
PHYSICAL REVIEW B 105, L121111 (2022)
Letter Editors’ Suggestion

Quasiparticle interference observation of the topologically nontrivial
drumhead surface state in ZrSiTe

B. A. Stuart ,1,2 Seokhwan Choi,1 Jisun Kim ,1 Lukas Muechler,3 Raquel Queiroz,4 Mohamed Oudah,1,2,5 L. M. Schoop ,5

D. A. Bonn,1,2 and S. A. Burke 1,2,6

1Stewart Blusson Quantum Matter Institute, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z4
2Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

3Center for Computational Quantum Physics, The Flatiron Institute, New York, New York 10010, USA
4Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 76100, Israel

5Department of Chemistry, Princeton University, Princeton, New Jersey 08544, USA
6Department of Chemistry, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

(Received 16 July 2020; revised 19 February 2022; accepted 1 March 2022; published 17 March 2022)

Drumhead surface states that link together loops of nodal lines arise in Dirac nodal-line semimetals as a
consequence of the topologically nontrivial band crossings. We used low-temperature scanning tunneling mi-
croscopy and Fourier-transformed scanning tunneling spectroscopy to investigate the quasiparticle interference
(QPI) properties of ZrSiTe. Our results show two scattering signals across portions of the drumhead state
resolving the energy-momentum relationship through the occupied and unoccupied energy ranges it is predicted
to span. Observation of this drumhead state is in contrast to previous studies on ZrSiS and ZrSiSe, where the
QPI was dominated by topologically trivial bulk bands and surface states. Furthermore, we observe a near
k → −k scattering process across the � point, enabled by scattering between the spin-split drumhead bands
in this material, showing the persistence of the drumhead state even in the presence of spin-orbit coupling.
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Topological semimetals (TSMs) are characterized by lin-
early dispersing band crossings in the bulk band structure that
are protected by topological invariants and the symmetries of
the material’s crystalline space group. TSMs and their topo-
logically protected surface states have garnered increasing
attention in recent years, hosting a number of interesting elec-
tronic phenomena, including topologically robust boundary
states and a linear nonsaturating magnetoresistance [1]. The
dimensionality and degeneracy of the linearly dispersing band
crossings are used to classify the type of TSM, and are related
to the resultant surface states [2–6]. Materials which have
band crossings in one-dimensional paths have been denoted
topological nodal-line semimetals (NLSMs), and when these
paths form closed loops, topologically protected drumhead
surface states arise. These span a two-dimensional region of
the Brillouin zone (BZ) linking nodal loops together [7–16],
similar to how Fermi arcs in Weyl semimetals connect Weyl
nodes [17–20]. To date, drumhead states have been sparsely
studied experimentally mainly due to a lack of suitable can-
didate materials [10–16], and theoretical investigations often
use drastically simplified models in superficial settings which
do not necessarily transfer directly to real world materials.
With drumhead states expected to exhibit some interesting
electronic phenomena, for example a superconducting state
with a transition temperature proportional to the drumhead
size [21,22], finding new materials which host these topolog-
ical surface states is of key research interest.

Nonsymmorphic symmetries are known to allow, and in
some cases enforce, bands to become degenerate along cer-

tain spaces within the BZ [23], and nonsymmorphic NLSMs
were experimentally confirmed with the discovery of ZrSiS
[24]. Since then, many NLSMs have been discovered among
isostructural compounds sharing the form MXZ , (M = Zr,
Hf), (X = Si, Ge, Sn), and (Z = O, S, Se, Te) [5,6]. Among
these compounds, most experimental focus to date has been
placed on ZrSiS and ZrSiSe, particularly the topologically
trivial features arising from the nonsymmorphic degenera-
cies at the BZ boundaries and their resultant floating band
surface states [24–48]. This is due to a combination of the
large contribution of these floating band surface states to the
density of states and the isolation of these features from other
bands in the BZ. A difference in ZrSiTe is the emergence
of a drumhead surface state spanning a large region of the
BZ, which makes ZrSiTe the first material in the MXZ family
suitable for studies of this state.

Recent angle-resolved photoemission spectroscopy
(ARPES) measurements showed the first evidence of
the drumhead surface state in ZrSiTe [10], resolving the
occupied states. However, the drumhead state was predicted
to extend over a wide energy range into the unoccupied
region of the band structure which could not be measured.
Scanning tunneling microscopy (STM) is a valuable and
often complimentary tool to ARPES measurements due to its
ability to probe states in both the occupied and unoccupied
energy regions, along with providing spatial information of
the material’s surface. In this work, low-temperature STM and
Fourier-transform scanning tunneling spectroscopy (FT-STS)
were employed to investigate the scattering properties of
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FIG. 1. (a) ZrSiTe crystal structure. Dashed line indicates the cleavage plane. (b) Cleaved ZrSiTe surface. Color faded Si atoms indicate
they are below the ZrTe layer. (c) Band structure calculation with spin-orbit coupling (SOC) (no SOC in Supplemental Material Fig. 1) for
an N = 20 unit-cell-thick slab along the [001] crystallographic direction. Two nodal lines are labeled in blue (NL1) and red (NL2), encircling
the � point and the Z point, respectively. Black arrows indicate the drumhead states, splitting in energy due to spin-orbit coupling. (d) k-space
structure of the Dirac nodal lines relevant in forming the drumhead state in the three-dimensional BZ and the [001] surface projected BZ.
Shaded region of surface BZ indicates a nontrivial Berry phase resulting in drumhead states. (e) Energy landscape of NL1, NL2, and the
drumhead states in the [001] surface projected BZ.

the ZrSiTe drumhead state. The measurements track the
dispersion of the drumhead state through the full energy
domain and are in excellent agreement with theoretical
calculations. We determine that the drumhead surface state
provides the dominant contribution to the QPI, in contrast
with ZrSiS and ZrSiSe, where the floating band surface
state is most prominent. This marks the first time a real
space technique has been used to observe the drumhead
surface state, and shows that even in nonidealized real-world
materials where many electronic bands compete and effects
such as spin-orbit coupling (SOC) are present, the drumhead
state is robust and plays a significant role in the overall
physics of ZrSiTe.

The ZrSiTe samples were grown using the techniques de-
scribed in Ref. [49]. The samples were cleaved in situ at
room temperature at a pressure of 4 × 10−10 mbar, then
transferred into the STM (CreaTec GmbH). All measurements
were performed at 4.5 K at a base pressure of <10−10 mbar.
Chemically etched tungsten tips were prepared in situ by
electron-beam heating and field emission. Imaging and STS
were performed on gold prior to measurements on ZrSiTe to
obtain a sharp, metallic tip.

Density functional theory (DFT) calculations were per-
formed using the VASP package [50] with the standard

pseudopotentials for Zr, Si, and Te. The experimental ge-
ometries were taken from the ICSD. For the self-consistent
calculations, the reducible BZ was sampled by a 7 × 7 × 5
k mesh. A Wannier interpolation using 82 bands was per-
formed by projecting onto an atomic-orbital basis centered
at the atomic positions, consisting of Zr 5s, 6s, 5p, 4d, 5d ,
Si 3s, 4s, 3p, 4p, 3d , as well as Te 5s, 6s, 5p, 6p, 5d orbitals.
The theoretical spectra were calculated with an in-house code
and the WANNIERTOOLS [51] package.

ZrSiTe crystallizes in the tetragonal P4/nmm space group
(SG 129), consisting of Te-Zr-Si-Zr-Te quintuple layers held
together weakly by van der Waals forces [Fig. 1(a)]. There is
a natural cleavage plane between the quintuple layers which
results in a surface consisting of a Te top layer, Zr hollow
layer, and a Si square net layer 1

2 unit cell below the sur-
face [Fig. 1(b)]. Of particular interest is the nonsymmorphic
mirror-glide-plane symmetry M̄z = {Mz | 1

2 , 1
2 , 0}. This sym-

metry allows for bands to cross in the kz = 0 and kz = π
c

planes protecting the nodal loops responsible for the forma-
tion of the drumhead surface state [10,39,49].

DFT calculations were completed on a slab model con-
sisting of N = 20 unit cells along the [001] crystallographic
direction. Figure 1(c) shows the resultant band structure. The
nodal-line structure is presented in Fig. 1(d), isolating the
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Dirac crossings from other elements of the band structure.
The two nodal loops relevant in the formation of the drum-
head state are labeled NL1 and NL2 lying in the kz = 0
and kz = π

c planes, respectively, protected by the glide mirror
symmetry M̄z.

To explain the origin of the drumhead surface state, the
Berry phase (γ ) must be discussed in the frame of nodal loops
projected onto the [001] surface BZ. This has been considered
extensively in Ref. [10], where the momentum-resolved Berry
phase of ZrSiTe has been investigated using Wilson loop
analysis. In regions of the surface projected BZ where the
Berry phase is an even multiple of π , the electronic states are
topologically trivial. In contrast, any regions of the surface BZ
where the Berry phase is an odd multiple of π , the electrons
have a nontrivial topology. The area enclosed by a nodal loop
projected onto the surface BZ carries with it a topologically
nontrivial Berry phase of γ = π . This is additive with an
increasing number of nodal loops, so in regions where two
nodal loops overlap, the Berry phase is γ = 2π , which is
again topologically trivial. From Fig. 1(d) it is clear that NL1
and NL2 have a significantly different k-space evolution from
one another. When projected onto the surface BZ, this gives
rise to a non-negligible two-dimensional area in the shape
of a distorted annulus within which the Berry phase takes
a value of γ = π [gray area in Fig. 1(d)]. This topological
nontriviality leads to the formation of topologically protected
drumhead surface states, linking the two nodal loops together
in k space [10].

Figure 1(e) shows the calculated energy and momentum
characteristics of the nodal loops and drumhead state on the
surface projected BZ. From this perspective, it is clear that
NL2 is fully enclosed within NL1. Within these nodal loops,
several constant energy contours of the drumhead state are
shown. These contours originate near the X point at approxi-
mately −300 mV, and evolve towards the �-M high-symmetry
line with increasing energy. At approximately the Fermi level,
the drumhead contours break in two, forming crescent shapes
as they continue to shift towards �-M. Upon reaching the �-M
line, at approximately 300 mV, the drumhead state terminates
into the bulk nodal lines.

Figure 2(a) shows a 40 × 40 nm2, 1024 × 1024 pixel topo-
graphic image taken at a bias voltage of VB = −100 mV and
a set point current of It = 200 pA. A clear atomic corrugation
is present, with a lattice spacing of 4.02 Å. From a similar
study on ZrSiS, the bright lattice seen can be attributed to the
Zr atoms [41]. Several different naturally occurring defects
are present, and have a suitable concentration and spacing to
observe strong QPI signals. Figure 2(b) shows a magnified
scan in a pristine area of the surface. The surface projected
crystal structure overlaid shows the positions of Zr, Si, and Te
atoms using the same color scheme as Fig. 1(a).

STS measurements were taken in the energy range of −800
to 800 mV in 201 discrete steps. Figure 2(c) shows a single
energy slice of this STS measurement. The data was acquired
over a 36-h period using a 50 × 50 nm2, 512 × 512 pixel scan
window with a set point of 500 pA. Numerical differentiation
was used to determine dI/dV . The raw current data was
smoothed via a Gaussian filter using the same parameters that
were required to achieve resolution of the surface state on the
reference gold sample. The most intense QPI occurs around
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FIG. 2. (a) 1024 × 1024 pixel, 40 × 40 nm2 topographic im-
age (VB = −100 mV, It = 200 pA). (b) Crystal structure overlay
[same color scheme as Fig. 1(a)]. (c) Real space STS at a single
energy. Oscillations around defects are clearly present, indicating
QPI. (d) FT-STS at a single energy. Black corners of the image are
the Bragg peaks. Scattering vectors shown are associated with the
bulk Dirac nodal loop (q1), and the drumhead (q2).

defects believed to be centered on Te sites, consistent with
related studies [41,42,47,48].

Figure 2(d) shows the QPI intensity map obtained by a
Fourier transform of the STS. The QPI is symmetrized using
the Bragg peaks as reference points, and further data process-
ing is applied, including streak removal to account for minor
tip changes during the measurement and defect masking to
improve the resolution of small-q scattering vectors [52]. All
scattering signals present in the final QPI map are visible in
the raw data, and can be seen alongside the data processing
techniques in the Supplemental Material [53] (SM Fig. 3).
We concentrate on two scattering vectors in Fig. 2(d): q1
corresponds to quasiparticle scattering between the bulk hole-
like (negative curvature) Dirac nodal loop bands across the
� point, along the �-M direction, indicated on the band struc-
ture calculation in Fig. 1(c), while q2 corresponds to scattering
between the SOC split drumhead states. The drumhead state
gives rise to the dominant surface scattering signals, contrary
to ZrSiS and ZrSiSe where the floating band produces the
dominant signal and any signature of the drumhead state has
been absent. From q1 it was determined that a +165 mV
energy shift applied to the theory was needed in order to align
with the experimental data (SM Fig. 2), likely due to hole
doping in the sample.

Figure 3 compares the calculated band structure to the
drumhead state scattering: (top) the CECs, highlighting the
drumhead state in black and shifting all bands by +165 mV
as mentioned previously; (middle) the measured QPI data,
symmetrized then quartered to remove redundant information
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FIG. 3. Top row: Constant energy contours (CECs) of the calculated surface band structure with SOC at the same energies as the QPI data
(shifted by +165 mV as per Supplemental Material Fig. 2). Highlighted in black are the drumhead states. q2 shows drumhead state scattering
from next-nearest-neighbor drumhead states across the � point. Middle row: QPI data is fourfold symmetrized, so only one quadrant of the
QPI is shown, as other quadrants contain exactly the same information. q = (0,0) is positioned at the lower left corner of each QPI map, and
the Bragg peak [either q = (±2π/a,0) or q = (0,±2π/a)] is positioned in the upper right corner. Bottom row: Spin-dependent scattering
probability obtained through a spin-weighted autocorrelation of the CECs, showing an excellent agreement between QPI data and theory. The
signal directly along the diagonal in all energies of the spin-dependent scattering probability (SSP) calculations, and only at some energies in
the QPI measurements, appears to be tip dependent, and is more prominent under certain measurement conditions. This is highlighted in the
Supplemental Material (SM Fig. 4) which shows QPI data from three different measurements. Supplemental Material (SM Fig. 5) compares
the evolution of the drumhead state scattering signal q2 at all measured energies to the expected calculations on the same plot.

and match the scale for the full BZ calculation; and (bottom)
the spin-dependent scattering probability (SSP) determined by
taking a spin-weighted autocorrelation of the CEC, shown at
the same scale as the QPI maps. The data shows a distinct
scattering signal linked to drumhead state scattering, q2, cor-
responding to scattering across the BZ between drumhead
states near the X points (through the � point of the BZ)
[Figs. 2(d) and 3]. While only q2 stands out in the data,
the theoretical calculations show more possible scattering
channels available than clearly visible in the QPI data, as
is often the case, including the scattering vector connecting
equivalent regions of the drumhead (diagonal) leading to the
strong intensity between the two symmetric q2 regions in
the SSP calculation. As different measurements show vary-
ing intensity in this region (see Supplemental Material), this
discrepancy likely arises from tip- or defect-dependent sensi-
tivity of the QPI to this particular scattering channel.

As energy is increased, the angle of q2 with respect to
the �-M high-symmetry line varies. At around −100 mV,
two QPI signals emerge near the Bragg peak. These two
signals are indicative of the drumhead state breaking off into

two separate branches. Nearing the Fermi level, this behavior
becomes more obvious: the two peaks begin to move away
from one another, flowing towards the qy = qx high-symmetry
lines in the QPI maps. Into the unoccupied states above the
Fermi level, the same trend is followed up to 300 mV where
the drumhead scattering signal overlaps with the signal from
the bulk nodal line, and they become indistinguishable. The
energy evolution of q2 is in excellent agreement with the cal-
culated CECs. For a direct comparison over the full measured
energy range, see Fig. 5 in the Supplemental Material.

The presence of SOC leads to the splitting of the drumhead
state, as discussed in [10], and we can ask if a split in the QPI
is also possible. Although the resolution of this experiment
is not sufficiently high to discern if the drumhead signal has
a single or a double feature, we expect scattering between
states of opposite (or close to opposite) spin to be drasti-
cally suppressed in the absence of both magnetic impurities
and a magnetic tip (see, e.g., the formalism in [54]). In the
particular case of the q2 scattering vector, which connects
momenta close to k to −k, the scattering between Kramer’s
pair states (exact backscattering) is, in fact, fully suppressed
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due to the orthogonality of the Kramer’s pair wave functions.
Scattering between distinct drumhead states will be favored
between those of almost aligned spin, and we expect that even
in circumstances with increased resolution the single peak will
dominate the QPI data.

In this study, we measured the surface of ZrSiTe using
STM and through QPI we were able to visualize the evolution
of the topologically protected drumhead surface state through
its entire energy range, in both the occupied and unoccupied
regions. Contrary to ZrSiS and ZrSiSe, where the floating
band dominates the QPI, ZrSiTe exhibits a strong QPI signal
from the drumhead state which is in excellent agreement with
the theoretical calculations. Additionally, we showed that the
nearby spin-split drumhead surface states allow for scattering
across the BZ, in a near k → −k scattering process. As most
current theoretical investigations into drumhead states con-
sider highly idealized situations, we could not take for granted
that experimental measurements would so closely mimic the
calculations. The fact that we not only observe a scattering
signal corresponding to the drumhead state, but that it domi-
nates the physics even in a sea of competing electronic bands
and the presence of spin-orbit coupling, and is in exceptional
agreement with the theory, is a great step towards understand-
ing the fundamental electronic nature of these topologically
protected states. We hope this clear evidence will open the
door to further research into drumhead states, leading to
the experimental confirmation of more host materials, as while
the drumhead state has been observed with ARPES in other
materials [PbTeSe2 [11], Co2MnGa [13], and RAs3 (R = Ca,

Sr) [16] to name a few], it has yet to be seen in any materials
using STM outside of this work. Furthermore, the addition
of STM and QPI to the suite of experimental probes used
to study the topologically nontrivial drumhead states allows
for a whole new and unexplored energy range that can be
investigated, as the unoccupied states of materials are now
accessible. We believe this could vastly expand upon the
potential pool of materials to study, as now materials where
drumhead states are predicted to appear above the Fermi level
are no longer experimentally off limits.

Raw data and analysis code are available via the Open
Science Framework [55].

We would like to thank Yan Sun for providing the Wannier
function fit, and Vidya Madhavan for discussions. Work at
UBC was supported by the Natural Sciences and Engineering
Research Council Discovery Grant Program (Grants No. RG-
PIN 2018-04271 and No. RGPIN 2018-04280) and Research
Tools and Instruments (Grant No. EQPEQ 473024-15), the
Quantum Matter Institute, the Canada First Research Excel-
lence Fund, the Canada Research Chairs program (S.B.), and
the MP-UBC-UTokyo Center for Quantum Materials. Work
at Princeton was supported by the Gordon and Betty Moore
Foundation through Grant No. GBMF9064 to L.M.S. The
Flatiron Institute is a division of the Simons Foundation. R.Q.
was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation), Projektnummer 277101999,
TRR 183 (project B03), and the Israel Science Foundation.

[1] Z. Wang, H. Weng, Q. Wu, X. Dai, and Z. Fang, Phys. Rev. B
88, 125427 (2013).

[2] B. Yan and C. Felser, Annu. Rev. Condens. Matter Phys. 8, 337
(2017).

[3] N. P. Armitage, E. J. Mele, and A. Vishwanath, Rev. Mod. Phys.
90, 015001 (2018).

[4] S.-Y. Yang, H. Yang, E. Derunova, S. S. P. Parkin, B. Yan, and
M. N. Ali, Adv. Phys.: X 3, 1414631 (2018).

[5] S. Klemenz, S. Lei, and L. M. Schoop, Annu. Rev. Mater. Res.
49, 185 (2019).

[6] L. M. Schoop, F. Pielnhofer, and B. V. Lotsch, Chem. Mater.
30, 3155 (2018).

[7] Y.-H. Chan, C.-K. Chiu, M. Y. Chou, and A. P. Schnyder, Phys.
Rev. B 93, 205132 (2016).

[8] M. Biderang, A. Leonhardt, N. Raghuvanshi, A. P. Schnyder,
and A. Akbari, Phys. Rev. B 98, 075115 (2018).

[9] T. Bzdušek, Q. Wu, A. Rüegg, M. Sigrist, and A. A. Soluyanov,
Nature (London) 538, 75 (2016).

[10] L. Muechler, A. Topp, R. Queiroz, M. Krivenkov, A.
Varykhalov, J. Cano, C. R. Ast, and L. M. Schoop, Phys. Rev.
X 10, 011026 (2020).

[11] G. Bian, T.-R. Chang, R. Sankar, S.-Y. Xu, H. Zheng, T.
Neupert, C.-K. Chiu, S.-M. Huang, G. Chang, I. Belopolski
et al., Nat. Commun. 7, 10556 (2016).

[12] G. Bian, T.-R. Chang, H. Zheng, S. Velury, S.-Y. Xu, T.
Neupert, C.-K. Chiu, S.-M. Huang, D. S. Sanchez, I. Belopolski
et al., Phys. Rev. B 93, 121113(R) (2016).

[13] I. Belopolski, K. Manna, D. S. Sanchez, G. Chang, B. Ernst,
J. Yin, S. S. Zhang, T. Cochran, N. Shumiya, H. Zheng et al.,
Science 365, 1278 (2019).

[14] T. Nakamura, S. Souma, Z. Wang, K. Yamauchi, D. Takane, H.
Oinuma, K. Nakayama, K. Horiba, H. Kumigashira, T. Oguchi
et al., Phys. Rev. B 99, 245105 (2019).

[15] I. Belopolski, T. A. Cochran, S. S. Tsirkin, Z. Guguchia, J.
Yin, S. S. Zhang, Z. Cheng, X. Liu, G. Chang, X. Yang et al.,
arXiv:2005.02400 [cond-mat.str-el].

[16] M. M. Hosen, B. Wang, G. Dhakal, K. Dimitri, F. Kabir, C.
Sims, S. Regmi, T. Durakiewicz, D. Kaczorowski, A. Bansil
et al., Sci. Rep. 10, 2776 (2020).

[17] S.-M. Huang, S.-Y. Xu, I. Belopolski, C.-C. Lee, G. Chang, B.
Wang, N. Alidoust, G. Bian, M. Neupane, C. Zhang et al., Nat.
Commun. 6, 7373 (2015).

[18] L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang, T. Zhang, B.
Zhou, Y. Zhang, Y. F. Guo, M. Rahn et al., Nat. Phys. 11, 728
(2015).

[19] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P.
Richard, X. C. Huang, L. X. Zhao, G. F. Chen et al., Phys. Rev.
X 5, 031013 (2015).

[20] S. Jia, S.-Y. Xu, and M. Z. Hasan, Nat. Mater. 15, 1140 (2016).
[21] N. B. Kopnin, T. T. Heikkilä, and G. E. Volovik, Phys. Rev. B

83, 220503(R) (2011).
[22] E. Tang and L. Fu, Nat. Phys. 10, 964 (2014).
[23] S. M. Young and C. L. Kane, Phys. Rev. Lett. 115, 126803

(2015).

L121111-5

https://doi.org/10.1103/PhysRevB.88.125427
https://doi.org/10.1146/annurev-conmatphys-031016-025458
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1080/23746149.2017.1414631
https://doi.org/10.1146/annurev-matsci-070218-010114
https://doi.org/10.1021/acs.chemmater.7b05133
https://doi.org/10.1103/PhysRevB.93.205132
https://doi.org/10.1103/PhysRevB.98.075115
https://doi.org/10.1038/nature19099
https://doi.org/10.1103/PhysRevX.10.011026
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1126/science.aav2327
https://doi.org/10.1103/PhysRevB.99.245105
http://arxiv.org/abs/arXiv:2005.02400
https://doi.org/10.1038/s41598-020-59200-2
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/nphys3425
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1038/nmat4787
https://doi.org/10.1103/PhysRevB.83.220503
https://doi.org/10.1038/nphys3109
https://doi.org/10.1103/PhysRevLett.115.126803


B. A. STUART et al. PHYSICAL REVIEW B 105, L121111 (2022)

[24] L. M. Schoop, M. N. Ali, C. Straßer, A. Topp, A. Varykhalov,
D. Marchenko, V. Duppel, S. S. P. Parkin, B. V. Lotsch, and
C. R. Ast, Nat. Commun. 7, 11696 (2016).

[25] M. N. Ali, L. M. Schoop, C. Garg, J. M. Lippmann, E. Lara, B.
Lotsch, and S. S. P. Parkin, Sci. Adv. 2, e1601742 (2016).

[26] Y.-Y. Lv, B.-B. Zhang, X. Li, S.-H. Yao, Y. B. Chen, J. Zhou,
S.-T. Zhang, M.-H. Lu, and Y.-F. Chen, Appl. Phys. Lett. 108,
244101 (2016).

[27] X. Wang, X. Pan, M. Gao, J. Yu, J. Jiang, J. Zhang, H. Zuo, M.
Zhang, Z. Wei, W. Niu et al., Adv. Electron. Mater. 2, 1600228
(2016).

[28] J. Hu, Z. Tang, J. Liu, Y. Zhu, J. Wei, and Z. Mao, Phys. Rev. B
96, 045127 (2017).

[29] M. Matusiak, J. R. Cooper, and D. Kaczorowski, Nat. Commun.
8, 15219 (2017).

[30] R. Singha, A. K. Pariari, B. Satpati, and P. Mandal, Proc. Natl.
Acad. Sci. USA 114, 2468 (2017).

[31] S. Pezzini, M. R. van Delft, L. M. Schoop, B. V. Lotsch, A.
Carrington, M. I. Katsnelson, N. Hussey, and S. Wiedmann,
Nat. Phys. 14, 178 (2018).

[32] J. Zhang, M. Gao, J. Zhang, X. Wang, X. Zhang, M. Zhang, W.
Niu, R. Zhang, and Y. Xu, Front. Phys. 13, 137201 (2018).

[33] J. A. Voerman, L. Mulder, J. C. de Boer, Y. Huang, L. M.
Schoop, C. Li, and A. Brinkman, Phys. Rev. Mater. 3, 084203
(2019).

[34] M. B. Schilling, L. M. Schoop, B. V. Lotsch, M. Dressel, and
A. V. Pronin, Phys. Rev. Lett. 119, 187401 (2017).

[35] C. P. Weber, B. S. Berggren, M. G. Masten, T. C. Ogloza, S.
Deckoff-Jones, J. Madéo, M. K. L. Man, K. M. Dani, L. Zhao,
G. Chen et al., J. Appl. Phys. 122, 223102 (2017).

[36] M. Neupane, I. Belopolski, M. M. Hosen, D. S. Sanchez, R.
Sankar, M. Szlawska, S.-Y. Xu, K. Dimitri, N. Dhakal, P.
Maldonado et al., Phys. Rev. B 93, 201104(R) (2016).

[37] C. Chen, X. Xu, J. Jiang, S.-C. Wu, Y. P. Qi, L. X. Yang, M. X.
Wang, Y. Sun, N. B. M. Schröter, H. F. Yang et al., Phys. Rev.
B 95, 125126 (2017).

[38] R. Sankar, G. Peramaiyan, I. P. Muthuselvam, C. J. Butler, K.
Dimitri, M. Neupane, G. N. Rao, M.-T. Lin, and F. C. Chou,
Sci. Rep. 7, 40603 (2017).

[39] A. Topp, R. Queiroz, A. Grüneis, L. Müchler, A. W. Rost, A.
Varykhalov, D. Marchenko, M. Krivenkov, F. Rodolakis, J. L.
McChesney et al., Phys. Rev. X 7, 041073 (2017).

[40] A. Topp, M. G. Vergniory, M. Krivenkov, A. Varykhalov, F.
Rodolakis, J. L. McChesney, B. V. Lotsch, C. R. Ast, and L. M.
Schoop, J. Phys. Chem. Solids 128, 296 (2019).

[41] C. J. Butler, Y.-M. Wu, C.-R. Hsing, Y. Tseng, R. Sankar,
C.-M. Wei, F.-C. Chou, and M.-T. Lin, Phys. Rev. B 96, 195125
(2017).

[42] M. S. Lodge, G. Chang, C.-Y. Huang, B. Singh, J. Hellerstedt,
M. T. Edmonds, D. Kaczorowski, M. M. Hosen, M. Neupane,
H. Lin et al., Nano Lett. 17, 7213 (2017).

[43] W. Zhou, H. Gao, J. Zhang, R. Fang, H. Song, T. Hu, A.
Stroppa, L. Li, X. Wang, S. Ruan, and W. Ren, Phys. Rev. B
96, 064103 (2017).

[44] R. Singha, S. Samanta, S. Chatterjee, A. Pariari, D. Majumdar,
B. Satpati, L. Wang, A. Singha, and P. Mandal, Phys. Rev. B 97,
094112 (2018).

[45] J. Hu, Z. Tang, J. Liu, X. Liu, Y. Zhu, D. Graf, K. Myhro, S.
Tran, C. N. Lau, J. Wei, and Z. Mao, Phys. Rev. Lett. 117,
016602 (2016).

[46] H. Pan, B. Tong, J. Yu, J. Wang, D. Fu, S. Zhang, B. Wu, X.
Wan, C. Zhang, X. Wang et al., Sci. Rep. 8, 9340 (2018).

[47] K. Bu, Y. Fei, W. Zhang, Y. Zheng, J. Wu, F. Chen, X. Luo, Y.
Sun, Q. Xu, X. Dai, and Y. Yin, Phys. Rev. B 98, 115127 (2018).

[48] Z. Zhu, T.-R. Chang, C.-Y. Huang, H. Pan, X.-A. Nie, X.-Z.
Wang, Z.-T. Jin, S.-Y. Xu, S.-M. Huang, D.-D. Guan et al., Nat.
Commun. 9, 4153 (2018).

[49] A. Topp, J. M. Lippmann, A. Varykhalov, V. Duppel, B. V.
Lotsch, C. R. Ast, and L. M. Schoop, New J. Phys. 18, 125014
(2016).

[50] G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15 (1996).
[51] Q. Wu, S. Zhang, H.-F. Song, M. Troyer, and A. A. Soluyanov,

Comput. Phys. Commun. 224, 405 (2018).
[52] S. Chi, S. Johnston, G. Levy, S. Grothe, R. Szedlak, B.

Ludbrook, R. Liang, P. Dosanjh, S. A. Burke, A. Damascelli
et al., Phys. Rev. B 89, 104522 (2014).

[53] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.105.L121111 for the band structure without
SOC, an explanation of how we arrived at an energy shift
between data and theory, an explanation of the data processing
techniques, similar results in other datasets, and the full energy
evolution of the drumhead state.

[54] R. Queiroz and A. Stern, Phys. Rev. Lett. 121, 176401 (2018).
[55] https://doi.org/10.17605/OSF.IO/7A8CU.

L121111-6

https://doi.org/10.1038/ncomms11696
https://doi.org/10.1126/sciadv.1601742
https://doi.org/10.1063/1.4953772
https://doi.org/10.1002/aelm.201600228
https://doi.org/10.1103/PhysRevB.96.045127
https://doi.org/10.1038/ncomms15219
https://doi.org/10.1073/pnas.1618004114
https://doi.org/10.1038/nphys4306
https://doi.org/10.1007/s11467-017-0705-7
https://doi.org/10.1103/PhysRevMaterials.3.084203
https://doi.org/10.1103/PhysRevLett.119.187401
https://doi.org/10.1063/1.5006934
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.95.125126
https://doi.org/10.1038/srep40603
https://doi.org/10.1103/PhysRevX.7.041073
https://doi.org/10.1016/j.jpcs.2017.12.035
https://doi.org/10.1103/PhysRevB.96.195125
https://doi.org/10.1021/acs.nanolett.7b02307
https://doi.org/10.1103/PhysRevB.96.064103
https://doi.org/10.1103/PhysRevB.97.094112
https://doi.org/10.1103/PhysRevLett.117.016602
https://doi.org/10.1038/s41598-018-27148-z
https://doi.org/10.1103/PhysRevB.98.115127
https://doi.org/10.1038/s41467-018-06661-9
https://doi.org/10.1088/1367-2630/aa4f65
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1103/PhysRevB.89.104522
http://link.aps.org/supplemental/10.1103/PhysRevB.105.L121111
https://doi.org/10.1103/PhysRevLett.121.176401
https://doi.org/10.17605/OSF.IO/7A8CU

