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In this work, we present a model of the surface states of nonsymmorphic semimetals. These are derived from
surface mass terms that lift the high degeneracy imposed on the band structure by the nonsymmorphic bulk
symmetries. Reflecting the reduced symmetry at the surface, the bulk bands are strongly modified. This leads to
the creation of two-dimensional floating or unpinned bands, which are distinct from Shockley states, quantum
well states, or topologically protected surface states. We focus on the layered semimetal ZrSiS to clarify the
origin of its surface states. We demonstrate an excellent agreement between density functional theory
calculations and angle-resolved photoemission spectroscopy measurements and present an effective four-band
model in which similar surface bands appear. Finally, we emphasize the role of the surface chemical potential
by comparing the surface density of states in samples with and without potassium coating. Our findings can
be extended to related compounds and generalized to other crystals with nonsymmorphic symmetries.
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I. INTRODUCTION

Surface states have gained significant interest as they
reflect both surface details and bulk properties. In view of
the current search for nontrivial topology in band insulators
[1-6] and semimetals [7—14], it has become crucial to
characterize different types of surface states which may
emerge in these systems. Specifically, it is important to
distinguish surface states which reflect surface chemistry,
such as dangling bond states [15] or quantum well states
[16], from surface states that arise from bulk band topology.
Shockley and Tamm states are the most common examples
of surface states [17], arising as an additional solution of
the Hamiltonian at the interface within a projected band
gap. The additional requirement of a band inversion implies
a nontrivial band topology even in the absence of spin-orbit
coupling (SOC). A strong topological index is expected

*a.topp@fkf.mpg.de
"raquel.queiroz@weizmann.ac.il

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2160-3308/17/7(4)/041073(9)

041073-1

Subject Areas: Condensed Matter Physics

when a full gap is opened by SOC [18]. Band inversions
justify the persistence of surface states in noble metals even
in the presence of absorbents such as alkali metals [19-22].
However, these states are generally not robust against
backscattering, since there is no symmetry which protects
the energy separation between surface and bulk states. This
is in clear contrast with topological surface states of band
insulators such as Bi,Se; [4]. On the other hand, topologi-
cally trivial surface states can arise in quantum wells (thin
films) [16], due to band bending in semiconductors [23], or
simply from dangling bonds from unbound electrons in
semiconductors or insulators [15]. Unlike nontrivial states,
trivial states are easily affected, even eliminated, by surface
modifications [15,24]. Finally, submonoloayer modifica-
tions, such as surface alloying, can lead to a new and
(mostly) independent two-dimensional electronic structure
resulting in states at the surface as well [25].

Recently, much attention has been drawn to a number
of nonsymmorphic materials exhibiting extended linear
band dispersions and complex Dirac line nodes, along with
extremely large magnetoresistance [26-33]. The most
prominent representative is the ternary compound ZrSiS,
which has been shown to exhibit an unusual surface
electronic structure, which coexists with bulk bands near
the Fermi level [26]. Despite various proposals based on
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ZrSiS and ZrSnTe [34,35], a quantitative account of the
origin and topological character of recurring surface states
in this class of compounds still remains unresolved.

In this work, we propose that the surface states of ZrSiS
are not derived from the nonsymmorphic bulk band top-
ology, such as hourglass [36] and Dirac [37] surface states,
nor are they due to a structural surface modification, but
instead are the result of a reduced symmetry at the surface.

As for most nonsymmorphic space groups, the bulk
electronic structure of the tetragonal space group P4/nmm
(no. 129) is characterized by high band degeneracies (up
to fourfold in this case) at certain high symmetry momenta.
At the surface, translation symmetry along one direction is
broken, and consequently the symmetry is reduced. In the
present layered structure, the natural cleavage plane (001)
has its symmetry reduced to the symmorphic wallpaper
group P4mm (no. 99). Consequently, the high band
degeneracies are no longer protected and can be lifted,
which can be seen schematically in Fig. 1.

In this regard, the surface states of ZrSiS and related
compounds can be seen as “floating” or unpinned two-
dimensional surface bands floating on top of the three-
dimensional bulk bands, without the need of surface
reconstruction. The energy gap separating surface and bulk
bands originates from the unpinning of bands along the XM
line, as the symmetry enforced degeneracies are locally
lifted, but remain pinned in the bulk. Such a symmetry-
derived surface electronic structure does not fit any of the
aforementioned surface state models, and is not particular
to this space group. Without SOC, the spin degeneracy is
still preserved in the resulting surface states, so surface
floating bands are prone to appear in materials with higher
degeneracies (e.g., nonsymmorphic semimetals), which
feel a reduced symmetry at the surface.

This article is organized as follows. We present the
methods in Sec. II. In Sec. III, we present angle-resolved
photoemission spectroscopy (ARPES) data at various pho-
ton energies and slab density functional theory (DFT)
calculations. In Sec. IV, we show a minimal tight-binding

Surface preserving the symmetry Surface breaking the symmetry

floating 2D band

M

FIG. 1. Schematic of the surface states possible in nonsym-
morphic materials, as occurrent in ZrSiS. The symmetry enforce-
ment of the band degeneracy at X is relaxed at the surface,
creating a sizable energy separation between the surface band
(red line) and bulk bands (black lines). With minimal coupling
between them, the two-dimensional surface band can be seen as
“floating” in an energy region not accessible to bulk states.

model that qualitatively describes the origin of the floating
two-dimensional surface bands. Finally, in Sec. V, we study
the sensitivity of the surface bands to surface details by
presenting ARPES and DFT calculations of ZrSiS with a
monolayer of potassium evaporated on the surface. Our
findings are put into perspective of work done on isostruc-
tural compounds in Sec. VI.

II. METHODS

For the ARPES measurements, crystals were cleaved
in situ and measured in ultrahigh vacuum (low 10~'° mbar
range). Low-energy ARPES spectra were recorded with the
12-ARPES experiment installed at the UE112-PGM2a
beam line at BESSY-II. The measurement temperature
was 40 K. Soft x-ray ARPES measurements (between
hyv = 248 and 1000 eV) were performed at room temper-
ature and 77 K at the 29ID-IEX beam line (Advanced
Photon Source, Argonne National Laboratory) using a
hemispherical Scienta R4000 electron analyzer with a pass
energy of 200 eV (energy and angular resolution are
220 meV and 0.1°, respectively).

For the periodic DFT calculations we employed the
Vienna ab initio simulation package (VASP) [38] in the
framework of the projector augmented wave method. For
Zr the 4s, 4p, 5s, and 4d were treated as valence states,
whereas for S and Si the 3s, 3p states were treated as
valence states. For K coating, we employed a projector
augmented wave potential that treats the 3s, 3p, and 4s
as valence states. The kinetic energy cutoff for the plane
wave basis was set to 500 eV. Unless stated otherwise, we
employed the Perdew-Burke-Ernzerhof exchange correla-
tion energy functional. The Brillouin zone (BZ) integra-
tions were carried out using a4 x 4 x 1 I'-centered k mesh.
The surface model has a slab thickness of 7 unit cells, while
the original publication on ZrSiS used a thickness of 5 unit
cells [26]. The calculations show no essential difference in
comparison. The atomic positions have been kept fixed to
the experimental bulk positions. For the adsorption of the K
atoms, we have kept the atomic positions of the atoms
in the surface fixed, allowing only the K atoms to relax. A
coverage of one K atom per surface unit was used and
applied to both sides of the slab.

ITI. SURFACE STATE: ARPES AND DFT

In this section, we present ARPES measurements of the
surface state of ZrSiS and show its appearance in a slab
DFT calculation. We show a remarkably good correspon-
dence between the two, and present a study of the orbital
character of the surface state.

Figure 2(a) shows the experimental band structure
of ZrSiS measured at a photon energy of 26 eV. The
dispersion is shown along the I' X M line [the path through
the surface BZ is shown in red in Fig. 3(a), while the whole
BZ can be seen in Fig. 4(a)]. At the X point, the linearly
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FIG. 2. Visualization of the surface states in ZrSiS. Panels (a)
and (b) show dispersion plots along ' X M. The path through the
Fermi surface is shown in red in Fig. 3. (a) ARPES data of a bare
surface, presenting the surface states (SS and SS’) as high intensity
features crossing the bulk bands (BS). (b) DFT slab calculations
where the surface state character is indicated by the size of the red
circles. (c) Crystal structure of ZrSiS. The unit cell is shown in
black. The cleavage plane (CP) is indicated by a black arrow.
(d) Isosurfaces of the charge density of the surface state at different
k points. The arrows indicate the corresponding independent
particle states in the band structure. Only the topmost layer of
the supercell is shown because the charge density vanishes in the
bulk. At the X point the surface state is mostly composed of Zr d 2
and S p states. We find that the dispersion of the surface state
towards I and M is linked to a change in Zr d2, d,., and d,,
character. Panels (e) and (f) show dispersion plots along I"' X M for
a potassium covered surface. Again, the red circles show the states
arising from the surface termination in the calculations. The green
squares in (f) show states that originate from an ordered array of
potassium atoms on both sides of the slab. In (f), the relaxed z
distance between K and the surface is 2.74 A. The potassium mixes
the orbital character of the surface bands, resulting in a gapping
of the surface related bands (SS1 and SS2) in (e), which is
reproduced, but overestimated, in the DFT calculations. For easier
visibility, the red dashed line in (e) shows the band connectivity.

dispersing bulk bands are degenerate at E; ~ —0.5 eV due
to the nonsymmorphic symmetry, and continue to lower
initial state energies along the X M direction. This bulk
band (BS) is intersected by a very intense surface band (SS)
just above the nonsymmorphically degenerate point. A
second very intense surface band (SS’) is observed at lower

initial state energy (E; =~ —1.7 eV). In the following, we
focus the discussion on the surface band closer to the Fermi
level, labeled SS, although the same arguments hold for the
lower surface band. Comparing the experimental results
with theoretical calculations in Fig. 2(b), we find good
agreement with the dispersion of both surface bands. The
surface bands with strong Zr character are highlighted by
red circles (larger radius indicates stronger Zr character).

To underline the surface character of the states described
above, Fig. 2(d) shows the calculated charge density iso-
surfaces of the surface state. The isosurface is shown in real
space in the first half unit cell below the cleavage plane
[indicated by an arrow in Fig. 2(c)]. The extended blue area
stems from the inner side of the isosurface, where it cuts the
pictured cell. The figure shows that the corresponding
independent particle state localizes at the surface and exhibits
mostly Zrd > and S p character at the X point. The dispersion

towards I"and M is linked to a change inits Zrd 2, d,,, and d,,,
character. The band character is determined using VASP by
calculating the absolute value of the overlap between the
respective state and spherical harmonics that are nonzero
inside a radius around the considered atomic center [39]. This
allows us to measure and plot the surface state character for
the present band structure diagrams. A similar statement
can be made for the identification of bands with surface
character in the case of potassium coated surfaces in Figs. 2(e)
and 2(f), which we discuss in Sec. V.

The DFT slab calculations are in an overall agreement
with the ARPES data, aside from the energy distance
between the nonsymmorphic point and the lower surface
band at the X point at E; = —1.7 eV in Fig. 2(a), which is
underestimated. The very expensive use of a hybrid func-
tional around the X point, however, shows that this distance
is in fact increasing with the computationally more expen-
sive method.

We performed additional measurements near the X point
at the APS beam line using higher photon energies.
Figure 3(a) shows a comparison of the Fermi surface,
measured at Bessy II with 26 eV photons. The red lines
indicate the high symmetry directions I' X and X M, which
correspond to the band dispersions shown in Fig. 2.
Figures 3(b)-3(d) show the Fermi surface measured at
photon energies of 248, 374, and 700 eV, respectively. All
four Fermi surfaces show the diamondlike Dirac nodal loop
around the T' point and the surface state as a ringlike
structure around the X point. Note that the surface states
are visible for very high photon energies; a cut along I' X
in Fig. 3(e) shows them clearly even for 700 eV in the
dispersion. The relative intensity of the bulk bands in
comparison to the surface states increases, however. This
can be explained by the increased inelastic mean-free path
of metallic materials from 0.5 nm at 26 eV to 1.4 nm at
700 eV [40]. Since ZrSiS has a high Debye temperature of
~493 K, this directly increases the intensity of the bulk
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FIG. 3. Constant energy plots at the Fermi level for photon

energies (a) hv = 26 eV, (b) hv = 248 eV, (c) hv = 374 eV, and
(d) hv =700 eV. (a) The bare ZrSiS surface shows the right
quadrant of the diamond-shaped Fermi surface as well as the
surface-derived pockets around X. The path for the dispersion
data in Fig. 2 is shown in red. Panels (b)-(d) show a similar
surface for photon energies of 248, 374, or 700 eV, respectively.
(e) Dispersion along T' X for hv = 700 eV [green line in (d)]. The
pockets around X are clearly visible in the Fermi surface and the
dispersion, showing the considerable weight of these surface
states even for high photon energies.

states [41]. The stability of the surface bands against
phonon-induced nondirect transmissions could indicate a
strong localization of the surface states at the surface [42],
which would be expected for surface states caused by a
symmetry reduction at the surface.

From the orbital analysis, we conclude that the surface
state does not have its origin in a band inversion (because it
does not start at a Dirac point). Since it is neither due to
surface reconstruction or to alloying [26], as we discuss
further below, another reason must be found that explains
the relationship between the surface states and the bulk
band structure.

IV. SYMMETRIES AND EFFECTIVE MODEL

The matching DFT slab calculations and ARPES mea-
surements confirm the observation of surface states in
ZrSiS, but do not reveal their origin. We develop an
effective model Hamiltonian that qualitatively reproduces
the observed surface density of states. We complement the
symmetry discussion and the effective four-band model
Hamiltonian with a 26-band tight-binding model fitted to
the DFT band structure of ZrSiS. With this model, shown in
Fig. 4, we can reproduce faithfully the surface density of
states, as observed with ARPES in Fig. 2 and effectively
create a link between the model Hamiltonian and the
ab initio DFT calculations.

Nonsymmorphic symmetries result from spatial
transformations where no point is left invariant. They
correspond to nontrivial extensions of point group trans-
formations by fractional translations. These are screw axes
and glide planes. A nonsymmorphic symmetry matrix
representation g is momentum dependent, reflecting that
when applied repeatedly it leads to a full lattice translation,
not the identity. To avoid cluttering, we omit the momen-
tum index k. Nonsymmorphic symmetries are known to
create ‘“‘sticky points” in the electronic band structure
[43,44], which are understood as the pinning of complex
conjugate symmetry eigenvalues at time-reversal invariant
momenta, due to time-reversal symmetry 7. A common
example of a nonsymmorphic space group is the tetragonal
space group no. 129, P4/nmm, of which ZrSiS is the a
prominent example. It is characterized by a glide plane
{M| 110}, which is a mirror transformation in Z and a half-
translation along % + 9; two screw axes {C,,|300} and
{C5,]040}; amirror M,,; and inversion Z symmetries. The
combination of these symmetries enforces all bands to be
degenerate at the X and M points (R and A points) in the
bulk BZ, even in the presence of SOC [45]. In the absence
of SOC, the enforced degeneracy is extended to the entire
XM line. A schematic of the symmetry-protected band
degeneracies is shown in Fig. 4(a). Because of the generally
small SOC in ZrSiS, we consider spinless electrons in our
model. We distinguish the enforced degeneracies (solid
color), pinned to specific symmetry invariant momenta,
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(a) Schematic of the symmetries of space group P4/nmm. Colored planes, lines, and points indicate the symmetry-protected

degeneracies in the absence of spin-orbit coupling. Solid colors identify momenta where all states are doubly degenerate due to a
combination of a nonsymmorphic symmetry and time reversal; dashed lines represent allowed crossings of bands with different
symmetry eigenvalues. At the (001) surface the symmetry is reduced to the symmorphic group P4mm. (b) Surface density of states for
the effective model in Eqs. (1) and (2), superposed with the bulk band structure at k, = O (dashed white line). (c) Surface density of
states for a 26-band tight-binding model fitted to the DFT band structure of ZrSiS. The Kramers degeneracy at X is lifted at the surface
since the symmetry group is reduced to a symmorphic one. This creates a two-dimensional surface band, since the degeneracy at X is
lifted. Here, we call such a band floating band. The effect is mostly visible in bands with large k, dispersion, in contrast to planar orbitals,

such as dy2_.

from the crossing of bands with different symmetry
eigenvalues along high symmetry planes (dashed lines).
The latter are responsible for the observed Dirac rings at
k. =0, and tubes at k, = 0 and k, = 0 [26]. The former
is responsible for the fourfold nonsymmorphic Dirac points
at X. We can see representations of both cases in the bulk
band structure of ZrSiS as depicted in Fig. 4(c). The states
along the XM line are all fourfold degenerate due to the
combination of a screw axis and time-reversal symmetries
C‘ZXT. On the other hand, bands that transform under
different eigenvalues of C,,Z can cross along the I'X line.
The k, = 0 and k, = x planes, invariant under M., allow
for nodal rings as observed in Ref. [26] (partially visible in
Fig. 3). The nodal ring is fixed to the Fermi level, as
expected from the charge balance in ZrSiS.

So far, the effect of the surface has not yet been taken
into account. The crystal cleaves along the (001) plane
breaking the translation symmetry along Z. As shown in the
previous section, the surface introduces an asymmetry
between the two nonsymmorphic sublattices (Zr atoms
in the unit cell) due to their displacement along the Z axis.
As a consequence, all nonsymmorphic symmetries are
broken at the surface. The symmetry group is reduced to the
spare wallpaper group P4mm (space group no. 99), which
only protects the crossing of surface bands along I' X and
' M [see Fig. 4(a), surface BZ]. The remaining symmetry
protection of surface bands along the I' X line can be seen
directly in the ARPES data and slab DFT calculations
in Figs. 2(a) and 2(b). In fact, from the bulk Dirac ring,
only a surface Dirac point remains as M, is broken. Most

remarkable is the lifted degeneracy along X M, which is
protected in the bulk by the nonsymmorphic symmetries.
The additional surface mass terms allow for a drastic gap
opening which can detach a surface band from its parent
bulk bands, creating a surface floating band.

To qualitatively simulate the band structure, we consider
a minimal spinless model without spin-orbit coupling with
two sublattices A and B (eigenvalues of the Pauli matrix z,),
related by a fractional translation along X% + 9, as well as
two orbitals (eigenvalues of ¢,), even and odd with respect
to M. The band Hamiltonian H = ZkQZH Py, acts on the
basis @ = |ca.Ca_,Cpy.Cp ). Here, c,; creates an
electron in the sublattice a = A, B, with orbital i = +, —,
even or odd under M.. Imposing time-reversal and the
spatial symmetries, we write the simple hopping
Hamiltonian H; = H; + H;®, with a symmorphic compo-
nent which preserves the sublattice,

Hj, =p+mo,+ 15, (cosk, +cosky)o + 1= coskop, (1)

for 6. = 1+ o, the projector into the even (odd) orbital
sectors, and a nonsymmorphic part,

H;;S = t[l + cos k, 4 cos ky + cos(kx + ky)]fx
+ t[sink, + sink, + sin(k, + &, )]z, (2)

where the hopping coefficients, coupling the A and B
sublattices, are fixed relative to each other [46].
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In Fig. 4(b), we show the bulk band structure of Hj
(white dashed line), together with the surface density of
states (color scale) in a slab calculation. We used ¢ = —0.1,
m=0.5, t,=-t},=05, =005 t;=0.02 and
t = 0.5 to qualitatively correspond to the observed band
structure in Fig. 2(a).

The surface DOS is calculated following Ref. [47] taking
a slab of 20 unit cells. We directly compare the effective
model with the DFT-fitted 26-band tight-binding model in
Fig. 4(c), where we show the surface density of states.
Motivated by the charge density distribution in Fig. 2(d),
we expect the surface to create an unbalance between the
local chemical potential and hopping amplitudes between
the two sublattices. This is expected from the modification
in the crystal field at the surface.

We left the even orbital unaffected. This can be justified
by the lack of charge density of the bulk band at the
cleavage plane, and consequently less sensitivity (or even
no sensitivity) to the symmetry reduction at the surface.
This is the case in ZrSiS, where the nonsymmorphic Dirac
point below the Fermi level retains the bulk symmetry,
since it does not occupy the sulfur-p, orbitals at the surface
layer. An explicit depiction of it can be found in Fig. 5,
where we show the real space charge density of the bulk
states at the X point. In the same figure, we can see that the

(a) (b)
©o0 o090
DFT bulk, without SOC Cti 6@

D
r x m e

E; [eV]

FIG. 5. (a) DFT bulk calculation of ZrSiS. The size of the red
colored circles here stands for the overall Zr character in the unit
cell, not just of the topmost one, as shown when considering the
surface in Figs. 2(b) and 2(f). (b) Orbital character of the bulk
bands at the X point shown through the isosurfaces of the charge
density. The cleavage plane (CP) is shown as a dashed line in the
unit cells. The color scale indicates the affiliation to the atoms
(green, Zr; blue, Si; yellow, S). For the ZrSiS bulk material, the
conduction band minimum at X shows a considerable DOS in the
gap between the sulfur atoms, while the valence band maximum
is much less affected by the introduction of a surface.

Dirac point above the Fermi level has a significant sulfur-p,
contribution, which is highly affected by the presence
of a surface; see Fig. 2(d). The symmetric orbital, deep
in the material, is not affected. This breaks explicitly the
symmetry that protects the degeneracy at X, leading to a
floating, unpinned, surface band.

We simulate the symmetry reduction, by including a
surface potential given by H*® = —0.1(zy + 7)o, at the
top and bottom layers. This term breaks the nonsymmor-
phic symmetry which requires intraband hopping to be
equal in the two sublattices.

It is important to note here that the surface in general also
breaks inversion symmetry, which can lead to the obser-
vation of Rashba splitting of the surface states in related
materials like HfSiS [30,48]. In these materials, the Rashba
effect spin splits the involved states. This is in addition to
the lifting of nonsymmorphic higher degeneracies. Since
the involved atoms in ZrSiS are, however, very light,
Rashba splitting will not be resolvable. Breaking non-
symmorphic symmetry at the surface, in contrast, has
profound influence on the band structure.

V. RESPONSE TO SURFACE MODIFICATION

In the previous sections, we have seen that the surface
state results from a symmetry reduction at the surface due
to a pronounced orbital deformation in the surface layer. In
this context, we investigate how the surface state responds
to a local chemical potential modification. For this purpose,
we perform additional ARPES measurements with a
monolayer of potassium evaporated on the surface.

In Figs. 2(e) and 2(f), we show the ARPES spectrum and
DFT slab calculation along ' X M, for a sample with a
surface covered with 1 ML potassium. The bulk bands
remain nearly unmodified in comparison to the bare surface
from Figs. 2(a) and 2(b); only a slight doping effect shifts
the energy of the whole band structure. The states with
surface character, in contrast, show a clear change. With
potassium, the surface state shows a different band con-
nectivity [indicated by the dashed red line in Fig. 2(e)], one
part following the bulk bands below the Fermi level along
X M (SS1), while its other part going above the Fermi level
seems to be connected to a second surface state (SS2). This
change in connectivity is additional evidence for the trivial
origin of the surface state. The observed changes under
potassium coating can be reproduced by performing DFT
slab calculations of a surface covered with a regular array of
potassium atoms. The results for a relaxed K distance of
2.74 A from the surface are shown in Fig. 2(f). Again, we
see very good agreement between theory and experiment.
The two surface states, SS1 and SS2, which where
connected previously [SS in Figs. 2(a) and 2(b)], are
now gapped and connected to a band that roughly follows
the bulk bands. In Fig. 2(b), this band already showed a
similar orbital character as the surface state above, but not
at the Fermi level, illustrated by the red circles. Without
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potassium, these states do not interfere and the surface state
is crossing all bulk bands just above the nonsymmorphi-
cally protected point. With potassium, however, this band
shows surface state character at the Fermi level leading to a
gapping of the former crossing.

In that context it makes sense to analyze the orbital
character in more detail to understand the change in the
floating 2D band with potassium. As explained in the
previous theory section, the bands have different orbital
character, allowing them to cross along the I' X line. The
potassium mixes their orbital character; therefore, we
observe an avoided crossing and a different band connec-
tivity. This avoided crossing is also expected in the presence
of spin-orbit coupling, as presented in Ref. [26]. However,
since SOC is very weak in ZrSiS, the gap is visible only
when the surface potential is varied by the potassium.

This prediction from the tight-binding model is very well
caught in the DFT calculations in Fig. 2(f). However,
ARPES does not capture the states that are presented in
green in the DFT calculations. This is because they arise
from a hypothetical regular array of potassium, which is
not present in reality when evaporated at temperatures of
40 K. Furthermore, we note that structural relaxation
effects for the adsorbed K layer are another possible source
for the discrepancy between DFT and ARPES experiments.
Figure 2(f) shows calculations for a relaxed K atom
distance. The gap at the X point, between the surface states
SS1 and SS2, is very pronounced and the change in the band
connectivity is obvious. Nevertheless, this does not re-
present the measurements, where the gap is very small and
the lower surface band even lies in the bulk bands. When
increasing the distance of potassium atoms from the surface
manually, the lower surface band shifts up, since the mixing
in orbital character is reduced again. This implies a strong
dependence of the DFT results on the modified surface
potential agreeing with the fact that in the limit of a very
large distance, a crossing is allowed again and the original
band connectivity is restored. The overestimation of the gap
in the DFT calculations can have different reasons. Firstly, a
coverage of 1 ML is experimentally not possible. In reality,
an error of up to 10% is not unlikely. A partial monolayer
or a partial bilayer coverage of potassium might very well
show a different relaxed distance from the surface.
Secondly, the DFT calculation itself might overestimate
the effect of the regular potassium layer on the surface.
More accurate, beyond DFT approaches for the calculation
of the band structure could provide additional insight and
even better agreement with experiment. However, such
methods are, due to their relatively large computational
cost and the required system size for the surface model,
currently not applicable.

VI. DISCUSSION AND CONCLUSION

We find that the origin of the surface states in ZrSiS
and related compounds can be attributed to the symmetry

reduction at the surface. This could be modeled by locally
breaking the nonsymmorphic glide plane symmetry,
introducing a large mass for the S-p, and Zr-(d,, +d,,)
orbitals, which leads to a floating two-dimensional band
close to the Fermi level.

Here, we discuss these results in the light of previous,
alternative explanations for the surface states in ZrSiS-type
materials.

One might be tempted to think that the surface state is a
result of the band inversion at the Fermi level that is gapped
by a small amount by SOC. If this were to cause a
topological nontrivial gap, topological surface states are
expected [34]. ZrSiS, however, shows a Z, invariant of
0(001) (analogous to ZrSiO [31]), i.e., it is a weak
topological insulator, which implies that there are no
topological surface states expected on the (001) surface
[49]. In this paper, we show that the surface states can be
fully explained not involving topology, thus clarifying that
surfaces states can appear due to trivial reasons in non-
symmorphic materials.

Another possibility for surface states could be dangling
bonds, resulting from the Zr atoms that might have been
bonded weakly to a sulfur atom from the next nearest S layer
above. Such dangling bonds would be expected to be
saturated by potassium evaporation, however. Potassium
coating would be expected to modify these states much more
strongly than what is observed here [50,51]. Furthermore, in
contrast to what was found in ZrSnTe, we do not observe any
sign of hydrogenation in ZrSiS within much longer time
scales than studied in ZrSnTe [35]. We can therefore rule out
the presence of dangling bonds in cleaved ZrSiS.

Lastly, it was proposed that surface states in ZnSnTe
could be explained by a freestanding monolayer on the
surface of the bulk [35], which was supported by mono-
layer DFT and slab calculations. A monolayer preserves
the nonsymmorphic symmetries and inversion symmetry,
while a slab calculation breaks both at the surface.
Therefore, they lead to completely different behavior at
the X point. In a monolayer all bands are still fourfold
degenerate, as explicitly shown by Guan et al. on a
monolayer HfGeTe [52] (isostructural to ZrSiS). A slab
calculation, which models the surface more appropriately,
shows that the surface bands are only doubly degenerate,
while the bulk bands remain fourfold degenerate at X,
describing the exact behavior we observe in ZrSiS.

Because of the general symmetry arguments in our
model, we conclude that similar surface floating bands
are expected to appear in other layered nonsymmorphic
compounds. Since a symmetry reduction at the surface lifts
the degeneracy in the bulk band structure, materials with
such “sticky points” are prone to show these states. In
particular, other compounds from space group 129 are very
likely to show them and indeed, e.g., in ZrSiTe or HfSiS
such unexpected surface states could have already been
found [29,30].
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This does not necessarily imply that all degeneracies at
high symmetry points are automatically lifted at the sur-
face. In fact, the ARPES data in Fig. 2(a), as well as the
tight-binding model in Fig. 4(c), show that only the upper
degenerate point at X is lifted, due to its orbital character
and sufficient density of states in the cleavage plane. This
behavior has to be taken into account before applying this
phenomenon to every nonsymmorphic degeneracy in the
band structure of ZrSiS and related materials.

Furthermore, we show the peculiar properties of the
surface states in question. They prevail for high photon
energies up to 700 eV and are prone to gapping around the
X point when covered with a monolayer of potassium,
mixing the orbital characters of the states in question. The
weak coupling between surface and bulk bands due to a
large, symmetry-induced, energy separation makes the
surface state highly two dimensional and susceptible to
surface potentials. The surface bands’ low energy excita-
tions behave as effective two-dimensional electrons, float-
ing on top of the three-dimensional bulk, with properties
dictated by the reduced symmetry group at the surface.
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