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1. Introduction

Exploring novel topological materials and 
related phase transitions has been a cen-
tral research theme in condensed matter 
physics and material science[1–3] stimu-
lated by the potential application of dis-
sipationless, gapless edge states and the 
significance of finding exotic quantum 
phases or quasiparticles. Among them, 
topological materials with nontrivial 
anti-band crossings have attracted much 
attention. For example, the relativistic 
Weyl or Dirac fermions are found to exist 
around the twofold- or fourfold-degener-
ated anti-band crossings near the Fermi 
level (EF),[4–7] resulting in exotic surface 
states and novel quantum responses 
including 3D Hall effect,[8] chiral anomaly 
magnetoresistance,[9] and large second 

Topological crystalline insulators (TCIs) with hourglass fermion surface 
state have attracted a lot of attention and are further enriched by crystalline 
symmetries and magnetic order. Here, the emergence of hourglass fermion 
surface state and exotic phases in the newly discovered, air-stable ErAsS 
single crystals are shown. In the paramagnetic phase, ErAsS is expected to be 
a TCI with hourglass fermion surface state protected by the nonsymmorphic 
symmetry. Dirac-cone-like bands and nearly linear dispersions in large energy 
range are experimentally observed, consistent well with theoretical calcula-
tions. Below TN ≈ 3.27 K, ErAsS enters a collinear antiferromagnetic state, 
which is a trivial insulator breaking the time-reversal symmetry. An interme-
diate incommensurate magnetic state appears in a narrow temperature range 
(3.27–3.65 K), exhibiting an abrupt change in magnetic coupling. The results 
reveal that ErAsS is an experimentally available TCI candidate and provide a 
unique platform to understand the formation of hourglass fermion surface 
state and explore magnetic-tuned topological phase transitions.
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harmonic generation effect.[10,11] Hourglass fermion surface 
state locating at the vertex in the neck of an hourglass-like dis-
persion, enables exploration of remarkable topological phases, 
such as the hourglass Weyl point,[12] movement along high 
symmetry lines,[13] and hourglass nodal chains[14] or net.[15] By 
introducing nonsymmorphic symmetry-preserved inter-layer 
couplings, hourglass fermion surface state in topological crys-
talline insulators (TCIs) can be obtained.[16–19] For example, 
hourglass-like dispersion was predicted to exist in nonsym-
morphic TCIs KHgX (X = As, Sb, and Bi),[20] and some experi-
mental evidence of hourglass fermion surface state has been 
observed in KHgSb.[21] Layered compounds M3SiTe6 (M = Nb, 
Ta) were predicted to have a fourfold-degenerated hourglass 
Dirac loop formed by a collection of hourglass band-crossing 
points that are protected by inter-layer nonsymmorphic sym-
metry.[22,23] Besides, 3D bulk systems like perovskite iridates[24] 
and some oxides[12,14,15] with nonsymmorphic symmetry were 
also discussed to have possible hourglass dispersion. How-
ever, hourglass fermion surface states are rarely verified for the 
drawbacks including air-sensitivity, miscellaneous band disper-
sions cross EF, and challenging of cleavage in the candidates 
mentioned above. Thus, it is highly desired to discover suitable 
candidate materials with hourglass fermion surface states to 
explore their intriguing properties and new topological phases.

In the view of layer construction (LC)[18,19] scheme, the 3D 
bulk systems with hourglass fermion surface state can be con-
stituted by the glide symmetry related 2D topological insulators 
(TI). In realistic materials, some special atomic planes would 
have nontrivial band inversion, which can be looked as the 
effective 2D TI planes. In contrast to the accidental band inver-
sion in Dirac semimetals including Cd3As2 and Na3Bi caused by 
low-lying 6s (or 5s) atomic orbitals,[6,7] the delocalized π bonds 
originated from the p orbitals in the square net are respon-
sible for the large band inversion energy, and in turn cause the 
essential band inversion and clean Fermi surface with a large 
linear energy range near EF.[25,26] Because of the essential band 
inversion and large linear band dispersion, square-net sublat-
tice formed by single element could be suitable to construct 
candidate materials having hourglass fermion surface states, 
which both guarantee the existence of 2D TI and convenience 
for experimental observation.[25,26] Not only exotic properties 
like 2D spin–orbital Dirac points,[27,28] extremely large magne-
toresistance,[29] and electron–hole tunneling[30] are predicted 
and observed in square-net-contained materials,[31] but also 
hourglass fermion surface state can be realized by stacking 
these 2D TIs with nonsymmorphic symmetry.[16] With proper 
in-plane lattice distortion, the hourglass fermion surface state 
has been theoretically demonstrated to exist in orthorhombic 
LaSbTe with zig-zag Sb-atom layers stacking along the a axis 
with nonsymmorphic symmetry.[32] However, orthorhombic 
LaSbTe has not become experimentally available so far, rather 
tetragonal LaSbTe and La-substituted RESbTe (RE = rare earth) 
have been reported in literatures.[33–38]

Here, we report the discovery of air-stable orthorhombic 
ErAsS, aiming at investigating the possible hourglass fer-
mion surface state and the interplay between magnetism 
and topology.[39–44] The prepared ErAsS crystallizes in a space 
group Pnma (No. 62), exhibiting in-plane distorted zig-zag-
arranged As-atom layers. Neighboring zig-zag-arranged 

As-atom layers stagger along the a axis with nonsymmorphic 
symmetry, and Er atoms form a 3D spin-frustrated system 
due to the distortion. A collinear antiferromagnetic (AFM) 
state was detected below Néel temperature (TN  ≈ 3.27 K) by 
the single-crystal neutron diffraction, accompanied with an 
intermediate incommensurate magnetic state with TICM  ≈ 
3.65 K. The electronic structure for paramagnetic (PM) ErAsS 
shows a clean Fermi surface and a wide energy range linear 
bands with Dirac-like anti-band crossings near EF determined 
by angle-resolved photoemission spectroscopy (ARPES) and 
scanning  tunneling microscopy/spectroscopy (STM/STS). 
An hourglass fermion surface state and 1D hinge states are 
predicted to exist in PM ErAsS, protected by the nonsym-
morphic symmetry connecting two As-atom layers, whereas 
the collinear AFM state having four As-atom layers is a trivial 
insulator for breaking both nonsymmorphic symmetry and 
time-reversal symmetry (TRS). These results show a new 
and experimentally available TCI candidate with hourglass 
fermion surface state and exotic phases, tuned by magnetic 
structure from the PM state to the AFM ground state through 
an intermediate incommensurate magnetic state, demon-
strating the potential of deeply investigating the hourglass 
fermion surface state and the interplay between magnetism 
and topology in ErAsS.

2. Results and Discussion

2.1. Crystal Structure

ErAsS crystallizes in an orthorhombic space group Pnma (No. 
62) with a  = 16.7493(12) Å, b  = 3.7782 (2) Å, c  = 3.8087(2) Å 
(Table S1, Supporting Information). As shown in Figure 1a, the 
crystal structure is composed of the alternating stacking of ErS 
bilayer and As-atom single layer along the a axis. Different from 
the perfect square-net Si plane in ZrSiS,[26] the As atoms are zig-
zag arranged in the As-atom plane of ErAsS, between which the 
nearest-neighbor distance l1 = 2.529(3) Å and the next-nearest-
neighbor distance l2  = 2.842(3) Å. The distortion in As-atom 
plane can be evaluated by δAs = 2(l1 − l2)/(l1 + l2) = 11.66%, larger 
than that in Sb-atom plane (9.71%) of supposed orthorhombic 
LaSbTe.[32] Two neighboring zig-zag-arranged As-atom layers 
stagger along the a axis by orientating 180° each other with 
nonsymmorphic symmetry, including the a-glide mirror plane 
perpendicular to the c axis and the twofold screw axis along the 
a axis and sliding a/2 (Figure 1a).

Due to the distortion, Er atoms form a rectangular-net plane 
with the nearest distance (d1 = 3.7798(4) Å) and the next-nearest 
distance (d2 = 3.8027(4) Å) between intra-layer Er atoms, in which 
the distortion can be evaluated by δEr  = 2(d1  − d2)/(d1  + d2) =  
0.60%, close to the distortion (δLa  = 0.57%) of La-atom plane 
in supposed orthorhombic LaSbTe.[32] Considering the intrinsic 
moment of Er and the third-nearest distance (d3 = 4.4058(14) Å) 
between Er atoms (the nearest distance between inter-layer Er 
atoms) (Figure 1c), Er atoms form a 3D spin-frustrated system 
due to the distortion, which would host various magnetic states 
in contrast to supposed orthorhombic LaSbTe.[32]

Consequently, both Er and As atoms are not located at the 
high-symmetry positions, causing the space group to transform 
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from tetragonal P4/nmm (No. 129) with C4 in-plane symmetry 
into orthorhombic Pnma (No. 62) with C2 in-plane symmetry. 
Thus, orthorhombic ErAsS owns three screw axes, two glide 
planes perpendicular to the a and c axes, and one mirror plane 
perpendicular to the b axis.

The crystal structure is further confirmed by the high-angle 
annular-dark-field (HAADF) (Figure  1d,e) using scanning 
transmission electron microscopy (STEM). Note that As atoms 
have equal spacing along the b axis but different spacing along 
the c axis, consistent with the zig-zag-arranged As-atom layer 
(Figure 1b), therefore excluding the possibility of the previously 
reported monoclinic ErAsS where As atoms would show dif-
ferent spacing along both the b and c axes.[45] The inequality 
of As atom arrangement between the b and c axes shows a C2 
in-plane symmetry. Meanwhile, the existence of (h0l) (h = odd 
integer) peaks in the fast Fourier transform (FFT) selected area 
electron diffraction (SEAD) pattern along the b axis (Figure 1f), 
also confirms the orthorhombic crystal structure (see Figure S1 
and Tables S1 and S2, Supporting Information, for more details 
of crystal structure determination).

2.2. Magnetic Structures

Figure  2 shows the temperature-dependent magnetic states 
of ErAsS determined by the single-crystal neutron diffraction 
in the (H0L) scattering plane. As shown in Figure 2a, a series 
of magnetic reflections at (H+1/2, 0, L+1/2) with wavevector 
q  = 1/2(a* + c*) (a* and c* are the reciprocal lattice vectors) 
can be clearly observed at 2.22 K compared with the PM phase 
(Figure  2c). Through the symmetry analysis according to the 
magnetic wavevector and space group Pnma, ErAsS forms 
a collinear AFM state with an ordering moment of 8.8 μB/Er 
parallel to the b axis (See Figure S2, Supporting Information, 
for refinement details). The magnetic unit cell is doubled along 
both the a and c axes (Figure  2d), which can be attributed to 
the distortion-induced magnetocrystalline anisotropy energy.[46] 
Consequently, only the mirror plane perpendicular to the b axis 
and the screw axis along the b axis remains in collinear AFM 
ErAsS. The TRS T  followed by a translation along the c axis 

forms a new anti-unitary symmetry operation S T 00
1
2{ }= ; 

thus the magnetic space group is Pa21/m.
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Figure 1.  Crystal structure of ErAsS. a) Schematic crystal structure of ErAsS at room temperature and inter-layer nonsymmorphic symmetry.  
b) Atomic arrangement of single As-atom layer viewed along the a axis and the corresponding atomic arrangement of As atoms on the b and c axes. 
c) Arrangement and distance of neighboring Er atoms. The HAADF images collected along the d) b and e) c axes, where the blue, red, and yellow 
balls represent Er, As, and S atoms, respectively. The lower insets are the corresponding intensity and position of As atoms along the green lines. 
The FFT SEAD patterns of ErAsS along the f) [010] and g) [001] axes. The red arrows indicate the (h0l) (h = odd integer) peaks and the inset shows 
the thin lamella of ErAsS.
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At 3.5 K, new series of magnetic peaks around (H, 0, L+1/2) 
are presented in the contour plots of diffraction pattern in the 
(H0L) reciprocal plane as shown in Figure  2b. The positions 
and intensities of these magnetic peaks seem to be modu-
lated differently along different directions. Along (00L), the 
split peaks at (H, 0, L+1/2(1 ± δ)) are evident by subtracting 
the background of 10 K (Figure S3, Supporting Information), 
indicating an incommensurate magnetic state with modulation 
wavevectors q = 1/2(1 ± δ)c*, where δ = 0.06 represents a small 
deviation from the integer ratio. This results in a characteristic 
incommensurate magnetic wavevector q = (0, 0, 0.47). Along 
(H00), there exists a wavelike modulation in the incommensu-
rate magnetic peak intensity with additional diffuse scattering. 
A similar feature has been observed in RE2BaNiO5 (RE = Er and 
Tm),[47] and is interpreted as sinusoidal structures with ampli-
tude-modulated moments.[48] The positions of diffuse scattering 
can be fitted with a sine/cosine function and possibly give a 
wavelike modulated magnetic moment Mcos(2πKr) along the a 
axis, where K is the propagation vector[49] but cannot be easily 
determined in this case.

Figure  2e,f shows the temperature-dependent intensity of 
corresponding magnetic peaks. The intensity of the incommen-
surate magnetic peak at (3.0, 0, 0.47) sharply increases around 
3.6 K and then decreases at 3.0 K, whereas the collinear AFM 
magnetic peak at (3.5, 0, 0.5) emerges below 3.0 K with five 
times larger saturated intensity. Such difference of intensity 

can be understood within the average effect on the moment 
amplitude of Er by the wavelike modulation. These two mag-
netic phases were also identified from the magnetic suscep-
tibility and specific heat capacity measurements (Figure S4,  
Supporting Information). Therefore, an evolution from the 
high-temperature PM phase to the collinear AFM state with 
q  = 1/2(a* + c*) through an intermediate wavelike modulated 
incommensurate magnetic state with q = 1/2(1 ± 0.06)c* is real-
ized in ErAsS (Figure  2g). The magnetic structure evolution 
with an intermediate magnetic state indicates ErAsS is a highly 
fluctuated system, which is consistent with the geometry of 
this 3D spin-frustrated system. Specifically, the abrupt change 
of c* component (from 0 to ½) in the propagation wave vector 
implies the variation of correlation from ferromagnetic to AFM. 
Substituting Er by rare-earth atoms with different anisotropy 
character could provide promising opportunities for magnetic-
tuned phase transitions and new topological phases.

2.3. Electronic Structures of PM ErAsS

The electronic structure for PM ErAsS is studied by first-princi-
ples calculations, ARPES, and STS. The calculated band struc-
ture has essential anti-band crossings around Z and U points 
(Figure  3a,b). Without spin-orbit coupling (SOC), the band 
crossings form two Dirac nodal lines, which are fully gapped 
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Figure 2.  Magnetic structures determined from neutron diffraction. The contour plots of diffraction patterns in the (H0L) reciprocal plane at a) 2.22 K, 
b) 3.5 K, and c) 10 K. d) The collinear AFM ordering in a ErS bilayer viewed along the a axis and in a magnetic unit cell along the b axis. The blue and 
red rectangular nets indicate the upper and lower layer of Er atoms in a ErS bilayer, respectively. The black dotted rectangular denotes the unit cell of PM 
ErAsS. The temperature-dependent intensity of magnetic peaks at e) (3.0, 0, 0.47) and f) (3.5, 0, 0.5). g) The magnetic phase diagram. The red triangular 
represents the temperature-dependent CM/T, where CM is the specific heat contribution of magnetism by subtracting the contribution of crystal lattice.



© 2022 Wiley-VCH GmbH2110664  (5 of 9)

www.advmat.dewww.advancedsciencenews.com

under SOC. As shown in Figure  3c, the gap is 115 meV at Z 
point and 101 meV at U point (Figure S5, Supporting Informa-
tion). Figure  3e shows the experimentally determined linear 
band dispersions near EF along Z–Γ, which is normal to the 
(100) surface. The corresponding calculated bands are plotted 
as solid blue curves on top of the experimental data along 
Z–Γ–Z path. Figure 3f shows the intensity map at EF measured 
on the (100) surface with tiny hole pocket observed around Z 
points, indicating a clean Fermi surface without any miscel-
laneous band dispersions. In Figure  3g, the constant energy 
contour of X–Γ–Z plane at E = −0.6 eV measured with varying 
photon energy (hv) is presented, unveiling the quasi-2D charac-
teristic of ErAsS. These results indicate that the experimentally 
determined electronic bands are consistent with the calcula-
tions especially near EF (Figure S9, Supporting Information, 
for more details of the electronic bands). Near EF, a V-shaped 
dI/dV is revealed by STS (Figure S10, Supporting Information), 
which is commonly seen in Dirac materials.[50–52] Meanwhile, a 

narrow gap is observed with EF located near the top of the band 
gap.

2.4. Discussion of Topological Properties

Symmetry indicators can be properly defined at fully gapped 
Dirac point for PM ErAsS with SOC. Due to the presence of 
inversion symmetry, the Z4 indicator can be obtained by using 
the number of Kramer pairs with odd −( )nK  and even +( )nK  parity 
on eight time-reversal invariant momentum (TRIM) points.[17,53]

= ∑ −
∈

− +

2
44Z

n n
modK TRIM

K K � (1)

Space group Pnma has three weak Z2 indicators and one Z4 
indicator of inversion, which can be easily calculated as (0002). 
This nontrivial indicator reveals that ErAsS is a TCI. There are 
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Figure 3.  Comparison of calculated and measured electronic structure for PM ErAsS. a) Fat-band plot of the electronic band structure. Zoomed band 
structure around high-symmetry point Z b) without or c) with SOC. d) Brillouin zone (BZ) and projected surface BZ for (010) plane. e) ARPES inten-
sity map along Z–Γ–Z. The solid blue curves are the calculated results. f) ARPES intensity map at EF showing the Fermi surface in Z–Γ–Y plane. Red 
dashed lines denote the bulk BZ boundary. g) ARPES intensity map at E = −0.6 eV of X–Γ–Z plane measured with varying hv from 70 to 200 eV. The 
inner potential is set to be 10 eV. The ARPES data in (e) and (f) are collected with hv = 128 eV.
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six kinds of topological invariants that can be defined in Pnma 
except weak topological invariants and an inversion invariant. 
Usually, they cannot be determined directly from symmetry-
based indicators.

To get the knowledge of these topological invariants, we cal-
culated the 2D surface states, which are determined by the first 
three topological invariants in Table S3, Supporting Informa-
tion. The only nontrivial result appearing on the (010) surface 
is an hourglass fermion surface state along XΓ −  (Figure 4a), 
with corresponding nonzero glide invariant 1

2
0

1
2

001g  (Table S3, 

Supporting Information). To confirm the nontrivial surface 
band connection, the Wilson loop[54] was calculated along 
the high-symmetry lines on the surface BZ (Figure  4b and 
Figure S6, Supporting Information). By choosing a reference 
line which only crosses the Wilson loop spectrum along X M −  
and Y − Γ  (Figure 4b), the Wilson loop spectrum along X M −  
is found to be twofold degenerated with Z4  = 2,[55–57] corre-
sponding to a nontrivial glide invariant (see detailed discus-
sion in Supporting Information 4.2.). The bulk-boundary corre-
spondence[58] reveals that the energy spectrum of Hamiltonian 
in the presence of a boundary is isomorphic to the spectrum 
of Wilson loop integrated along the direction perpendicular to 
the boundary. As the global gap is not obtained, the hourglass 
fermion surface state is confirmed in PM ErAsS. The mirror 
Chern number of ErAsS is calculated to be zero with trivial 
evolution of Wilson loop spectra for the subspace with mirror 
eigenvalue. Furthermore, 1D hinge states were predicted to be 
protected by 21-screw axes along the a and b axes with nonzero 
invariants 1

2
1
2

1
2

100c  and 
0

1
2

0

010c  (Table S3, Supporting Information). 

As ErAsS is much more air stable than KHgX (X  = As, Sb, 
and Bi)[20,21] and the Fermi surface is rather clean with a mod-
erate gap (≈100 meV), PM ErAsS could be a good candidate to 
experimentally observe the hourglass fermion surface state and 
explore high-order topological phases.[54,59] In the preliminary 

experiment, a tiny hole pocket was observed, which inspired us 
to experimentally explore the hourglass fermion surface state in 
the near future through lifting the Fermi level by modifying the 
surface chemical potential or atomic termination.

The LC scheme is a theoretical method to classify TCIs by 
decomposing them into lower-dimensional blocks of topological 
states.[18,19] Considering the quasi-2D nature (Figure 3g) and the 
prominent contribution of As 4p orbitals to the anti-band cross-
ings (Figure 3a) near EF, we tried to understand the topological 
properties of ErAsS using LC scheme and found ErAsS being 
one of the experimental realization of LC scheme that maps the 
atomic layers in real space to the band topology in momentum 
space.[32] According to our calculation, the topological electronic 
structure of ErAsS can be fully described by one elementary 
LC, which is composed of two topological layers (100; 0) and 

100;
1
2





  in one unit cell (Table S4, Supporting Information). 

Thus, the two topological layers (100; 0) and 100;
1
2





  coincide 

with the As-atom layers of ErAsS as illustrated in Figure  1a, 
showing the importance of As-atom layers in the formation of 
topological electronic bands. The distortion of As net induces 
the a-glide mirror plane perpendicular to the c axis, leading to 
the hourglass fermion surface state on the (010) surface, which 
is composed of glide-related Dirac cones induced by two topo-
logical layers. Therefore, the hourglass fermion surface state 
protected by the nonsymmorphic symmetry can be realized in a 
TCI candidate PM ErAsS (Figure 4c).

In the collinear AFM state, the energy level of 4f orbitals of Er 
locates about 0.5 eV above EF, and the inversion symmetry I  is 
not affected. A global gap along the high-symmetry lines can be 
clearly observed (Figure S7, Supporting Information). With all 
states doubly degenerated in BZ, Weyl nodes would not appear 
in this phase. The prominent anti-band crossing band struc-
tures can still be observed but now it is located around Γ due 
to the change of unit cell and the resulted band folding effect. 

Adv. Mater. 2022, 34, 2110664

Figure 4.  Hourglass fermion surface state and magnetic-tuned exotic phases within LC scheme. a) Surface band structure of (010) plane with hourglass 
fermion surface state appearing on XΓ − . b) Spectrum of Wilson loop along high-symmetry lines. The loop is defined as a reciprocal lattice vector 
along [010]. The blue dashed line is chosen as the reference line. c) Schematic of exotic phases within LC scheme. 3D TCI with hourglass fermion 
surface state can be obtained by stacking 2D TIs of distortion-induced zig-zag As-atom plane with nonsymmorphic symmetry. By breaking TRS, 2D 
TI could be a trivial insulator or a Chern insulator. Multi-layered trivial insulator is still a trivial insulator, whereas multi-layered Chern insulator could 
be a magnetic TCI.
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The symmetry indicator of this state and the mirror Chern 
number are calculated to be zero according to the magnetic 
topological quantum chemistry (MTQC) theory[31,58,60–62] and 
the Wilson loop spectrum[54,56] (Table S5 and Figure S8, Sup-
porting Information), respectively. Thus, the hourglass fermion 
surface state is gapped. From the LC perspective, this can be 
understood by the fact that the 2D As-atom plane would trans-
late to a trivial insulator under the magnetic structure provided 
by Er atoms (Figure 4c). For the same reason, the intermediate 
incommensurate magnetic states are also predicted to be trivial. 
Thus, there might exist a topological phase transition from the 
PM TCI with hourglass fermion surface state to an AFM trivial 
insulator, through an intermediate trivial state with breaking 
TRS, similar to the proposed topological phase transition driven 
by varying magnetic ordering in EuIn2As2.[63,64]

Considering the wavelike modulation which would give 
rise to a possible sinusoidal structure of Er moments and the 
highly fluctuating nature of ErAsS, various magnetic structures 
including ferromagnetism along the a axis could be realized 
by changing the rare-earth atoms or applying external mag-
netic field. Once the effective exchange field splitting on the As 
p-bands is competitive against the strength of band inversion, 
the As-atom layer can be tuned from 2D TI to a Chern insu-
lator or a quantum anomalous Hall insulator.[65] In this case, 
the system might become a magnetic TCI with two elementary 
layers decorated by Chern insulators within the LC scheme 
(Figure  4c),[60] which provides an excellent opportunity for 
manipulating topological features through tuning the magnetic 
structures.

3. Conclusion

In conclusion, the crystal structure, magnetic structure, and top-
ological properties of a TCI candidate ErAsS are studied. ErAsS 
crystalizes in an orthorhombic Pnma structure with distortion 
in the As-atom layer. The distortion results in a zig-zag-arranged 
As-atom layer and doubles the topological As-atom layer with 
nonsymmorphic symmetry. An evolution from PM to collinear 
AFM ground state through an intermediate incommensurate 
magnetic order is revealed. First-principles calculations, ARPES, 
and STS indicate a clean Fermi surface and linear bands with 
Dirac-like anti-band crossings near EF in the PM phase. Fur-
ther calculations show that PM ErAsS is a TCI candidate with 
hourglass fermion surface state protected by the crystalline sym-
metry. The incorporation of Er local moment breaks the time-
reversal and glide symmetries, leading to a transition from a 
TCI in PM phase to a trivial insulator with collinear AFM state. 
Although the intermediate incommensurate magnetic state 
is a trivial insulator given the observed magnetic modulation, 
the magnetic fluctuation associated with the abrupt change 
in wavevectors suggests various magnetic structures, among 
which ferromagnetic order can be achieved and plausibly give 
rise to a magnetic TCI within LC scheme. ErAsS is to be one of 
the experimental realization of LC scheme that maps the atomic 
layers in real space to the band topology in momentum space. 
These results show ErAsS and related compounds could be a 
promising platform to unveil the physics of TCIs and investi-
gate the interplay between magnetism and topology.

4. Experimental Section
Single Crystal Growth and Characterization: Single crystals of ErAsS 

were grown by the chemical vapor transport method. The as-received 
Er ingot (Alfa, 99.9%) was cut into small pieces, then mixed with As 
pieces (Alfa, 99.9999+%), S powder (Alfa, 99.9995%) in a mole ratio 
of 1:1:1, together with a small amount (≈100 mg) of I2 (Alfa, 99.99+%) 
as the transport agent. These ingredients (≈2 g in total) were sealed in 
an evacuated silica tube (10  cm length; 1  cm inside diameter), heated 
to 1373/1223 K in a two-zone tube furnace over 10 h and held there for 
10 days. Shiny, bright, and air-stable single crystals with plate shape as 
large as 2 mm × 2 mm × 0.1 mm were obtained at the low-temperature 
end. Single-crystal X-ray diffraction (SCXRD) was performed on a 
XtaLAB AFC12 (RCD3): Kappa single four-circle diffractometer at 
297 K with multilayer mirror graphite-monochromatized Mo Kα radiation  
(λ = 0.71073 Å) operated at 50 kV and 40 mA. The HAADF images were 
collected on an ARM-200F (JEOL) high-resolution STEM operated at 
200 kV with a CEOS Cs corrector (CEOS GmbH) to cope with the probe 
forming objective spherical aberration. The magnetic susceptibility and 
heat capacity measurements were carried out using a physical property 
measurement system (PPMS-9T, Quantum Design).

Magnetic Structure Characterization: Diffuse neutron scattering 
measurements were performed on the elastic diffuse scattering 
spectrometer, CORRELI, at the Spallation Neutron Source, Oak Ridge 
National Laboratory.[66] A white neutron beam with incident neutron 
energy from 10 to 200 meV was used. A large single crystal about 
22.3  mg was cooled down with closed-cycle refrigerator and the data 
were collected at 2.22, 3.5, and 10 K. The single crystal was oriented 
with the [100] and [001] axes in the horizontal plane, and the diffraction 
pattern were measured in the (H0L) scattering plane by rotating the 
sample.

First-Principles Calculations: The first-principles calculations were 
performed by using the Vienna ab initio simulation Package (VASP)[67–69] 
and the generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) type exchange-correlation potential.[70,71] The 
cutoff energy of the plane-wave basis was 500  eV and the energy 
convergence standard was set to 10−7  eV. The 5 × 11 × 11 Γ centered 
K-point meshes were employed for the BZ sampling of the unit cell. The 
experimental crystal data were adopted to perform static calculations 
on ErAsS, taking into account both the PM and the collinear AFM 
configurations with or without SOC. Different pseudopotentials for Er 
with or without 4f electrons were adopted to simulate the PM phase 
and AFM phase, because the magnetism mainly comes from the 4f 
electrons. The on-site Coulomb interaction U = 6.0  eV[72] was adopted 
to produce the location of 4f electrons. The maximally localized Wannier 
functions[73] for 5d and 4f orbitals of Er, 4p orbitals of As, and 3p orbitals 
of S generated by Wannier90 Package[74] can well reproduce the first-
principles electronic band structures. The tight binding (TB) model 
under Wannier basis and iterative Green’s function method[75] were used 
to calculate the surface states. The hinge states of ErAsS were calculated 
by nanowire Hamiltonian constructed by the bulk TB model.

Electronic Structure Measurement: Synchrotron ARPES measurements 
on ErAsS were performed at the beamline 7.0.2, ALS, USA with a 
Scienta R4000 analyzer, and the “Dreamline” beamline at the Shanghai 
Synchrotron Radiation Facility (SSRF) with a Scienta DA30 analyzer. ErAsS 
single crystals were cleaved in situ along the (100) plane and measured 
at 30 K in a working vacuum better than 5 × 10−11  Torr. The STM/STS 
experiments were performed in a homebuilt low-temperature STM.

[CCDC 2128765 contains the supplementary crystallographic data 
for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.]
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