PHYSICAL REVIEW X 10, 011026 (2020)

Modular Arithmetic with Nodal Lines: Drumhead Surface States in ZrSiTe

Lukas Muechler l Andreas Top ,2 Raquel Queiroz,3 Maxim Krivenkov,4 Andrei Varykhalov,4
Jennifer Cano®, 5 Christian R. Ast,2 and Leslie M. Schoop(”T

'Center for Computational Quantum Physics, The Flatiron Institute, New York, New York, 10010, USA
“Max-Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
*Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 76100, Israel

*Helmholtz-Zentrum Berlin fiir Materialien und Energie, Elektronenspeicherring BESSY II,
Albert-Einstein-Strafie 15, 12489 Berlin, Germany
5Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11974, USA
6Departmem‘ of Chemistry, Princeton University, Princeton, New Jersey 08544, USA

® (Received 14 August 2019; revised manuscript received 18 November 2019;
accepted 16 December 2019; published 6 February 2020)

We study the electronic structure of the nodal line semimetal ZrSiTe both experimentally and
theoretically. We find two different surface states in ZrSiTe—topological drumhead surface states and
trivial floating band surface states, which can be easily distinguished in ARPES experiments. Using the
spectra of Wilson loops, we show that a nontrivial Berry phase that exists in a confined region within the
Brillouin zone gives rise to the topological drumhead-type surface states. The Z, structure of the Berry
phase induces a Z, “modular arithmetic” of the surface states, allowing surface states derived from different
nodal lines to hybridize and gap out, which can be probed by a set of Wilson loops. Our findings are
confirmed by ab initio calculations and angle-resolved photoemission experiments, which are in excellent
agreement with each other and the topological analysis. This work is the first complete characterization of
topological surface states in the family of square-net-based nodal line semimetals, and thus it
fundamentally increases the understanding of the topological nature of this growing class of topological

semimetals.
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I. INTRODUCTION

Band inversions in three-dimensional (3D) materials can
lead to a variety of topological semimetals that can be
distinguished by the dimensionality and connectivity of the
band touching points [1-5]. For example, Weyl semimetals
are characterized by isolated points in the Brillouin zone
(BZ) at which two bands cross; such crossings are protected
only by translation symmetry. Protected crossings of a
larger number of bands at isolated points within the BZ
require the presence of additional spatial symmetries; e.g.,
Dirac semimetals with fourfold degenerate crossing points
require the presence of rotation symmetries [6,7]. In
materials with nonsymmorphic symmetries or in certain
magnetic space groups, band crossings of up to eight bands
can be found at high-symmetry points, which is the
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theoretical maximum [8—11]. In the presence of mirror
symmetries, band inversions can lead to the existence of
nodal lines, i.e., one-dimensional (1D) lines or loops of
either twofold or fourfold degenerate band touching
points in the BZ [12-15]. If multiple nodal lines are
present in one material, the band structure can be further
characterized by their connectivity or linking structure; e.g.,
it is possible for nodal lines to form knotted nodal structures
that are characterized by knot invariants [16—18].

These band crossings often strongly influence the
electronic properties of such topological semimetals [19].
For example, the presence of Weyl nodes in the band
structure leads to the existence of Fermi arcs [20-23] on the
surface of the material or to a measurable transport
signature in the longitudinal magnetoresistance, the so-
called chiral anomaly [24-28]. In addition, optical proper-
ties of topological semimetals are directly related to the
topological invariants protecting the band crossings, such
as a quantized circular photogalvanic effect [29,30].

In recent years, topological nodal line semimetals
have become an active field of research [5,31]. Nodal lines
are characterized by local topological invariants [15],
which guarantee the presence of topologically protected
drumhead (DH) surface states that can be measured in

Published by the American Physical Society


https://orcid.org/0000-0003-0495-6774
https://orcid.org/0000-0003-1528-4344
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.10.011026&domain=pdf&date_stamp=2020-02-06
https://doi.org/10.1103/PhysRevX.10.011026
https://doi.org/10.1103/PhysRevX.10.011026
https://doi.org/10.1103/PhysRevX.10.011026
https://doi.org/10.1103/PhysRevX.10.011026
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

LUKAS MUECHLER et al.

PHYS. REV. X 10, 011026 (2020)

angle-resolved photoemission spectroscopy (ARPES)
experiments [32-34]. In addition, nodal lines can serve as
important sources of Berry curvature or spin-Berry curva-
ture, which contribute to observables that can be probed in
transport experiments, such as the anomalous-Hall effect or
the spin-Hall effect [35]. For example, it has recently been
shown that the giant anomalous Hall effects in magnetic
Weyl semimetals such as Co,MnGa and Co;Sn,S, derive
from the Berry curvature around nodal lines [36,37].
Similarly, large spin-Hall effects, based on the presence of
nodal lines, have been predicted in nonmagnetic compounds
such as RuO,, TaAs, or W5Ta [38-40]. Furthermore, novel
transport properties, such as unconventional mass enhance-
ment or electron-hole tunneling, were discovered in nodal
line semimetals [41,42].

It has recently been established that the presence of nodal
lines in the band structure is related to certain structural
motives of the crystal structure [5,43]. For example, the
family of MXZ (M = Zr,Hf; X = Si,Ge; Z = S, Se, Te)
materials exhibits multiple nodal lines and nonsymmorphic
degeneracies right at the Fermi level due to the presence of
a two-dimensional square net of X atoms in its crystal
structure [44,45]. While much attention has been directed
towards the bulk properties of this class of materials, the
topological drumhead surface states that are expected to
derive from the presence of the nodal lines in the band
structure have not been discussed in detail so far [46,47],
and a general theoretical understanding is lacking. In this
paper, we analyze the nodal line structure of ZrSiTe as a
representative member of this class of materials and
demonstrate the existence of topologically required surface
states both theoretically and experimentally. We show that
the surface states exhibit a Z, modular arithmetic according
to their Z, quantized Berry phase, which can be probed by
a set of bulk Wilson loops. ARPES data experimentally
confirm the existence of these surface states in the areas of
the nontrivial Berry phase.

The paper is organized as follows: In the first section, we
review the electronic structure of ZrSiTe and compare it to
its close relative ZrSiS with a particular emphasis on the
nodal line structure. We then discuss the topological
properties of ZrSiTe based on a Wilson loop analysis
and discuss the implications for the surface states of the
(001) surface. In the second section, we discuss ARPES
measurements on the (001) surface of ZrSiTe and compare
it with the theoretical predictions.

II. METHODS
A. Theoretical

The DFT calculations were performed using the VASP
package [48] with the standard pseudopotentials for Zr, Si,
and Te. The experimental geometries were taken from the
ICSD. For the self-consistent calculations, the reducible
BZ was sampled by a 7x7 x5 k mesh. A Wannier
interpolation using 82 bands was performed by projecting

onto an atomic-orbital basis centered at the atomic posi-
tions, consisting of Zr S5s,6s,5p,4d,5d, Si 3s,4s,
3p,4p,3d as well as Te 5s,6s,5p,6p,5d orbitals. The
nodal lines and Wilson loops were calculated with an in-
house code and the WannierTools [49] package.

B. Experimental

The synthesis and characterization of ZrSiTe single
crystals was published elsewhere [45]. ARPES experiments
were performed on in situ cleaved crystals in ultrahigh
vacuum (low 107! mbar). The spectra were recorded at
50 K with the 1> ARPES experiment installed at the
UE112-PGM2a beam line at the BESSY-II synchrotron.

III. ELECTRONIC STRUCTURE
A. Nodal lines

Just like its close relative ZrSiS, ZrSiTe crystallizes in
the nonsymmorphic space group P4/nmm (SG 129)
[Fig. 1(a)]. Symmetries are key towards the understanding
of the electronic structure of materials, as they protect the
crossings of bands in the Brillouin zone (BZ) in high-
symmetry planes, lines, or points. In the case of ZrSiS and
ZrSiTe, the following symmetries are of particular impor-
tance: the glide mirror M, = {M_|110}, the mirror M,,,
spatial inversion {/|000}, and the two screw symmetries
Cy, = {C5,|300} and C,, = {C,,|010}. In combination
with time-reversal symmetry 7, these symmetries lead to
nonsymmorphically enforced degeneracies at the BZ boun-
dary and the occurrence of multiple nodal lines. We start
our analysis without accounting for spin-orbit coupling
(SOC); the presence of SOC will be discussed in detail
later. The combination of a screw axis with time-reversal
symmetry 7 enforces double degenerate states (ignoring
spin) in the M-X-A-R plane as shown in Fig. 1(b). Inside
the BZ, M_ can protect band crossings in the k, = 0,7
plane, while M,, can protect band crossings in the plane
given by k, = k,. The combinations of the screw sym-

metries with inversion, C,,/ and Czyl , allow for crossings
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FIG. 1. (a)Crystal structure of ZrSiTe. Si atoms are displayed in
blue, Zr in green, and Te in brown. (b) Brillouin zone and
crossings enforced or allowed by the space-group symmetries
of P4/nmm.
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(a) Bulk band structure of ZrSiTe without SOC. (b) ZrSiTe nodal line connectivity in the 3D BZ (top) and (001) surface

projection (bottom). The area of the calculated z Berry phase is indicated in purple in one quadrant. (c) Nodal line connectivity of ZrSiS
analogous to panel (b). (d) Berry phase calculated from Wilson loops along k. as a function of k, for fixed k. A Berry phase of z implies
the presence of topological drumhead surface states at the (001) surface. The constant k, cuts correspond to the dashed lines in panel (b).

in the k, = 0 and k, = 0 planes, respectively. Because of
these many high-symmetry planes, the band structure of
Z1SiTe is complex with a plethora of band crossings
[Fig. 2(a)]. For this reason, we only focus on crossings
close to the Fermi level in the following discussion. In the
vicinity of the Fermi level, two nodal lines protected by M.
can be found in the k, = 0 (NL1) and k, = # planes (NL2),
respectively. The dispersions of NL1 and NL2 are notice-
ably different from each other [Fig. 2(b)], indicating that
the electronic structure is of 3D character, despite ZrSiTe’s
layered crystal structure and the fact that bulk crystals can
be easily exfoliated [50]. The two nodal lines are connected
by an additional nodal line (NL3) in the perpendicular
direction, which is protected by M ,. Furthermore, a nodal
line (NL4), which is protected by C,,, exists along the k.,
direction that connects to the nodal line in the k, = O plane
but does not terminate at the nodal line in the k, = 7 plane.
The resulting cagelike nodal structure is displayed in
Fig. 2(b). In contrast, in ZrSiS, whose nodal line structure
is reproduced in Fig. 2(c), the nodal lines that lie in the
k., = 0 and k, = 7 planes (NL1 and NL2) are connected by
two additional nodal lines—one protected by M, and one
by C,,I. In summary, in ZrSiS, both NL3 and NL4 connect
NL1 and NL2, while in ZrSiTe, only NL3 connects NL1
and NL2. NL1 and NL2, which have similar shapes in
ZrSiS, differ significantly in ZrSiTe. This difference is
clearly visible in the (001) surface projection of the nodal

lines, as shown in the lower part of Fig. 2(b) and 2(c), and
has important consequences for the presence of topological
drumhead surface states.

B. Wilson loops and Berry phase

Topological surface states are expected to appear in areas
of the surface BZ in which the Berry phase y equals z. The
Berry phase can be computed by a Wilson loop directed in
parallel to the surface normal vector. The Wilson loop is
defined as the path-ordered exponential of the non-Abelian
Berry connection A(k);; = (u;x|Vi|u;x) [51-53]:

W(¢) = expl- /f dk - A(K)]. (1)

where |u;) is an occupied eigenstate of the Hamiltonian
and 7 is a path in the BZ with a finite gap between the
highest occupied state and the lowest unoccupied one. The
Berry phase y € [0, 27) is determined by the Abelian part
(Tr A) of the Berry connection and can be obtained from
the determinant of the Wilson loop via

e i= detV(£)] = exp [— A dk-TrA(k)]. 2)

It is straightforward to show that quantization of the
Berry phase to either 0 or z occurs if the path of the
Wilson loop (7) is reversed by a unitary symmetry g
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of the Hamiltonian, i.e., g:£ +— —¢, as we now derive.
Under this symmetry, the Wilson loop transforms as

gW()g™! = W(gt) = W(=2). (3)

Making use of the fact that W(—¢) = W~1(#), we arrive at

detlgW(¢)g™'] = detV(=¢)]
= det)V(£)] = det]V(£)7!]
= detW(O)? =1, 4)

which implies that y =0 or y = 7.

We are interested in the topological surface states of
the (001) surface of ZrSiTe, which we analyze by Wilson
loops along k., starting from k, = —z and ending at k, = 7,
while k, and k, remain constant. In this case, the Berry
phase becomes a function of the base points (k.. k,), i..,

Y= y(kx,ky), while M, ensures the quantization of the
Berry phase to either O or z. In areas of the surface BZ, in
which the surface projections of the nodal lines NL1 and
NL2 overlap, the total Berry phase is expected to be y = 27
since each nodal line contributes 7 to the Abelian part of the
Wilson loop along k.. However, since the Berry phase is
defined modulo 2z, no topological surface states are
expected in regions where the nodal lines project on top
of each other. On the other hand, in regions of the surface
where only one nodal line projects, the Berry phase will be
quantized to the nontrivial value of z, and drumhead
surface states are expected. Therefore, the drumhead states
exhibit a Z, modular arithmetic that follows from their
topological classification through Wilson loops. Because of
the larger momentum separation in the surface projection
between NL1 and NL2 in ZrSiTe compared to ZrSiS, the
area in which drumhead states can be observed is signifi-
cantly larger for ZrSiTe as shown in Fig. 2(a) and 2(b).
Figure 2(d) shows the Berry phase calculated as a function
of k, for a set of fixed values of k, for all occupied bands.
For small values of k,, as long as the base point is inside
the overlap region of the nodal lines NL1 and NL2, the
calculated Berry phase is equal to 0. As shown in Fig. 2(d),
the Berry phase adopts a value of 7 in areas only one nodal
line projects to, while it is zero elsewhere. The Berry phase
abruptly changes between 0 and z upon crossing a nodal
line boundary. The total area in which the Berry phase
equals = is highlighted by dashed violet lines in panel (b).

So far, we have only discussed the Abelian part of the
Wilson loop and its relation to the surface states. The non-
Abelian part, i.e., the eigenvalues of the Wilson loop, allow
us to make more detailed statements of the topological
structure, in particular, the interplay between space-group
symmetries, the nodal lines, and their surface states [52,53].
The unimodular eigenvalues e'#i of the Wilson loop, whose
phases ¢ = ¢,(k,.k,) depend on the base point of the
Wilson loop, are called Wannier charge centers (WCCs) or

non-Abelian Berry phases. For a Wilson loop along the &,
direction, ¢;(k,, k) is related to the charge density of a
Wannier function w; that is maximally localized in the z
direction. The WCC can thus be interpreted as a pointlike
charge density defined within a single unit cell for a fixed
base point (k,, k,) [54,55], effectively mapping each base
point to a one-dimensional problem analogous to the Su-
Schrieffer—Heeger model [56]. The sum of the WCCs is
equal to the Berry phase, i.e.,

V= Z¢iv (5)

and is related to the electric polarization in the unit cell via
P = (e/2z)ymod e, where e is the electric quantum of
charge [57].

The positions of the WCCs are constrained by space-
group symmetries [52,53]. In the case of ZrSiTe, the
nonsymmorphic mirror M, constrains the positions of
the WCCs to three locations [Fig. 3(a)]: (i) two positions
with multiplicity one, located either at the location of the
mirror plane at the origin (position 1a), corresponding to
¢(k.. k,) =0, or the unit-cell boundary (position 1b),
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FIG. 3. (a) WCC positions constrained by M, in a single unit
cell. (b) Three different M, symmetric slabs with different
configurations of WCCs corresponding to the three different
configurations found in ZrSiTe [compare to panel (c)]: (i) WCC
located at position 2c¢, (ii) one WCC located at position 1a and
one at 1b, (iii) two WCCs located at position 1a. Only two WCCs
are shown for the sake of clarity. (c) Surface band structure
calculated from a Wannier interpolation and WCCs calculated
along the same k path. Bulk states are depicted in gray, while
surface states are colored blue. DH surface states in regions with a
n-Berry phase (shaded region) are of topological origin, while the
other surface states (FB) close to E derive from the local
breaking of the nonsymmorphic symmetry M, at the surface [58].
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corresponding to ¢(k,, k,) = 7; (ii) one position with
multiplicity two (position 2c¢), corresponding to two
WCCs ¢y (ky. k), py(k,.ky) located between positions
la and 1b, ie., ¢y (k.. ky) = =5 (k. k;). An odd number
of WCCs located at position 1a is topologically inequiva-
lent to the same number of WCCs located at position 15
since a single WCC cannot be moved from 1a to 15 without
breaking the mirror symmetry or going through a gap
closing point.

The location of the WCC constrains the surface-state
spectrum. A surface can be modeled by creating a mirror
symmetric slab of unit cells along the z direction
[Fig. 3(b)]. Topological surface states occur if the surface
termination cuts through an odd number of WCCs; in our
case, this corresponds to an odd number of WCCs located
at position 15 and thus to a bulk Berry phase y = z. The
WCCs are completely determined by the M eigenvalues of
the occupied states at k, =0 and k, = 7 via an exact
mapping that determines the eigenvalues uniquely (see the
Appendix) [52].

To exemplify this mapping and to validate our topo-
logical analysis, we show the band structure of the (001)
surface and the corresponding WCCs as a function of k, for
fixed k, =0.04 A~' in Fig. 3(c). The total number of
occupied bands at each k point is 14, and the corresponding
symmetry eigenvalues of each occupied band are shown in
Table I. Topological drumhead states are clearly visible for
k points that lie between the projections of the two nodal
lines NL1 and NL2, which is the region where the Berry
phase is quantized to z. Therefore, two WCCs are quan-
tized to 0, z, respectively; i.e., both positions 1a and 15 are
occupied. The other WCCs come in pairs (4, —4) located on
position 2¢ [compare Fig. 3(b)]. In the region that only
contains the projection of one nodal line (0.44 < k, < 0.7),
the number of positive and negative M, eigenvalues of the
occupied bands at k, = x is equal, while there are two more

TABLE 1. Multiplicity N, of the positive and negative
branches of the M, eigenvalues in the two mirror-invariant
planes k, =0,z for three selected k, at constant k, =0.04 AL
In addition, we list the number N, ; of Wilson-loop eigenvalues
quantized to =1 and number N, , of complex-conjugate pairs
a, a* obtained by the mapping discussed in the Appendix at each
k.. At each k point, 14 bands are occupied.

k /AT 0.1 0.6 0.8

Ny k=0
N_x—o
Nk =z
N—‘k‘ =

~N 3 0 O

N_y
Nyo 2

X O 00 N 0o N

positive than negative eigenvalues in the k, = 0 plane. In
the areas containing the projections of NL1 and NL2
(k, <0.44), both the number of positive and negative M.
eigenvalues of the occupied bands at k, =0 and k, = #
differ by two, leading to two WCCs quantized to 0, while
the others come in pairs of (4,—4). For k, > 0.7, the
number of positive and negative M eigenvalues is equal for
both k, = 0 and k, = z, and the WCCs occur only in pairs
(4, —=2). An additional set of surface states emerges from the
bulk bands in this region, despite a vanishing Berry phase.
This surfaces state has been discussed before in ZrSiS [58]
and is called the floating band (FB) surface state. It
originates from the local breaking of the nonsymmorphic
symmetry M, at the surface and is not of topological origin.
While M, is essential to define the topological invariants,
the breaking of the mirror symmetry through disorder does
not necessarily destroy the topological protection of the
drumhead states. It has been argued by Chan et al. [59] that
the drumhead states remain protected, as long as the M. is
preserved on average and as long as the disorder can be
treated perturbatively. Numerically, we find that the drum-
head states remain clearly visible in a slab model in which
all atomic positions have been randomly displaced based
on a uniform distribution ranging from 0 to 0.1 A.

C. Spin-orbit coupling

It is important to point out that the nodal lines in ZrSiTe
are not stable with respect to SOC; i.e., they gap once SOC
is considered since the topological protection of the nodal
lines and the drumhead states is lifted when SOC is
considered. Therefore, the drumhead states could be
removed in materials with strong SOC. In the limit of
weak SOC, however, the drumhead states are not expected
to disappear, which has to be checked by explicit calcu-
lation of the surface band structure when SOC is taken into
account. As we will show below, in ZrSiTe, SOC is weak
enough so that drumhead surface states are still observable.
The resulting gaps at the nodal line are of the order of
0.1 eV in ZrSiTe, which is small compared to the
bandwidths W ~ 4 eV of the bands giving rise to the nodal
lines. Therefore, we expect that the effects of SOC can be
described perturbatively with only slight changes to the
topological surface states. Our analysis shows that the
drumhead states on the (001) surface are twofold degen-
erate (counting spin) when SOC is not considered; they
split into two branches upon consideration of SOC. For
weak SOC, the splitting is expected to be small (on the
order of a few meV according to our DFT calculations), but
it is still expected to be observable experimentally. To
verify this hypothesis, we calculate the surface spectral
function of ZrSiTe with and without SOC (Fig. 4). The
projections of the bulk nodal lines NL.1 and NL2 are clearly
visible along the ['-X line, while the projection of the nodal
line NL3 can be clearly observed along M-T". Similar to the
bulk states, the drumhead states are split slightly due to
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FIG. 4. Surface spectral function of ZrSiTe (001) along surface
high-symmetry lines without SOC (a) and with SOC (b). NL1
and NL2 are the surface projections of the slightly gapped bulk
nodal lines in the k, = 0 and k, = z planes. The DH emerges
from the nodal line NL1 and merges into the bulk states derived
from NL2. Along X-M, a FB surface state can be observed, while
the projection of the bulk nodal line NL3 that connects NL1 with
NL2 can be observed along M-T.

SOC, and their dispersion is shifted slightly towards lower
energies. Yet, they remain clearly distinguishable features
in the surface band structure, which leaves us to conclude
that SOC in ZrSiTe can indeed be described as a
small perturbation as far as the topological properties are
concerned.

IV. ARPES MEASUREMENTS

The topological analysis presented above can be verified
with ARPES. Since ARPES experiments are only sensitive
to the occupied part of the band structures, we limit our
experimental analysis to the immediate vicinity of the X
point, which is where the drumhead states are predicted to
appear below E. Figure 5(a) shows a selection of constant
energy cuts from —0.3 eV to 0 eV close to the X point. At a
photon energy of Aiw = 39 eV, the surface-state contribu-
tions appear as bright features in the band structure, while
contributions from the bulk nodal line are only visible with
very weak intensity. It is prudent to note that a detailed
photon-energy-dependent study will not allow us to unam-
biguously identify the surface bands around the X point
here. As can be seen from the nondispersive bands close to
the Fermi level along X-R in Fig. 2(a), the bulk bands are
fairly two dimensional as well. In the following, we
therefore identify the surface bands by their high intensity
in combination with a comparison to bulk and slab DFT

calculations. This method is in line with previous studies of
surface states in this class of material that have shown that
the surface states possess a large intensity for small photon
energies [46,47,60,61]. Because of the clear difference in
intensity, two crescent-shaped branches of the drumhead
surface states, which are split by SOC, can be observed and
are labeled in Fig. 5(b). The same two crescent-shaped
drumhead surface states can also be seen in the DFT-
calculated Fermi surface shown in Fig. 5(c). To gain an
understanding of the total area in which the drumhead
states reside and whether this area coincides with that of the
nontrivial Berry phase, we trace the area of the drumhead
state that lies closest to I, for several initial-state energies.
These regions are then superimposed to visualize the
overall extent of the drumhead states [black lines shown
on the left side of Fig. 5(b)]. The bare measured data are
shown without the black surface-state projection on the
right side of panel (b) as a comparison. Thus, the con-
tribution of the drumhead to the Fermi surface can be
evaluated directly. In Fig. 5(c), which shows the calculated
Fermi surface, the left side also shows the projection of the
surface states between —0.35 eV and Ef, while the right
side presents the bare calculated Fermi surface. On the left
side, the bulk nodal line is superimposed as a red line on top
of the surface projection. The analysis in Fig. 5(b) and 5(c)
shows that, as expected, the drumhead states only exist in
the region between NL1 and NL2, which is exactly the
region where the Berry phase is nontrivial. In addition to
the drumhead states, another high-intensity feature can be
observed along the X-M direction. As mentioned in
Sec. III B, these states have previously been described as
floating bands [58]. They also appear in the calculated
Fermi surface in the same region. These two types of
surface states coexist in ZrSiTe, but they are of different
electronic origin and, therefore, behave very differently in
their dispersion plots. Such dispersion cuts and their
theoretical counterparts are shown in Fig. 5(d) and 5(e),
respectively. The dispersion plots were chosen to show
constant k, values along and in parallel to the high-

symmetry line I'-X, indicated by the black lines in panels
(b) and (c). In the calculated band structure, the surface
bands are plotted in blue, while the bulk bands are plotted
in grey. The grey shaded area represents the energy window
chosen for the surface projection of the left side of panel
(c), which captures the energy range occupied by the
drumhead surface states up to the Fermi level. On the
experimental side, the surface states can again be identified
by their high intensity. In both the experimental and the
theoretical data, the surface states extend down to the
lowest initial-state energy along the high-symmetry line of
cut 1 (=~0.4 eV). The drumhead states are expected to
appear at slightly higher energies, while floating band states
reside at lower energies, below —0.35 eV in the vicinity of
the X point. In the measured data, the two SOC-split
branches of the drumhead state can be clearly resolved by
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FIG. 5.

ARPES data, taken at 2w = 39 eV, in comparison with DFT calculations. (a) Constant energy cuts around the X point for

selected initial-state energies. (b) Magnification of the Fermi surface, showing the experimentally determined drumhead surface-state
projection on the left. Two different highly intense surface states are labeled as DH and FB. (c) Slab calculations in analogy to panel (b).
The nodal line is superimposed on the surface projection in red. (d,e) Dispersion cuts in experiment and DFT for constant k, values
according to the black lines in panels (b) and (c), respectively. The FB disperses much stronger, while the DH is located inside the nodal

line overlap.

connecting the bulk nodal lines, which are visible as dark
shadows in the chosen color scale. Moving away from the
high-symmetry line I'-X (following cuts 2-4), we can
observe the drumhead surface state to slowly disperse
upwards in energy, while it remains between the surface
projection of the bulk nodal line, in agreement with the
calculations. In cut 4, the lower branch of the drumhead
surface state barely remains in the picture. The floating
bands, on the other hand, show a very different behavior.
They exhibit a much steeper dispersion along k, and move
above the Fermi level very rapidly; by cut 3, they are no
longer visible.

V. CONCLUSION

In conclusion, we have studied the electronic structure of
the (001) surface of the nodal line semimetal ZrSiTe, both
theoretically and experimentally. We find that the nodal
lines in the k, = 0 and k, = x planes of bulk ZrSiTe give
rise to clearly recognizable topological drumhead surface
states close to Ex, which remain clearly identifiable if SOC
is considered. The drumhead states exhibit a Z, modular
arithmetic that follows from the topological classification
through Wilson loops. As a consequence, the drumhead
states gap in regions where they overlap, leading to a ribbon
of drumhead states confined by the surface projections of
the bulk nodal lines due to their Z, classification [46,47]. In
addition to these topologically required surface states, we
find topologically trivial floating band states close to the
surface high-symmetry X point. These states derive from
surface symmetry breaking and have been previously
reported in the closely related compound ZrSiS. The study

of such an interplay of topologically trivial and nontrivial
surface states is not limited to ZrSiTe and should be
observable in other nodal line semimetals.
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APPENDIX: MAPPING BETWEEN WILSON
LOOP SPECTRUM AND SYMMETRY
EIGENVALUES OF OCCUPIED BANDS

The unimodular spectrum of a Wilson loop W(#) in
conjunction with a unitary symmetry g that maps g:¢ +—
—Z¢ consists of complex conjugate pairs (a, a*) and eigen-
values that are quantized to +1. The number of complex
conjugate pairs N, ,~ and the number N, of eigenvalues at
41 are completely determined by the eigenvalues of the
symmetry g in the space of the occupied bands.

In this Appendix, we briefly review the algorithm to
determine the spectrum of the Wilson loop and refer the
reader to the work of Alexandradinata et al. [51,52] and
Muechler et al. [53] for a more detailed derivation in the
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case of symmorphic and nonsymmorphic symmetries,
respectively.

The algorithm is applicable to symmetries g that leave
the base point k£ of the Wilson loop invariant while
reversing the path £, which is parametrized by a k vector
k. For each base point k, the symmetry commutes with the
Hamiltonian at kH = —k” mod G, where G is a reciprocal
lattice vector, and the eigenstates of the Hamiltonian can be
labeled by the eigenvalues of g. For example, in ZrSiTe,

g =M., while k = (k,.k,) and k| = k.k_; ie., the elec-
tronic states at (k, k, = 0, +z) can be labeled by their M,
eigenvalues. The algorithm to determine the spectrum of
W(Z¢) for a Wilson loop along k. is then given as follows:
(i) Determine the set N ={N, g, N_og, N, , N_,},
where Ni; o, is the number of occupied
bands at (k,k, =0,%x), which belongs to the
positive (negative) branch of M, eigenvalues

= exp {~i[(k, + &,)/2]}.

(i) Choose the smallest number of this set. The smallest
set might be empty and/or not unique, in which case
any choice between the equally small sets is valid.
We label the smallest number as N, where & labels
the branch of M, and k, = 0, . It is useful to define
k., where k, =0 if k, =z or k, = = if k., = 0.

(ii)) The number N_; of —¢ eigenvalues is given as
N_g=Nig —Neg.

(iv) The number N of & eigenvalues is given as
Ne=N_p = Nek.-

(v) The number N, of eigenvalues appearing in com-
plex conjugate pairs is given as Ny =2 X Ngy .

We now illustrate the algorithm with an example, using the
first column of Table I, which we reproduce here for
convenience:
N={N,y=6,N_y=8N,,=6N_,=8}  (Al)
We choose the smallest integer to be Ny =N, (= 6;
therefore, £ = +1, k =0, and k = z. We thus arrive at
N_l:N+’ﬂ—N+y0:6—6:0, while N+1:N_y7z-_
N, g=8-6=2and N, =2xN o =12.
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