surface states within it inaccessible
to ARPES [45-48]. ARPES also observes another holelike
band analogous to the As 4p band that is vertically shifted
and has no counterpart in the bulk or surface band structures
and thus remains mysterious [48].

II. RESULTS

Here we use scanning tunneling microscopy (STM) and
scanning tunneling spectroscopy (STS) complemented with
DFT calculations to probe the surface electronic states of
cleaved single crystals of Eulny As;. From our STM images of
multiple cleaved single crystals, we find the cleaving to occur
at the Eu layer. The cleaving rips the Eu layer apart exposing
a partially covered Eu-terminated surface. Through analyzing
surfaces of multiple cleaved samples, we find that the percent-
age of the Eu atoms that remain on the surface varies locally
with values ranging from less than 40% (a lower bound has not
been determined) to almost 90%. Depending on the Eu surface
density, the Eu ions undergo a surface reconstruction with
either a 2a x la stripe order or an Ra x Ra bilayer atomic
order, where a = 4.2 A is the in-plane lattice constant and
R is commensurate and takes the values of 3/2 or +/3 [see
Fig. 1(1)]. Our spectroscopic measurements (d//dV) reveal
multiple peaks within the density of states, which originate
from the various Van Hove singularities attributed to the band

edges/gaps of the surface and bulk band structures. Following
the evolution of the electronic states across the AFM transi-
tion reveals the low temperature surface state peaks to move
closer and partially overlap below Ty. A small yet finite gap,
however, remains above Ty.

Figures 1(a)-1(c) show topographic images from three
different cleaves of Euln,As, single crystals. Surfaces ex-
posed from other cleaved crystals result in structures identical
to these. All cleaves of the crystals have been carried out
in situ in ultrahigh vacuum condition at room temperature
and immediately transferred to the STM head that is held at
9.5 K. The cleaving of our samples at room temperature, as
discussed below, results in different surfaces as compared to
the recent STM work performed on cold cleaved samples
[46]. The topographs reveal terraces separated by multiples
of ¢/2, where ¢ = 17.9 A is the bulk out of plane lattice
constant. Within terraces, however, we find surfaces with dif-
ferent surface structures separated by approximately 2-3 A.
All observed surfaces reveal structures that are different from
the bulk indicating that they undergo a surface reconstruction.
To identify the chemical nature of the surfaces, we examine
the crystal structure of Euln,As, [50], which is composed of
[InyAs,]*~ and Eu?* layers [49] [Fig. 1(g)], alternating along
the crystallographic ¢ axis and balancing the net charge. Two
possible cleaving planes can be identified from the crystal
structure—breaking the In-In bond (bond length of 2.76 A)
and thus exposing the In-terminated surface or breaking down
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the Eu layer [Eu-As (bond length of 3.10 A) as well as Eu-Eu
(bond length of 4.20 A) bonds] and exposing partially covered
Eu-terminated surfaces [49]. Based on the bond lengths, the
latter is more likely.

Indeed, our topographs provide evidence of the latter sce-
nario only, exposing partially covered atomic surfaces, with
varying atomic concentrations. Such structures will not be
expected from In-In bond breaking, which should result in
identical, fully covered, In layers on both sides of the cleave.
Depending on the Eu coverage left behind after the cleave,
two different structures are formed on the surface. We find a
2a x la stripe order (where a = 4.2 A is the bulk in-plane lat-
tice constant) with threefold symmetric domains [Fig. 1(d)],
indicating a 50% Eu surface coverage. Reduced Eu cover-
age beyond 50% disrupts the stripe order by introducing
additional missing atoms [blue regions in Fig. 1(d)]. Further
reduction leads to a disordered stripe structure [Fig. 1(e)].
On the other hand, for higher coverage exceeding 50%, the
Eu atoms buckle up (along the ¢ axis) forming a double Eu
layer with a 1.5a x 1.5a or v/3a x +/3a atomic structure with
varying surface layer coverage, which we term the atomic
surface [Fig. 1(f)].

Figure 2 shows a closer look at the atomic surface structure.
When forming the 1.5a x 1.5a structure, the Eu atoms now
require more surface space as they are farther apart, and thus
only 44% of the atoms that would fit in one layer with a
la x la structure can fit in this new reconstructed structure.
Similarly, with the \/§a X «/ga structure, only 33% of the
atoms would fit in one layer. The additional Eu atoms (be-
yond the 44% or the 33% depending on the formed structure)
remain on the surface after the cleave rearranges into a second
layer on top of the base layer of Eu, thus forming a double
layer of Eu atoms. A large-scale topography in Fig. 2(a)
shows the atomic structure in a double layer form. Analysis
of the surface structure of this double layer confirms their
identical reconstructed structure as shown in Figs. 2(b)-2(d).
The height difference between the bottom and top Eu atomic
surfaces is about 1.5-2 A. The Fourier transform of both (or-
dered and disordered) stripe surfaces and the atomic surface
are shown in Figs. 2(e)-2(g). Note that the stripe order Bragg
peaks broaden with disorder [Figs. 2(e) and 2(f)].

Spectroscopic dI/dV conductance measurements on the
different surfaces at a temperature of 9.5 K (well below Ty =
17 K) are shown in Fig. 3. On the atomic surface (with full
coverage), the spectra reveal three peaks within an energy
range of 0-150 meV, whose positions slightly vary, spatially
[different colors in Fig. 3(a)]. An additional hump can be seen
just below Eg. Beyond 200 meV, the density of states mostly
vanishes. This surface and corresponding spectra have not
been seen in the previous STM study [46], presumably due
to the warm (room temperature) cleaving in our experiments.
On the other hand, similar to the previous STM work [46], on
the stripe surface (Fig. 3), besides the hump below Er and the
three similar peaks seen in the 0—150 meV range, an additional
set of peaks with similar energy spacing can be seen in the
energy range of 150-300 meV.

Temperature dependence of the electronic states across the
magnetic transition 7y = 17 K is shown in Figs. 4(a) and 5(a)
for the stripe and atomic surfaces, respectively. Both surfaces
show clear evolution of the density of states across 7. Since
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FIG. 2. (a) Topography (—200 meV,—300 pA) showing the
large-scale atomic structure exhibiting two layers. (b) Close-in to-
pography (—200 meV, —50 pA) of the double atomic layer, with
good visibility of the structure within the lower layer (blue surface).
(c) Two line cuts. Blue line is the line cut along the black line shown
in (b), going along the atomic structure seen within the lower atomic
layer (with the amplitude multiplied by 3.5). The calculated lattice
constant is 6.45A, which agrees strongly with the 1.5a reconstruc-
tion of the most commonly seen upper layer atomic surface. The
red line is a line cut along the upper atomic surface, showing the
same periodicity. (d) Line cut showing the step between the lower
and upper atomic layers, with a step height of around 2 A. (e—g)
Fourier transforms of the stripe, disordered stripe, and atomic sur-
faces. Red circles correspond to the Bragg peaks of the reconstructed
surfaces.

the atomic surface has not been observed in the previous STM
work, we focus our analysis on the atomic surface. On this
surface [Figs. 5(a) and 5(b)], the density of state peaks below
Er and around 120 meV exhibit insignificant temperature
dependence across Ty [Fig. 5(b)]. On the other hand, the peaks
between 10 and 60 meV move closer and partially merge with
increasing temperature, leaving a small but finite gap above
T\ [Figs. 5(b) and 5(¢)].

To understand the origin of the different peaks in the den-
sity of states, we carry out DFT calculations of the electronic
band structure. We adopted the same lattice structure and
constants used in previous DFT work and perform DFT + U
calculations using the WIEN2K package [51]. See the Methods
section for details of the DFT calculations. We reproduce
the band structure in the AFM-c state [see Fig. 6(a)]. Note
that the choice of magnetic order (AFM-a, AFM-c, AFM-
helical) results in similar bulk band structure and spin-orbit
gap [43-45,48]. In accordance with previous reports [43,44],
we find an electronlike band arising from the As p, orbitals

125156-3



MINGDA GONG et al.

PHYSICAL REVIEW B 106, 125156 (2022)

(@ (b)
{ Atomic Surface {

0
-200 0 200 400 -200 0
Bias (meV)

Ordered Stripes Surface

dI/dV Conductance (arb. units)
dI/dV Conductance (arb. units)
dI/dV Conductance (arb. units)

Bias (meV)

©

i Disordered Stripes Surface

" 0
200 400 -200 0 200 400
Bias (meV)

FIG. 3. Spatial dependence of the conductance (d1/dV') at varying locations (shown above by the three different colors in each panel) on
the three different surfaces: (a) atomic, (b) ordered, and (c) disordered stripes. Same (different) color corresponds to nearby (farther away)
pixel positions where the spectra are acquired. All measurements are carried out at 9.5 K with a set point bias of —200 meV and a set point

current of -100 pA.

and a holelike band from the In s orbitals near the Fermi
energy that are inverted by the spin-orbit coupling, opening
a topological spin-orbit gap of ~100 meV at Er. The DFT
calculations also show the Eu f states to be localized re-
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FIG. 4. Temperature dependence of dI/dV conductance spectra
on the disordered stripe surface with energy ranges of (a) —200 to
400 meV and (b) —50 to 200 meV. All spectra are taken at the exact
same location on the disordered stripe surface with bias = —200 meV
and set point current = —100 mA.

siding far below (~1.7 eV) Er with no contribution to the
density of states near Ef, in accordance with previous reports
[43-45].

Figure 6(b) shows the band structure around the I" point
near the Fermi energy. The solid green lines represent the bulk
band structure. The bulk band edges, just below Ex and around
90-120 meV, represent Van Hove singularities that lead to
three peaks labeled B1, B2, and B3 in the calculated density
of states [Fig. 6(c)]. These peak energies nicely agree with
the atomic-surface STM spectra of the hump below Er and
the peak near ~120 meV [Figs. 3(a) and 5]. Note that the
corresponding B3 peak (~120 meV) seen in the experiment
is dominant as compared to the B1 and B2. This is expected
by the fact that the STM tunneling to the As layer through
the surface Eu layer dominates as compared to the tunneling
to the In layer located further below the surface. The DFT
results (for the band below Ep) also well agree with the recent
ARPES data of the bulk band structure [45].

Motivated by the recent predictions of the gapped sur-
face states on Euln,As, [44], we model the surface band
structures in the magnetic states with the following dis-
persion, E%l%, 0) = p* + Ve2(k) + m*(k), where k is the
two-dimensional (2D) momentum measured from the I point,
reflecting the 2D nature of the surface states. e(k) is the
surface state dispersion without a gap, which can be generally
written as (k) = ak + bk®> 4 ck>. j1* is the location in energy
of the Dirac point, which is chosen to be 43 meV in order to fix
the Dirac point at the center of the bulk gap. The k-dependent
gap function m(k) is introduced because of the anisotropy
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FIG. 5. Temperature dependence of d//dV conductance spectra on the atomic surface with energy ranges of (a) —200 to 400 meV and
(b) —100 to 200 meV. All spectra are taken at the exact same location on the atomic surface with a set point bias of —200 meV and a set
point current of —100 pA. Two dashed lines in (b) track the peak positions of the peaks corresponding to the surface state bands, showing the
trend of shrinking magnetic gap as temperature increases with the peaks eventually merged together at 19 K, above Ty. The black dashed lines
correspond to a Gaussian fitting with four Gaussian functions for the B1, S1, S2, and B3 peaks and a quadratic background. The red and green
vertical dashed lines guide the eye to the evolution of the peaks. Note that the B1 hump is quite weak since it is composed predominantly of
In character (see main text). (c) Energy versus temperature of the four Gaussian peak energies extracted from the fits in (b). The red triangles
(S1 and S2) correspond to the left y axis while the bulk bands B1 and B3 correspond to the right y axis. The vertical arrow corresponds to the
magnitude of the full bandwidths of the S1 and S2 peaks extracted from the fits.

observed in the previous studies [44]. It should be noted that ~ highly inhomogeneous so that it has a strong k dependence.
m(k) is the gap of the surface state which is different from By examining our STM data, we find that the gap function
the bulk gap and is sensitive to the surface potential. While with a nodal line is crucial to reproduce the line shape of the
it is not possible to know the surface potential to obtain the  surface state density of states (DOS). The simplest choice is

realistic surface state gap, it is expected that m(k) could be m(ié) = %(1 — sinf).
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FIG. 6. (a) DFT calculated band structure. (b) DFT calculated band structure along the M-I"-M direction near Er. B1, B2/B3 correspond to
Van Hove singularities of the bulk valence and conduction bands, respectively, created as a result of spin-orbit induced band inversion. S1 and
S2 correspond to Van Hove singularities of the gapped surface states [44]. (c) The calculated density of states shows peaks [corresponding to
Van Hove singularities in (b)] at energies that are in good agreement with the STM spectra observed on the atomic surface [shown in Fig. 3(a)].
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FIG. 7. (a) Crystal structure of Euln,As, with every other Eu atom missing along the a direction, resulting in the stripe surface. The sites
missing the Eu atom are present in each Eu layer; thus the unit cell is doubled along the a direction. (b) The band structure around the I" point
near the Fermi energy. It can be seen that one copy of the band touching point is pushed up to an energy of ~1.3 eV, while the other copy is
pushed down to an energy of ~0.25 eV and merged into the Eu f bands. The splitting between these two copies is much larger because the
sites missing the Eu atom are present in each Eu layer. This structure represents the case of large splitting due to the stripe order of Eu atoms.

With the surface state dispersion, we are able to compute
the surface state DOS by evaluating

kmax 27[
DY(E) = a/ dk k/ dOS[E — E(K)],
0 0

where « is the factor modulating the ratio between surface
state DOS and bulk DOS, and k.« is the maximal momentum
at which the surface state can exist. The final DOS presented
in the main text is obtained by

D(E) = D*(E) + D'(E),

where D(E) is the bulk DOS obtained directly from the DFT
calculations, and parameters of akp,x = 10 meV, bkr2nax =12
meV, ckl =28 meV, and A = 12.5 meV are used in D*(E).

The resulting surface band structure is shown as the dashed
red lines in Fig. 6(b). Here we want to emphasize that the
surface band structure only represents a simple model that
captures the overall structure seen in the most recent surface
state DFT calculations. However, the fine details of such
surface state calculations strongly depend on the magnetic
ordering on the terminated Eu surface, which experimentally
is quite challenging to probe. Fortunately, however, recent
DFT calculations show that the topological gapless surface
states and axion insulator are expected for both in-plane as
well as helical magnetic orders [44,47,52], thus maintaining
the same topological phase. Regardless of the fine details, the
modeled gapped surface band structure leads to two additional
peaks, labeled S1 and S2, located within the bulk spin-orbit
gap, that emerge due to the partially gapped surface state band
edges [see Figs. 6(b) and 6(c)].

The overall calculated DOS is in good agreement with the
STM spectra measured on the atomic surface [Figs. 3(a) and
5]. From the temperature-dependent spectra shown in Fig. 5,

we can attribute the hump at Er and the peak at 120 meV to the
B1 and B3 bulk valence and conduction band edges. Fitting
these peaks to a Gaussian function, we find the peak positions
to remain mostly unchanged across the magnetic transition.
As these peaks correspond to the spin-orbit induced bulk gap,
they are not expected to be strongly affected by the magnetic
order as has been seen in DFT [45]. On the other hand, the
origin of the peaks around 10 and 60 meV at low temperatures
can be attributed to the topological surface state band edges S1
and S2 (see Figs. 5 and 6). With increasing temperature these
surface state bands evolve rapidly and move closer. In par-
ticular, the S2 surface state drops dramatically and within its
bandwidth (of 20 meV) partially merges with the S1 surface
band above 7y [Fig. 5(b)]. Fitting these peaks to Gaussians,
one can see a clear evolution of the S1/S2 peaks ([Figs. 5(b)
and 5(c)]. While the two bands, with their bandwidths of about
20 meV extracted from the Gaussian fits, mostly overlap, the
peak energies remain slightly separate above 7y, which is
better seen in the fits [Fig. 5(c)]. We want to emphasize that
while a surface state gap structure can be deduced from our
data in the AFM phase, the model shown here is not unique.
For example, an indirect gap structure, similar to what has
been calculated in recent DFT work for in-plane and out of
plane magnetic order [45] can also reproduce an analogous
density of state profile. Therefore, regardless of the fine detail,
the STM data provide evidence of a topological surface state
partial gap of ~40 meV at low temperature in the AFM phase,
residing within a ~120 meV spin-orbit induced bulk gap.
With increasing temperature, the gap strongly decreases but
remains finite above Ty.

Our DFT calculations also provide an explanation of the
spectra on the stripe surface. The stripe order introduces addi-
tional bands within the surface electronic band structure. The
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is consequently doubled along the a direction. (b) The DFT band structure around the I' point near the Fermi energy of the artificial crystal
structure. The band replication can be clearly seen on the right. In this structure, because Eu atoms are only shifted but not missing from the
site, the electrical potential inducing the band replication is much smaller, leading to the smaller band splitting. This structure represents the

case of small splitting due to the stripe order of Eu atoms.

STM data suggest that in the stripe-ordered surface, one of
every two Eu atoms on the surface is missing (or is possibly
closer to the As plane), which produces extra local potential
on the electronic orbitals on the As atom nearby [see Figs. 7(a)
and 8(a)]. This effect can be reasonably modeled as a chem-
ical potential of /L(ﬁ) =Ep + VeiQ‘R, where O is the wave
vector corresponding to the new periodicity induced by the
ordering of Eu atoms. The tight-binding model with the site-
dependent chemical potential in the momentum space can be
written as

H=H® +HE+ Q)+ H. (k. k+ 0),
where H, (12, K+ Q) describes the Hamiltonian coupling k and
k + O via the site-dependent chemical potential. As we can
see from the band structure (Fig. 6), there is only one band
in the energy window between —200 and +200 meV; thus the

Hamiltonian in this range of energy can be approximated as a
two-level system in the form of

<e(12) 14 )
Vo e+ Q)
where (k) is the energy dispersion of the band in the energy

window between —200 and +200 meV. Diagonalizing the
above effective Hamiltonian gives eigenenergies of

o _e®) +el+0) [a(l?)—e(hé)
- 2

2
E+ () 2 } Lo

The nature of the new bands E. (k) crucially depends on
the energy difference of [e(k) — e(k + Q)]. If the difference
is large compared to V, the new bands become

. ek +ek+0) N le(k) — e(k + O)|

E.(k) ~ 5 5 +0(V?).

In this limit, the effective Hamiltonian essentially gives the
same bands 8(];) and 8(1; +0) up to corrections of the order
of V2, and no band replication will be observed. In the case
of the atomic ordering (Ra x Ra with R being 3/2 or /3),
the corresponding ordering wave vector O lies between the
I' and M points, and it can be seen from the band structure
that e(k + 0) > s(lz) for all the k points near the I point. As
a result, no band replication will be seen at energy near the
Fermi energy.

On the other hand, if the difference is small compared to
V', the new bands become

e(k) + ek + Q)
2
- € 2
%g(k)i|V|+§j:0(e ),

Ey(k) ~ +|V| £ 0()

where € = 8(/2) - 8(1? + Q) is a small parameter now. In this
limit, since € — 0, E (E) ~ 8(/;) =+ |V|, which results in the
band replication near the I' point at low energy around the
Fermi energy. For the case of the stripe-ordering Eu atom,
Q =(0.5,0,0) = X and it can be seen from the band structure
that 8(E +0)~ 8(12) for all the k points near the I point. As
a result, the band replication can be observed, and the band
splitting is controlled by V [see Figs. 7(b) and 8(b)].

The replication of the band structure due to the stripe
order of the Eu atom is quite general. In principle, since the
stripe order of the Eu atom emerges only near the surface,
a DFT calculation of a semi-infinite system terminated by
the stripe-ordered surface is necessary but unfortunately not
possible. To demonstrate the physics, we make two artificial
structures that resemble the stripe order but still have some
crystal symmetries making DFT calculations feasible. These
two artificial structures could be seen as two limiting cases for
the degrees of the band replication (Figs. 7 and 8).
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The amount of energy shift of the replica band depends on
the magnitude of the chemical potential modulation. The STM
spectra on the ordered/disordered stripe surfaces [Figs. 3(b)
and 3(c)] can be nicely accounted for by this scenario. The
replication of the bands thus explains the additional higher
energy (150-300 meV) set of peaks seen in Figs. 3(b) and
3(c), which do appear as replica of the lower energy (0—
150 meV) peaks. This finding also provides a natural explana-
tion of the mysterious surface state replica band seen in recent
ARPES studies (i.e., see Fig. 3 in Ref. [48]). We also note
that replica bands also form on the atomic surface. However,
due to their different reconstruction wave vector, the bands lie
away from the interesting region near the Fermi energy.

III. CONCLUSION

In conclusion, our data, regardless of the fine details, point
to a topological gap induced by magnetic order and suggest
that an axion insulator state may be possible to realize in
Euln,As;. While Euln,As, in its single-crystalline form dis-
plays finite bulk and surface conductivity and is not truly an
insulator, an insulating state may be realized by doping, strain,
or surface engineering. In fact, epitaxial films on a proper
substrate may solve these issues. The STM data here indicate
that the bulk gap is located just above Eg, with its band
edge crossing the Fermi energy by only a few meV. On the
other hand, the surface states are additionally hole doped and
replicated, induced by the missing Eu atoms. The surface gap
is thus located only ~30 meV above Ep. Therefore, minute
perturbations may be enough to drive epitaxial Euln, As; from
a semimetallic into a true insulating phase and thus realize the
anticipated axion state.
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APPENDIX A: SINGLE-CRYSTAL GROWTH

Single crystals of Euln,As, were grown from In-As flux.
High purity constituent elements (purity: Eu 3N, In 5N, As

5N) were taken in a molar ratio Eu:In:As of 1:12:3. The syn-
thesis was carried out using an ACP-CCS-5 Canfield Crucible
Set (LCP Industrial Ceramics Inc.) sealed in an evacuated
quartz tube. The mixture was heated up to 1000 °C at a rate
of 50 °C/h, maintained at this temperature for 24 h, and then
slowly cooled down to 700°C at a rate of 2°C/h. Subse-
quently, the ampule was removed from the furnace, flipped
over, and centrifuged in order to remove the flux mixture. As a
product of the entire procedure, several shiny plateletlike crys-
tals were obtained with dimensions up to 2 x 2 x 0.1 mm.
They were found stable against air and moisture.

Chemical composition and phase homogeneity of the pre-
pared crystals were determined by energy-dispersive x-ray
(EDX) analysis performed using a FEI scanning electron
microscope equipped with an EDAX Genesis XM4 spectrom-
eter. In order to verify the crystal symmetry of the obtained
single crystals, a small fragment was crumbled from a larger
piece and examined on an Oxford Diffraction Xcalibur four-
circle single-crystal x-ray diffractometer equipped with a
CCD Atlas detector. Crystallinity and crystallographic orien-
tation of the particular crystals used in physical measurements
were determined by means of the Laue x-ray backscattering
technique implemented in a LAUE-COS (Proto) system.

APPENDIX B: DETAILS OF DFT CALCULATIONS

The DFT + U calculations are carried out with full po-
tential linear augmented plane waves plus local orbitals
(FP LAPW + lo) and the Perdew-Burke-Ernzerhof general-
ized gradient approximation (PBE GGA) provided in the
WIEN2K code [53,54]. The Hubbard U terms are treated by
the approach of the self-interaction corrections developed by
Anisimov et al. [55], which is available as a SIC scheme in the
WIEN2K package.

We used the same crystal structure and lattice constants
provided by Xu et al. [43] and a k mesh of 38 x 38 x 7 is
used to sample the Brillouin zone. The value of U is chosen
to be 5.0 eV with J fixed to be J = 0.2U. All the DFT 4+ U
calculations are done with the inclusion of spin-orbit coupling
on every atom.

The tight-binding model employed for the calculation of
band structures and DOS is composed of the s and f orbitals
of the Eu atom, the s and p orbitals of the In atom, and the
s and p orbitals of the As atom. Hopping parameters are de-
termined by fitting the DFT band structure using WANNIER90
[56].
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