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Abstract: A flat band structure in momentum space is considered key for the realization of novel
phenomena. A topological flat band, also known as a drumhead state, is an ideal platform to
drive new exotic topological quantum phases. Using angle-resolved photoemission spectroscopy
experiments, we reveal the emergence of a highly localized surface state in a topological semimetal
BaAly and provide its full energy and momentum space topology. We find that the observed surface
state is localized in momentum, inside a square-shaped bulk Dirac nodal loop, and in energy, leading
to a flat band and a peak in the density of state. These results imply this class of materials as an
experimental realization of drumhead surface states and provide an important reference for future
studies of the fundamental physics of correlated quantum effects in topological materials.

Keywords: topological materials; photoemission spectroscopy; surface states; flat bands

1. Introduction

Because of strong localization, flat band electronic states are considered to play a
critical role in achieving strong electron correlations, leading to exotic quantum states of
matter, such as high-T. superconductivity, magnetism, and fractional Hall effect. Such
unique conditions are achieved in various systems, including Kagome lattices [1-3], twisted
bilayer graphene [4], and topological materials [5-11]. In topological materials, one notable
class of the topological non-trivial states—nodal line semimetals—are the neighbor states
to various topological quantum phases, such as three-dimensional Dirac semimetals, Weyl
semimetals, topological insulators, and spinful Weyl nodal line semimetals, and hence
it is regarded as an ideal platform to study and control the quantum topological phase
transition by breaking symmetries [12]. In a topological nodal line semimetal, the linearly
degenerate bands cross each other on a mirror plane, giving rise to a nodal line in the
momentum space. The crossing bands on the mirror plane cannot hybridize since they have
opposite mirror eigenvalues, resulting in a stable nodal loop/line on the mirror plane. The
projection of these bulk nodal lines onto the surface fills the inside of the nodal lines and
generates the so-called drumhead surface state [5-11], given its resemblance to the head of
an open drum. The peculiar momentum space structure of these states, flat and localized
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in energy, is critical for the realization of novel phenomena [13-28], such as topological
superconductivity [14,16-18,29] and magnetism [1-3,15]. In the case of superconductivity,
for example, the momentum extension of the drumhead state (area) is proportional to
the pairing strength, and hence T, [14,29]. Therefore, topological semimetals exhibiting
drumhead surface states present a significant expansion of topological materials beyond
topological insulators and nodal-point Dirac/Weyl semimetals.

Recently, BaAly has been reported to have topological semimetallic features with 3D
Dirac dispersions and possible nodal lines protected by crystal symmetry [30]. While this
can explain several of the observed transport properties, such as extremely large magne-
toresistance, including quantum oscillations [30], its associated surface-localized band is
still elusive. In this paper, we use angle-resolved photoemission spectroscopy (ARPES),
experimentally combined with theoretical calculation, to study in detail the electronic struc-
ture of BaAly, focusing on the nodal line and the surface-localized bands. BaAl, has the
body-centered tetragonal structure in the space group of [4/mmm (No. 139), as shown in
Figure 1a, also known as a prototype parent crystal of a large family of compounds [30-34].
The bulk and (001) surface-projected BZs with high-symmetry points labeled are shown in
Figure 1b. The crystal has three non-equivalent mirror-reflection planes gy (green and
blue planes), my1o (orange plane), and ¢ (red plane) (see Figure 1b). The 11 plane and
migp plane have equivalent mirror planes along the orthogonal directions. Therefore, a
number of Dirac nodal lines can exist on these planes when spin—orbit coupling (SOC) is
negligible, leading to the presence of drumhead surface states.

a

Figure 1. Crystal structure of the topological semimetal BaAly. (a) The crystal structure of BaAly.
The gray and the blue spheres represent the Ba and the Al atoms, respectively. (b) The bulk Brillouin
zone (BZ) and the (001) surface BZ, marked with high-symmetry points. In the bulk structure, the
three non-equivalent mirror-reflection planes rgg; (green plane (k, = 0) and blue plane (k, = 27t/c¢)),
mq1o (orange plane) and myg (red plane) are illustrated.

2. Materials and Methods

Single crystals of BaAly, were synthesized by a high-temperature self-flux method
and characterized by X-ray diffraction at room temperature with Cu K, (A = 0.15418 nm)
radiation in a powder diffractometer [30].

Electronic structure calculations were performed within the framework of the density
functional theory (DFT) with the PAW pseudopotentials, as implemented in the Quantum
Espresso package [35]. The generalized gradient approximation (GGA) with the Perder—
Burke-Ernzerhof parameterization (PBE) was used [36]. A plane wave energy cut-off 40 Ry
and 24 x 24 x 24 k-mesh to sample the BZ were used for the bulk calculations. Total energies
were converged to smaller than 10~10, The experimental crystal data (2 = b = 4.566 A,
c=11.278 A) were used [37]. The calculation of surface electronic structures was carried
out with momentum-resolved local density of states of a semi-infinite surface by employing
a tight-binding (TB) model obtained by using the Wannier90 [38] and WannierTools suite of
code [39]. The quality of the Wannier function-based TB model was checked by comparing it
with the DFT calculation (see Figure S3 in Supplementary Materials (SM)). The comparison
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of our experimental spectra with the theory-calculated surface states shows good agreement
with a 25% expansion in the energy dimension of the calculation result. The VESTA package
was used for visualization of the crystal structure [40].

ARPES measurements on single crystalline samples of BaAl; were performed at the
Beamline 4.0.3. end station of the Advanced Light Source in Berkley, CA, USA. Samples
were cleaved in situ to yield clean (001) surfaces and measured at 20 K in an ultra-high
vacuum better than 3 x 107! Torr, using the photon energy of 80-128 eV with a Scienta
R8000 analyzer. The energy resolution was 20-30 meV and the angular resolution was better
than 0.2° for all measurements. According to these photon energy dependence measure-
ments, the inner potential of BaAly is estimated at 10.5 eV. Partial ARPES data in this paper
were analyzed using pyARPES, an open-source python-based analysis framework [41].

3. Results
3.1. Bulk Dirac Nodal Line

Figure 2 shows the bulk electronic structure of BaAly. Figure 2a shows the theoretical
bulk nodal lines without SOC. The energy and momentum dispersions along the high
symmetry directions reveal the presence of several nodal points within the valence bands
for each mirror plane (see dots in Figure 2b). These nodal points, developing between
the highest valence band and the second-highest valence band (Valence Gap (VG)), give
rise to a variety of nodal lines in each mirror plane (see colored lines in Figure 2a). The
colors used in Figure 2a,b for the nodal points/lines correspond to the same color scale
used to represent the respective mirror plane (Figure 1b). A detailed analysis of the
irreducible representations for each crossing is shown in Figure S1 in Supplementary
Materials. Figure 2c,d show the calculated and experimental momentum and energy
dispersions along the X; —Z direction in the k; = 271/c plane. Following the maximum
intensity, a Dirac-like linear-shaped dispersion can be observed, in agreement with the
theoretical calculation in Figure 2c. The dispersion can be better extracted by following the
peak positions in the momentum distribution curves (MDCs) shown in Figure 2e, where
two peaks disperse linearly throughout the entire energy range and cross at ~—0.4 eV,
namely the Dirac point. The non-gap linear feature is further confirmed in Figure S5c
in Supplementary Materials, where only one side of Dirac dispersion is observed due to
the matrix element effect [42,43]. Figure 2f-h show the same as Figure 2c—e, respectively,
but the momentum direction is the Y;—Z direction in the k; = 27t/c plane. Similar to
the X1 —Z direction, the Dirac-like linear dispersion can also be observed in the Y;—Z
direction and is confirmed by the MDCs spectra, where the two peaks disperse linearly
and cross at the ED. These Dirac nodes belong to one of the nodal loops in the k, = 27t/¢
plane (see the black arrows in Figure 2a). The lack of a gap in the spectra can be due
to the absence of hybridization between the two spins and/or weak SOC as in this case,
where the bands near Ef in the VG region are mainly composed of Al s and p orbitals
(see details in Figure S2 of Supplementary Materials). Once SOC is introduced, the two
spins are coupled and allowed to hybridize, resulting in a gap opening at each of the Dirac
points/lines. This is true for each high symmetry direction, unless the I'-Z direction,
where the two bands belong to a different representation of the symmetry group, and
therefore, their intersection is protected by the crystalline symmetry, C4,. The details of the
crystal symmetric information and topological nature with SOC can be found in ref. [30].
In the presence of weak SOC, the gap size becomes negligible, and this may be the case for
the VG.
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Figure 2. Bulk electronic structure of topological semimetal BaAly. (a,b) The bulk Dirac nodal lines
in bulk BZ (top in (a)) and on the (001) surface-projected BZ (bottom in (a)) and the calculated bulk
electronic structure near Ep without spin—orbit coupling (SOC) (b). The black arrows in (a) mark the
experimentally identified nodal line in this work. The blue shaded region in (b) is the energy gap
between the highest valence band and the second-highest valence band, where the nodal lines shown
in this work exist. The blue and purple squares highlight the experimentally observed nodal line
in this work. Each color of nodal lines/points in panels (a,b) represents the corresponding mirror
plane shown in Figure 1b. (c,f) Zoom in of the calculated electronic structure along ¥ —Z (c) and
Y1 —Z (f) direction in k, = 271/ c plane protected by 1119 (see the purple and blue squares in (b)). The
solid light blue lines in the calculation are guides to the eye for the Dirac band-crossing. (d,g) The
experimental electronic structure (second-derivative in momentum direction) along ¥ —Z (d) and
Y| —Z (g) direction, respectively. (e,h) The momentum distribution curves (MDCs) along the cuts
along ¥ —Z (see blue arrows from —0.25 eV to —0.5 eV in (d,e)) and the cuts along Y, —Z (see blue
arrows from Ep to —0.6 eV in (g,h)), respectively, showing the Dirac dispersion of the nodal line. The
light blue marks indicate the peak positions. The bold black lines highlight MDC near the energy of
Dirac point (ED).
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3.1.1. Surface States

We now turn our attention to the surface-localized electronic states. Thanks to the
matrix element effect, the bulk and surface electronic structures can be characterized
selectively (see the detail in Figure 54 in Supplementary Materials). Figure 3 shows the
surface electronic structure within the surface BZ projected onto the (001) plane. In addition
to the bulk states identified in Figure 3b (labeled as B1-B2), three new sets of features
are observed in Figure 3a: sharp, linearly dispersive states (labeled as S1-52), a hole-like
dispersion state (labeled as S3), and a weakly dispersive state (labeled as flat band (FB)
state). The FB state connects the two Dirac nodes (see the black dots in Figure 3a) observed
in Figure 2, indicating the direct relation with the observed nodal line. Similar features
are observed in the surface state calculations shown in Figure 3b, pointing to their surface
origin (see also Method section and Figure S3 in Supplementary Materials for more details
about the calculation). These multiple surface states, originating from the Dirac nodal lines,
imply that they are either topologically protected states or floating bands as a result of
reduced symmetry at the surface [44,45]. Note that the surface state calculation is sensitive
to the details of the simulations, as reported [46], and surface effects, such as potential
band bending and structural relaxation effects, are not included in the calculation. These
effects might lead to an apparent discrepancy between the experimental data (Figure 3a)
and theory (Figure 3b). Other potential discrepancies could arise from matrix element
effects [42,43]. These effects can, however, be minimized by changing the photon energy
(see Figure S6 in Supplementary Materials), revealing different features. The surface origin
of these states is further supported by their photon energy dependence (i.e., k, dependence)
as shown in Figure 3c—f. Throughout the whole range, negligible dispersions are observed
for each of these states, confirming their surface state origin. Indeed, S1 and S2 states form
straight vertical lines, as indicated by the yellow arrows in Figure 3¢ and blue dashed
line in Figure 3e, indicative of a lack of k, dispersion. On the other hand, the FB state
defines a sheet in the (k;, k;) plane (see dashed yellow rectangle in Figure 3d), indicative of
a localized state in k,. This can be directly seen in Figure 3f, where the energy versus k;
dispersion along the Z — I' direction shows a localized two-dimensional state.

3.1.2. Flat Surface Band

Among all the surface states, of particular interest is the FB state, which is the one
appearing at E = —0.49 eV. Indeed, this state emerges out and connects the two Dirac bulk
nodal lines, as expected in the case of a drumhead surface state (see also Figure 3a). Figure 4
presents its full momentum and energy characterization. The energy versus momentum
dispersion (Figure 4b), extracted from the peak position of the energy distribution curves
(EDC) (Figure 4a), appears weakly dispersing along both the I' — X and I' — M direction,
with an overall bandwidth less than 38 meV and 23 meV, respectively, in the momentum
range (kj—kp). This gives rise to an almost flat surface state with an effective mass of
m* ~ 4.0m, and 6.1m, and a peak in the density of state at the energy of the FB state
(see the bold line in Figure 4a). In Figure 4c, we show the momentum extension of the
FB state. The constant energy map (ky versus ky) at FB state shows that the FB state is
localized in momentum along a well-defined filled square-shaped region, centered at the
BZ center. The topology of the FB state is consistent with the confirmed bulk nodal loop
(see Figure 2a) and is confined within an area of ~0.16 A~2. Additionally, the momentum
location of the surface states 5S2-S3 is also visible in this energy window. In contrast,
the main contribution of the S1 state appears near Ep and is localized along a square-
shaped region (see Figure S6 in Supplementary Materials). The topology of these states is
qualitatively consistent with the theoretical constant energy map shown in Figure 4d. All
the data reported so far support the existence of a strongly localized drumhead surface
state in BaAly and reveal its extended location in momentum space.
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Figure 3. Surface states of BaAly. (a) ARPES spectra of energy versus momentum cuts along the
high-symmetry directions X — I' — M with photon energies 95 eV. The orange and yellow arrows
mark the observed bulk (B1-B2) and surface (51-S3 and FB) states, respectively. The black dots
represent the bulk Dirac nodes obtained from the bulk experimental results (Figure 2). (b) Calculated
surface band structure along high-symmetry direction X — I' — M of BaAly (001) surface for a semi-
infinite slab. The orange dashed lines represent calculated bulk band structures without SOC for k,
corresponding to the photon energy of 95 eV. The light-green dashed lines are calculated bulk for
k. = 27 /c. (c) ARPES spectral intensity map in the k; — ky, plane at the E = Eg. The k, range covers
half of the bulk BZ and corresponds to a photon energy range of 95-112 eV. The green solid lines
represent the location of the cuts studied in this work. From bottom to top, each line corresponds
to 95, 100, 105, and 112 eV of photon energy, respectively. (d) ARPES spectral intensity map in the
k. — ky plane at the binding energy E = —490 meV shown by the white arrow in panel (a). The
yellow dashed rectangle represents the FB state. (e) MDCs of spectra along I' — M direction at E = Eg
for different photon energies represented in panel (c). The blue dashed lines represent the estimated

peak positions. (f) Second derivative of energy versus k; intensity plot.
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Figure 4. Full mapping of the topological drumhead surface state. (a) EDCs from k; to k; at the
position indicated by the marks in Figure 3a. The bold line at the bottom is the integrated density of
state (DOS). (b) Extracted dispersions of the drumhead state along X — I — M (the red dots) and the
fitting (the black dashed line). (c) Constant energy maps at E = —0.49 eV. The surface states (52-S3)
and the flat band (FB) state are marked by the yellow arrows. (d) Calculated energy contour at the

-0.2

energy marked by white solid line in Figure 3c.

4. Discussion

The localized nature of this state makes it unique with respect to previous stud-
ies [9,45,47,48], where highly dispersive FB states have been reported. Indeed, the flatness
of our FB state drives a large density of states, as shown in Figures 3 and 4, enhancing
interaction effects significantly. The large area of the FB state is also promising in view
of the enhancing of the electrons’ interaction [14,29], although the first step would be to
engineer the FB state close to the Fermi level. Finally, it is noteworthy to point out that
the observed bulk nodal line might be also responsible for the reported transport anomaly,
including the quantum oscillation and extremely large magnetoresistance [30]. A complete
quantification of the gap size in BaAly, and hence the topological classification of BaAly,
requires more detailed calculations and further measurements. Even a small amount of
lattice strain can tune the gap size [49-53], resulting in a unique Dirac semimetal, where
both the Dirac point and Dirac nodal lines may coexist.

5. Conclusions

In summary, by combining surface-sensitive ARPES experiments with theoretical
calculations, we have provided direct evidence for the existence of a flat extended surface
state in a topological semimetal, BaAl;. We present that the flat surface state fills inside
of the bulk square-shaped nodal line by showing the full momentum space topology of
such a state. While further investigation is needed to conclude its topological origin, all
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the data reported here support that the observed flat band is directly associated with the
observed Dirac nodal line and, therefore, the topological drumhead surface states. These
results enable the exploration of such states to realize a number of novel correlated phases
of matter [13-18,20,24-26,29,54].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15082744 /s1, A PDF file, including Figure S1: Irreducible
representations for each crossing band in BaAly; Figure S2: Calculated electronic structures with
orbital weight; Figure S3: Wannier function for tight binding; Figure S4: ARPES spectral intensity
map in the k; — ky plane at the E = Ep for wide momentum range; Figure S5: ARPES spectra of
the bulk Dirac electronic structure; Figure S6: ARPES spectra with different photon energies and
corresponding calculated bulk bands. Reference [30] is cited in the Supplementary Materials.
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Funding: The experimental part of this work was funded by the U.S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering Division under
Contract No. DE-AC02-05-CH11231 (Quantum materials KC2202), while the data analysis of this
work, based on the PyARPES software developed by our group, was supported by Contract No.
DE-AC02-05CH11231 (Ultrafast Materials Science Program KC2203). This work also used resources
of the Advanced Light Source, a DOE Office of Science User Facility, under Contract No. DE-ACO02-
05CH11231. Research at the University of Maryland was supported by the Gordon and Betty Moore
Foundation’s EPiQS Initiative through Grant No. GBMF9071, and the Maryland Quantum Materials
Center. TM. was supported by JST PRESTO (JPMJPR19L9) and JST CREST (JPMJCR19T3).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the finding of this study are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare that they have no competing financial interests.

References

1. Lin, Z,; Choi, ].H.; Zhang, Q.; Qin, W.; Yi, S.; Wang, P; Li, L.; Wang, Y.; Zhang, H.; Sun, Z.; et al. Flatbands and Emergent
Ferromagnetic Ordering in Fe3Sn, Kagome Lattices. Phys. Rev. Lett. 2018, 121, 096401. [CrossRef] [PubMed]

2. Guo, HM,; Franz, M. Topological insulator on the kagome lattice. Phys. Rev. B 2009, 80, 113102. [CrossRef]

3.  Kang, M, Ye, L,; Fang, S.; You, ].S.; Levitan, A.; Han, M.; Facio, ].I; Jozwiak, C.; Bostwick, A.; Rotenberg, E.; et al. Dirac fermions
and flat bands in the ideal kagome metal FeSn. Nat. Mater. 2020, 19, 163-169. [CrossRef] [PubMed]

4. Cao, Y,; Fatemi, V.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-Herrero, P. Unconventional superconductivity in
magic-angle graphene superlattices. Nature 2018, 556, 43-50. [CrossRef]

5. Chiu, CK;; Teo, J.C.Y,; Schnyder, A.P; Ryu, S. Classification of topological quantum matter with symmetries. Rev. Mod. Phys.
2016, 88, 035005. [CrossRef]

6.  Burkov, A.A.; Hook, M.D.; Balents, L. Topological nodal semimetals. Phys. Rev. B 2011, 84, 235126. [CrossRef]

7. Zhao, Y.X;; Wang, Z.D. Topological Classification and Stability of Fermi Surfaces. Phys. Rev. Lett. 2013, 110, 240404. [CrossRef]

8.  Ryu, S.; Hatsugai, Y. Topological Origin of Zero-Energy Edge States in Particle-Hole Symmetric Systems. Phys. Rev. Lett. 2002,
89, 077002. [CrossRef]

9. Bian, G,; Chang, T.R,; Sankar, R.; Xu, S.Y.; Zheng, H.; Neupert, T.; Chiu, C.K.; Huang, S.M.; Chang, G.; Belopolski, I.; et al.
Topological nodal-line fermions in spin-orbit metal PbTaSep. Nat. Commun. 2016, 7, 10556. [CrossRef]

10. Kim, Y.; Wieder, B.J.; Kane, C.L.; Rappe, AM. Dirac Line Nodes in Inversion-Symmetric Crystals. Phys. Rev. Lett. 2015,
115, 036806. [CrossRef]

11. Ma, D.S;; Zhou, J.; Fu, B.; Yu, ZM.; Liu, C.C,; Yao, Y. Mirror protected multiple nodal line semimetals and material realization.
Phys. Rev. B 2018, 98, 201104. [CrossRef]

12.  Yang, S.Y.; Yang, H.; Derunova, E.; Parkin, S.5.P; Yan, B.; Ali, M.N. Symmetry demanded topological nodal-line materials. Adv.

Phys. X 2018, 3, 1414631. [CrossRef]


https://www.mdpi.com/article/10.3390/ma15082744/s1
https://www.mdpi.com/article/10.3390/ma15082744/s1
http://doi.org/10.1103/PhysRevLett.121.096401
http://www.ncbi.nlm.nih.gov/pubmed/30230862
http://dx.doi.org/10.1103/PhysRevB.80.113102
http://dx.doi.org/10.1038/s41563-019-0531-0
http://www.ncbi.nlm.nih.gov/pubmed/31819211
http://dx.doi.org/10.1038/nature26160
http://dx.doi.org/10.1103/RevModPhys.88.035005
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevLett.110.240404
http://dx.doi.org/10.1103/PhysRevLett.89.077002
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1103/PhysRevLett.115.036806
http://dx.doi.org/10.1103/PhysRevB.98.201104
http://dx.doi.org/10.1080/23746149.2017.1414631

Materials 2022, 15, 2744 90of 10

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

Tang, E.; Fu, L. Strain-induced partially flat band, helical snake states and interface superconductivity in topological crystalline
insulators. Nat. Phys. 2014, 10, 964. [CrossRef]

Kopnin, N.B.; Heikkild, T.T.; Volovik, G.E. High-temperature surface superconductivity in topological flat-band systems. Phys.
Rev. B 2011, 83, 220503. [CrossRef]

Magda, G.Z,; Jin, X.; Hagymasi, I.; Vancs6, P.; Osvath, Z.; Nemes-Incze, P.; Hwang, C.; Bir6, L.P,; Tapaszt6, L. Room-temperature
magnetic order on zigzag edges of narrow graphene nanoribbons. Nature 2014, 514, 608. [CrossRef] [PubMed]

Shapourian, H.; Wang, Y.; Ryu, S. Topological crystalline superconductivity and second-order topological superconductivity in
nodal-loop materials. Phys. Rev. B 2018, 97, 094508. [CrossRef]

Sur, S.; Nandkishore, R. Instabilities of Weyl loop semimetals. New ]. Phys. 2016, 18, 115006. [CrossRef]

Wang, Y.; Nandkishore, R.M. Topological surface superconductivity in doped Weyl loop materials. Phys. Rev. B 2017, 95, 060506.
[CrossRef]

Imada, M.; Kohno, M. Superconductivity from Flat Dispersion Designed in Doped Mott Insulators. Phys. Rev. Lett. 2000,
84, 143-146. [CrossRef]

Peotta, S.; Térmé, P. Superfluidity in topologically nontrivial flat bands. Nat. Commun. 2015, 6, 8944. [CrossRef]

Huber, S.D.; Altman, E. Bose condensation in flat bands. Phys. Rev. B 2010, 82, 184502. [CrossRef]

Wu, C.; Bergman, D.; Balents, L.; Das Sarma, S. Flat Bands and Wigner Crystallization in the Honeycomb Optical Lattice. Phys.
Rev. Lett. 2007, 99, 070401. [CrossRef] [PubMed]

Tasaki, H. Ferromagnetism in the Hubbard models with degenerate single-electron ground states. Phys. Rev. Lett. 1992,
69, 1608-1611. [CrossRef] [PubMed]

Wang, M.X; Xu, Y.; He, L.P;; Zhang, J.; Hong, X.C.; Cai, PL.; Wang, Z.B.; Dong, ].K.; Li, S.Y. Nodeless superconducting gaps in
noncentrosymmetric superconductor PbTaSe; with topological bulk nodal lines. Phys. Rev. B 2016, 93, 020503. [CrossRef]

Sun, K.; Gu, Z,; Katsura, H.; Das Sarma, S. Nearly Flatbands with Nontrivial Topology. Phys. Rev. Lett. 2011, 106, 236803.
[CrossRef] [PubMed]

Neupert, T.; Santos, L.; Chamon, C.; Mudry, C. Fractional Quantum Hall States at Zero Magnetic Field. Phys. Rev. Lett. 2011,
106, 236804. [CrossRef]

Pezzini, S.; van Delft, M.R.; Schoop, L.M.; Lotsch, B.V.; Carrington, A.; Katsnelson, M.I.; Hussey, N.; Wiedmann, S. Unconventional
mass enhancement around the Dirac nodal loop in ZrSiS. Nat. Phys. 2017, 14, 178. [CrossRef]

Matusiak, M.; Cooper, J.R.; Kaczorowski, D. Thermoelectric quantum oscillations in ZrSiS. Nat. Commun. 2017, 8, 15219.
[CrossRef]

Volovik, G.E. From standard model of particle physics to room-temperature superconductivity. Phys. Scr. 2015, 2015, 014014.
[CrossRef]

Wang, K.; Mori, R.; Wang, Z.; Wang, L.; Ma, ].H.S.; Latzke, D.W.; Graf, D.E.; Denlinger, ].D.; Campbell, D.; Bernevig, B.A.; et al.
Crystalline symmetry-protected non-trivial topology in prototype compound BaAly. Npj Quantum Mater. 2021, 6, 28. [CrossRef]
Paglione, J.; Greene, R.L. High-temperature superconductivity in iron-based materials. Nat. Phys. 2010, 6, 645-658. [CrossRef]
Steglich, F.; Aarts, ]J.; Bredl, C.D.; Lieke, W.; Meschede, D.; Franz, W.; Schifer, H. Superconductivity in the Presence of Strong
Pauli Paramagnetism: CeCuySy. Phys. Rev. Lett. 1979, 43, 1892-1896. [CrossRef]

Stewart, G.R. Heavy-fermion systems. Rev. Mod. Phys. 1984, 56, 755-787. [CrossRef]

Kneidinger, F.; Salamakha, L.; Bauer, E.; Zeiringer, I.; Rogl, P.; Blaas-Schenner, C.; Reith, D.; Podloucky, R. Superconductivity in
noncentrosymmetric BaAly derived structures. Phys. Rev. B 2014, 90, 024504. [CrossRef]

Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo,
I; etal. QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys.
Condens. Matter 2009, 21, 395502. [CrossRef]

Perdew, J.P; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865-3868.
[CrossRef]

Bruzzone, G.; Merlo, E. The strontium-aluminium and barium-aluminium systems. J. Less Common Met. 1975, 39, 1-6. [CrossRef]
Mostofi, A.A.; Yates, ].R.; Pizzi, G.; Lee, Y.S.; Souza, I.; Vanderbilt, D.; Marzari, N. An updated version of wannier90: A tool for
obtaining maximally-localised Wannier functions. Comput. Phys. Commun. 2014, 185, 2309-2310. [CrossRef]

Wu, Q.; Zhang, S.; Song, H.E,; Troyer, M.; Soluyanov, A.A. WannierTools: An open-source software package for novel topological
materials. Comput. Phys. Commun. 2018, 224, 405-416. [CrossRef]

Momma, K.; Izumi, FE. VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data. J. Appl. Cryst.
2011, 44, 1272-1276. [CrossRef]

Stansbury, C.; Lanzara, A. PyARPES: An analysis framework for multimodal angle-resolved photoemission spectroscopies.
SoftwareX 2020, 11, 100472. [CrossRef]

Chen, Y. Studies on the electronic structures of three-dimensional topological insulators by angle resolved photoemission
spectroscopy. Front. Phys. 2012, 7, 175-192. [CrossRef]

Damascelli, A.; Hussain, Z.; Shen, Z.X. Angle-resolved photoemission studies of the cuprate superconductors. Rev. Mod. Phys.
2003, 75, 473-541. [CrossRef]


http://dx.doi.org/10.1038/nphys3109
http://dx.doi.org/10.1103/PhysRevB.83.220503
http://dx.doi.org/10.1038/nature13831
http://www.ncbi.nlm.nih.gov/pubmed/25355361
http://dx.doi.org/10.1103/PhysRevB.97.094508
http://dx.doi.org/10.1088/1367-2630/18/11/115006
http://dx.doi.org/10.1103/PhysRevB.95.060506
http://dx.doi.org/10.1103/PhysRevLett.84.143
http://dx.doi.org/10.1038/ncomms9944
http://dx.doi.org/10.1103/PhysRevB.82.184502
http://dx.doi.org/10.1103/PhysRevLett.99.070401
http://www.ncbi.nlm.nih.gov/pubmed/17930875
http://dx.doi.org/10.1103/PhysRevLett.69.1608
http://www.ncbi.nlm.nih.gov/pubmed/10046265
http://dx.doi.org/10.1103/PhysRevB.93.020503
http://dx.doi.org/10.1103/PhysRevLett.106.236803
http://www.ncbi.nlm.nih.gov/pubmed/21770533
http://dx.doi.org/10.1103/PhysRevLett.106.236804
http://dx.doi.org/10.1038/nphys4306
http://dx.doi.org/10.1038/ncomms15219
http://dx.doi.org/10.1088/0031-8949/2015/T164/014014
http://dx.doi.org/10.1038/s41535-021-00325-6
http://dx.doi.org/10.1038/nphys1759
http://dx.doi.org/10.1103/PhysRevLett.43.1892
http://dx.doi.org/10.1103/RevModPhys.56.755
http://dx.doi.org/10.1103/PhysRevB.90.024504
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1016/0022-5088(75)90212-X
http://dx.doi.org/10.1016/j.cpc.2014.05.003
http://dx.doi.org/10.1016/j.cpc.2017.09.033
http://dx.doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1016/j.softx.2020.100472
http://dx.doi.org/10.1007/s11467-011-0197-9
http://dx.doi.org/10.1103/RevModPhys.75.473

Materials 2022, 15, 2744 10 of 10

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Topp, A.; Queiroz, R.; Griineis, A.; Mitichler, L.; Rost, A.W.; Varykhalov, A.; Marchenko, D.; Krivenkov, M.; Rodolakis, F;
McChesney, J.L.; et al. Surface Floating 2D Bands in Layered Nonsymmorphic Semimetals: ZrSiS and Related Compounds. Phys.
Rev. X 2017, 7, 041073. [CrossRef]

Muechler, L.; Topp, A.; Queiroz, R.; Krivenkov, M.; Varykhalov, A.; Cano, J.; Ast, C.R.; Schoop, L.M. Modular Arithmetic with
Nodal Lines: Drumhead Surface States in ZrSiTe. Phys. Rev. X 2020, 10, 011026. [CrossRef]

Cucchi, I.; Marrazzo, A.; Cappelli, E.; Ricco, S.; Bruno, FY.; Lisi, S.; Hoesch, M.; Kim, T.K.; Cacho, C.; Besnard, C.; et al. Bulk and
Surface Electronic Structure of the Dual-Topology Semimetal SemimetalPtyHgSes. Phys. Rev. Lett. 2020, 124, 106402. [CrossRef]
[PubMed]

Belopolski, I.; Manna, K.; Sanchez, D.S.; Chang, G.; Ernst, B.; Yin, J.; Zhang, S.S.; Cochran, T.; Shumiya, N.; Zheng, H.; et al.
Discovery of topological Weyl fermion lines and drumhead surface states in a room temperature magnet. Science 2019, 365, 1278.
[CrossRef]

Lou, R.; Guo, P; Li, M.; Wang, Q.; Liu, Z.; Sun, S.; Li, C.; Wu, X,; Wang, Z.; Sun, Z.; et al. Experimental observation of bulk nodal
lines and electronic surface states in ZrB,. Npj Quantum Mater. 2018, 3, 43. [CrossRef]

Tang, E.; Mei, ] W.; Wen, X.G. High-Temperature Fractional Quantum Hall States. Phys. Rev. Lett. 2011, 106, 236802. [CrossRef]
Winterfeld, L.; Agapito, L.A.; Li, J.; Kioussis, N.; Blaha, P.; Chen, Y.P. Strain-induced topological insulator phase transition in
HgSe. Phys. Rev. B 2013, 87, 075143. [CrossRef]

Rodin, A.S.; Carvalho, A.; Castro Neto, A.H. Strain-Induced Gap Modification in Black Phosphorus. Phys. Rev. Lett. 2014,
112, 176801. [CrossRef] [PubMed]

Teshome, T.; Datta, A. Phase Coexistence and Strain-Induced Topological Insulator in Two-Dimensional BiAs. |. Phys. Chem. C
2018, 122, 15047-15054. [CrossRef]

Owerre, S.A. Strain-induced topological magnon phase transitions: Applications to kagome-lattice ferromagnets. J. Phys. Condens.
Matter 2018, 30, 245803. [CrossRef] [PubMed]

Bergholtz, J.E.; Liu, Z. Topological Flat Band Models and Fractional Chern Insulators. Int. J. Mod. Phys. B 2013, 27, 1330017.
[CrossRef]


http://dx.doi.org/10.1103/PhysRevX.7.041073
http://dx.doi.org/10.1103/PhysRevX.10.011026
http://dx.doi.org/10.1103/PhysRevLett.124.106402
http://www.ncbi.nlm.nih.gov/pubmed/32216410
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1038/s41535-018-0121-4
http://dx.doi.org/10.1103/PhysRevLett.106.236802
http://dx.doi.org/10.1103/PhysRevB.87.075143
http://dx.doi.org/10.1103/PhysRevLett.112.176801
http://www.ncbi.nlm.nih.gov/pubmed/24836264
http://dx.doi.org/10.1021/acs.jpcc.8b05293
http://dx.doi.org/10.1088/1361-648X/aac365
http://www.ncbi.nlm.nih.gov/pubmed/29741490
http://dx.doi.org/10.1142/S021797921330017X

	Introduction
	Materials and Methods
	Results
	Bulk Dirac Nodal Line
	Surface States
	Flat Surface Band


	Discussion
	Conclusions
	References



