PHYSICAL REVIEW B 103, 125131 (2021)

Editors’ Suggestion

Spectroscopic evidence for the realization of a genuine topological nodal-line semimetal in LaSbTe
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The nodal line semimetals have attracted much attention due to their unique topological electronic structure
and exotic physical properties. A genuine nodal-line semimetal is qualified by the presence of Dirac nodes along
a line in the momentum space that are protected against the spin-orbit coupling. In addition, it requires that the
Dirac points lie close to the Fermi level, allowing one to dictate the macroscopic physical properties. Although
the material realization of nodal-line semimetals have been theoretically predicted in numerous compounds,
only a few of them have been experimentally verified and the realization of a genuine nodal-line semimetal is
particularly rare. Here we report the realization of a genuine nodal-line semimetal in LaSbTe. We investigated
the electronic structure of LaSbTe by band structure calculations and angle-resolved photoemission (ARPES)
measurements. Taking spin-orbit coupling into account, our band structure calculations predict that a nodal line
is formed in the boundary surface of the Brillouin zone, which is robust and lies close to the Fermi level. The
Dirac nodes along the X-R line in momentum space are directly observed in our ARPES measurements, and
the energies of these Dirac nodes are all close to the Fermi level. These results constitute clear evidence that
LaSbTe is a genuine nodal-line semimetal, providing a platform to explore for novel phenomena and possible
applications associated with the nodal-line semimetals.
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Stimulated by the discovery of topological insulators
[1-7], searching for new types of topological materials with
novel quantum states has become one of the central top-
ics in current condensed-matter physics [8—14]. Recently,
topological semimetals have attracted intensive interest for
their exotic physical properties and potential applications
[15-21]. The band crossings of a topological semimetal can
be categorized by their dimensions in momentum space: the
zero-dimensional nodal point [22—-24], one-dimensional nodal
line [25,26], and two-dimensional nodal surface [27-29]. For
the first case, when two or more bands cross each other at
a discrete point in Brillouin zone (BZ) it can form Dirac
point [15,17,22,23,30], Weyl point [24,31-37], a threefold
[38—40] or even multifold nodal point [41]. Different from
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nodal points, a one-dimensional nodal curve can take various
shapes, such as a nodal line, a nodal ring forming a closed
loop, or a nodal chain consisting of several interconnected
loops [26]. The material realization of the nodal-line semimet-
als have been theoretically predicted in many compounds
[25,42-45], but only a few of them have been experimen-
tally examined by angle-resolved photoemission spectroscopy
(ARPES), such as PtSny [46], CaAgX (X =P, As) [47-49],
Ta3SiTeg [50], monolayer Cu,Si [51], XB, (X =Zr, Tij,
Al, Mg) [52-56], RAs3 (R=Ca,Sr) [57,58], Pt;HgSe; [59],
Co,MnGa [60], ZrSiS family [61-73], single-layer GdAg,
[74], InBi [75], PbTaSe, [76], IrO, [77], and RuO, [78].
Strictly speaking, two requirements are necessary for re-
alizing a genuine nodal-line semimetal. One is the presence
of Dirac nodes along a line, and the nodes remain gapless
under the spin-orbit coupling (SOC). The other is that the
Dirac points should lie close to the Fermi level, allowing
production of exotic physical phenomena. Many of the nodal-
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line semimetals proposed without considering SOC may not
fall into this category because the Dirac points become un-
stable and get gapped when SOC is considered, as seen in
CaAgX (X =P, As) [47-49], Ta3SiTeq [50], monolayer Cu,Si
[51], XB, (X =Zr, Ti, Al, Mg) [52-56], RAs3 (R=Ca, Sr)
[57,58], Pt;HgSe; [59], and Co,MnGa [60]. The genuine
topological nodal-line semimetals that have been proposed
and can satisfy the two criteria are rare [77,78]. The lay-
ered ternary WHM system (W represents transition-metal Zr,
Hf, or rare-earth-element La, Ce, Gd; H represents group-IV
or group-V element Si, Ge, Sn, or Sb; and M represents
group-VI element O, S, Se, and Te) [79] has become an im-
portant candidate family of topological nodal-line semimetals.
Without SOC or when the SOC is negligible, this system
can host nodal lines and a nodal surface, which have been
confirmed experimentally by ARPES measurements in HfSiS
[61], ZrSiX (X =S, Se, Te) [62-66], ZrGeTe [67,68], and
GdSbTe [69]. When the SOC is taken into account, however,
most of the nodal lines and nodal surface become gapped,
leaving only two topological nodal lines in the boundary
surface of the Brillouin zone [71,72]. Meanwhile, the robust
nodal lines observed so far in this system stay away from the
Fermi level, contributing little to the macroscopic physical
properties. Finding genuine topological nodal-line semimetals
is essential for exploring new phenomena and realizing exotic
properties.

In this paper we report identification of LaSbTe as a gen-
uine topological nodal-line semimetal. Compared to the ZrSiS
system in which the robust Dirac nodal lines exist at the
Brillouin zone boundary but their energy position stays away
from the Fermi level (~0.6 eV below the Fermi level in ZrSiS
and HfSiS [71]), LaSbTe possesses not only the robust nodal
lines but also these nodal lines located right near the Fermi
level so that the exotic topological properties may manifest.
We carried out band structure calculations and ARPES mea-
surements to investigate the topological electronic structure
of LaSbTe. Our band structure calculations combined with
symmetry analyses indicate that two nodal lines along X-R
and M-A lines in momentum space can be formed and stay
robust after the SOC is considered. Among these two nodal
lines, the one along the X-R direction lies close to the Fermi
level while the other one along M-A direction stays far from
the Fermi level. Our ARPES measured results are in good
agreement with the band structure calculations. In particular,
we clearly observed Dirac nodes along the X-R line with the
Dirac points close to the Fermi level. These results provide
clear evidence that LaSbTe is a genuine topological nodal-line
semimetal.

High-quality single crystals of LaSbTe were synthesized
by the flux method. The samples are characterized by single-
crystal x-ray diffraction measurements. Single-crystal x-ray
diffraction measurement was conducted on a Bruker D8 high-
resolution four-circle diffractometer at 273 K using Mo K«
radiation (A =0.710 73 A), indicating that our LaSbTe sam-
ples crystallize in a nonsymmorphic space group P4/nmm
(no. 129) with PbFCl-type tetragonal structure: a = b=4.399
Aand ¢ =9.566 A. The measured crystal parameters of LaS-
bTe are summarized in Tables I-III in the Supplemental
Materials [80]. This structure is identical to the WHM fam-
ily. The Sb atoms constitute a two-dimensional square net

sandwiched in between two LaTe layers [Fig. 1(a)]. ARPES
measurements were performed at the Hiroshima Synchrotron
Radiation (HiSOR) BL-1 Beamline [81,82], the “Dreamline
Beamline” of the Shanghai Synchrotron Radiation Facility
(SSRF), and the ARPES system in our laboratory [83,84].
The energy resolution is ~30 meV, and the angular resolution
is ~0.3 deg. In order to get complete electron structure, two
polarization geometries were used in our ARPES measure-
ments. In one polarization geometry (LV), the electric field
vector of the incident light is perpendicular to the horizontal
plane, while in the other polarization geometry (LH), it lies
within the horizontal plane. All the samples were cleaved
in situ and measured at different photon energies in ultra-
high vacuum with a base pressure better than 5.0 x 107!
mbar. The first-principles band structure calculations based
on the density functional theory (DFT) were done using the
Vienna ab initio simulation package (VASP) [85] within the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof type [86]. We take 300 eV as the cut-off energy
for plane-wave expansion. The 8 x 8 x 4 k mesh is used
as BZ grids in the self-consistent process. The relaxed lattice
parameters a =b=4.421 A, ¢=9.659 Aare employed. The
WANNIER9O0 [87] and WANNIERTOOLS [88] are used to calculate
the Fermi surface and find nodes based on the maximally
localized Wannier functions which consist of p orbits of Sb
and Te, and d orbits of La.

We start our discussion with bulk electronic structure cal-
culations of LaSbTe. Symmetries are crucial to understand
the electronic structure of materials, as they protect the band
crossings in the Brillouin zone in high-symmetry planes, lines,
or points [26,29]. For the tetragonal LaSbTe crystallized in
nonsymmorphic space group P4/nmm, the glide mirror M, =
{M.|110}, the mirror M, = {M,]100}, M, = {M,]010},
Mxy = {Mxyl%%O}, the spacial inversion {P|000} symme-
tries, and the two screw symmetries, Cp, = {C2X|%OO} and
(fzy = {C2y|0%0}, are especially important. Combining with
time-reversal symmetry 7, these symmetries can lead to
nonsymmorphically enforced degeneracy at the boundary of
the BZ that give rise to multiple nodal lines. To clarify the
topology of the electronic structure of LaSbTe protected by
different symmetries, we calculated the Dirac nodal lines in
the three-dimensional (3D) Brillouin zone [Fig. 1(c)] and the
band structures of bulk LaSbTe without [Fig. 1(d)] and with
SOC [Fig. 1(e)]. Because the bands close to the Fermi level
are mainly dominated by the «, 8, and y in Figs. 1(d) and
Fig. 1(e), we will focus on the nodal lines formed by these
three bands.

Figure 1(c) shows the schematic of the calculated nodal-
line configurations formed by the 8-y band (NL1-NL5) in the
absence of SOC and by the -8 band (NLE1 and NLE2) in
the presence of SOC in the 3D Brillouin zone. They represent
the locations of all the Dirac nodes in three-dimensional mo-
mentum space formed from «, 8, and y bands, although the
energy of the Dirac nodes can be different. The nodal lines
formed by the 8-y band can take various shapes under differ-
ent symmetry protections, as shown by the light blue curves
in Fig. 1(c). They all lie inside the first Brillouin zone. We
can find two diamond-shaped nodal lines: NL1 in the k, =0
plane and NL2 in the k, =7 plane that are protected by the
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FIG. 1. Band structure calculations and the nodal-line configuration of LaSbTe. (a) Crystal structure of LaSbTe. The Sb atoms shown with
blue balls form square nets, which are sandwiched between the two La-Te layers. The gray arrow indicates the cleavage plane between the LaTe
layers. (b) Schematic of a 3D Brillouin zone of LaSbTe. (c) Calculated nodal lines formed by the 8-y band (NL1-NL5) and «-8 band (NLE1
and NLE?2) in the 3D Brillouin zone. (d), (e) Calculated bulk band structures without (d) and with SOC (e) along high-symmetry directions by
first-principles calculations. We label the two conduction bands and one valence band close to the Fermi level with « (red), B8 (purple), and y

(blue), respectively. The Dirac points are marked by red arrows.

glide mirror symmetry M.. In addition, there are two vertical
nodal lines, NL3 protected by M, and NL4 by M xy- These
nodal lines form a 3D cagelike structure. They are twofold
degenerate and not stable in the presence of SOC, which will
open a gap at the Dirac point.

The band crossings formed by «-8 band form two nodal
surfaces in the k, =7 and k, =7 planes due to the com-
bined symmetry C~2y7' as reported in the WHM family [66,89].
When SOC is taken into consideration, all band crossings are
gapped, except for the two lines along R-X and A-M direc-
tions and some one-dimensional curves at generic k points in
the A-M-X-R-A plane owing to accidental degeneracy that is
far from Fermi level and will not be considered further. The
nodal lines along R-X and A-M high-symmetry directions, as
labeled by NLE1 and NLE2 in Fig. 1(c), host robust fourfold
degenerate massless Dirac nodal lines protected by nonsym-
morphic symmetry at the boundary of the Brillouin zone
[26,64,71,90,91] and can be understood in the following way.
Firstly, in the spinful case, it is well known that there exists
a Kramers’ pair due to (P7)> =-1. Secondly, the two high-

symmetry lines R-X and A-M have higher symmetry than
other points on the k, =7 plane such that bands along these
two lines are at least doubly degenerate (|Y/1), |1)) protected
by /\;l‘ Thirdly, since the /\;ly is a nonsymmorphic symmetry,
the anticommutation relation {P7T, My} =0 is satisfied. Con-
sidering the above three conditions, there must exist a fourfold
degenerate state (|v1), PT|v1), [v2), PT|Y¥2)) where each
Kramers’ pair (|¥12), P7T |¥1.2)) belongs to two orthogonal
states with the same My eigenvalues [26,91]. Therefore the
NLE1 and NLE2 are symmetry enforced and appear along
high-symmetry lines at the boundary of the Brillouin zone.
The formation of nodal lines in LaSbTe can be seen directly
from the calculated band structures which show the overall «,
B, and y bands, derived mainly from the Sb p, and p, orbits,
in the entire 3D Brillouin zone. Without considering SOC, the
location of the Dirac points or nodal lines formed from the
a-f band (red arrows) and 8-y band (dashed black boxes) are
marked in Fig. 1(d). When SOC is taken into consideration
as shown in Fig. 1(e), all the Dirac points formed by the 8-y
band are gapped. But some Dirac points formed by the -8
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FIG. 2. Fermi surface of LaSbTe. [(a)—(c)] The Fermi surface and constant energy contours of LaSbTe measured with photon energy of
55 eV (a), 85 eV (b), and 95 eV (c), respectively, under LH polarization. [(d)—(f)] The DFT calculated Fermi surface and constant energy
contours of LaSbTe with k, corresponding to 0.5 7 /c (d), 0.75 /¢ (e), and O 7 /c (f), respectively.

band remain intact. The SOC causes band splitting along the
M-X (A-R) direction and turns the initial Dirac line nodes
[marked by black arrows in Fig. 1(d)] into topologically trivial
twofold spin-degenerate bands. However, the two Dirac lines
along the R-X and A-M lines survive under the protection
of nonsymmorphic symmetry, as labeled by the red arrows
in Fig. 1(e). The NLE2 nodal line lies about 1.6 eV above
the Fermi level, while the NLEI nodal line lies right at the
Fermi level. These calculation results indicate that LaSbTe is
a genuine nodal-line semimetal.

Now we come to the electronic structure of LaSbTe from
our ARPES measurements. Figures 2(a)— 2(c) show the Fermi
surface mapping and constant energy contours of LaSbTe
measured with photon energies of 55 eV [Fig. 2(a)], 85 eV
[Fig. 2(b)], and 95 eV [Fig. 2(c)]. We can clearly see a large
diamond-shaped Fermi surface centered around the I point.
We also observe strong spectral weight at the X points. For
different photon energies, the evolution of constant energy
contours with binding energy is markedly different for the
three different photon energies. Figures 2(d)— 2(f) show the
calculated Fermi surface and constant energy contours of LaS-
bTe at k, planes of 0.5 /¢ [Fig. 2(d)], 0.75 = /c [Fig. 2(e)],
and 0 w/c [Fig. 2(f)], corresponding to photon energies of
55, 85, and 95 eV, respectively. The diamond-shaped Fermi
surface originates from the 8 band and the feature around the
X point is mainly from the Dirac-like band formed from o or
B bands, as shown in Fig. 1(e). The measured results show
an overall agreement with the band structure calculations in
terms of the observation of a large diamond-shaped Fermi
surface and the feature at the X points.

Figure 3 shows the band structure of LaSbTe measured
along three high-symmetry directions under different polar-
ization geometries (more data measured at different photon
energies can be found in Supplemental Figs. S2 and S3 [80]).
We find that the observed band structures measured under
different polarizations are quite different due to the photoe-
mission matrix element effect. Therefore our measurements
under two distinct polarizations are helpful to directly reveal
the band structure depending on the orbital symmetry with

respect to the detection plane. To better identify the band
structure, we also take second derivative images [Fig. 3(d)—
3(f)] of the original data [Fig. 3(a)-3(c)]. For comparison,
we put the corresponding calculated bulk band in Figs. 3(g)—
3(i) and carried out slab calculations, Fig. 3(j)-3(1), that can
handle surface states.

For the band structure along I'-M direction, a linearly
dispersive band crosses the Fermi level as shown in Fig. 3(d)
marked by red and orange lines, which gives rise to the
diamond-shaped Fermi surface. This band can extend to a
high binding energy of ~2 eV. It has a very high Fermi
velocity of ~12 eV A~! that is larger than those found in
some typical Dirac materials like graphene (6.7 eV A=) [92],
StMnBi, (10.6 eV A~1) [93], and ZrSiS (4.3 eVA™!) [64].
The measured band structures [Fig. 3(d)] are consistent with
the calculated bands [Fig. 3(g)] in terms of both the number
and the position of the bands. For the band structure along
['-X direction, a Dirac-like band is observed crossing the
Fermi level as shown in Fig. 3(e) marked by red and orange
lines. The Dirac point lies exactly at the X point and its
energy position is rather close to the Fermi level. Again, the
measured band structures [Fig. 3(e)] are consistent with the
calculation [Fig. 3(h)] in terms of the number, shape, and
the position of the bands. For the band structure along M-X
direction, a tiny electronlike band is observed that crosses the
Fermi level at the X point, as shown in Fig. 3(f). In addition,
two groups of bands are observed, labeled SB and BB in
Fig. 3(f). Each group of bands is further composed of two
bands. These results are well reproduced in the band structure
calculations [Figs. 3(i) and 3(1)], which indicate that the SB
bands represent surface states while the BB bands are bulk
states. The SB band exhibits little change when measured at
different photon energies (Fig. S3 in Supplemental Materials
[80]), further confirming its surface-state nature.

It is noted that we only observed single sheet of the
diamond-shaped Fermi surface, even at different binding
energies [Figs. 2(a)-2(c)]. According to the band structure
calculations, two sheets of the Fermi surface are expected
[Fig. 2(d)-2(f)]. We also only observed a single band over a
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FIG. 3. Measured band structures of LaSbTe and their comparison with band structure calculations. [(a)—(c)] Band structures of LaSbTe
measured along I'-M (a), ['-X (b), and X-M (c) directions, respectively, with a photon energy of 55 eV. The left and right panels in [(a)-(c)] are
measured under LV and LH polarization geometries, respectively. [(d)—(f)] The second derivative images of the original data corresponding to
[(a)—(c)]. The red and orange lines mark the two branches of the linearly dispersed Dirac bands. [(g)—(i)] The calculated bulk band structures of
LaSbTe with SOC along I'-M (g), I'-X (h), and X-M (i) momentum directions for k, = 0.5 7 /c plane. [(j)—(1)] The calculated band structures
of LaSbTe with SOC along I"-M (j), I'-X (k), and X-M (1) directions for a seven-unit-cell-thick slab. The intensity of color bar represents the
proportion of surface states contributed by the topmost unit cell of LaSbTe. Here, the BB, SB, and the DP indicate the bulk band, surface band,

and the Dirac point, respectively.

large energy range (~0.6 eV) near the Fermi level measured
along ['-M direction [Figs. 3(a) and 3(d)], although two linear
bands are expected in this energy range from the band calcula-
tions [Figs. 1(d) and 1(e)]. Most of the ARPES measurements
on the WHM system have observed a double-sheet Fermi sur-
face [61,62,65,66,68,70,71]. A single-sheet Fermi surface has
also been reported before in GdSbTe but the origin is unclear
[69]. By carefully examining the measured band structures in
Fig. 3(d), we believe this is caused by the photoemission ma-
trix element effect. As seen in the right panel of Fig. 3(d), in
this particular polarization geometry, the two linear bands can
actually be observed at high binding energy between 1.0 and
1.5 eV, although the right-side band is weaker than the left-
side one. When moving to lower binding energy between 0
and 1.0 eV, the right-side band gets strongly suppressed while
the left-side one remains strong and becomes dominant. When
the sample is measured in another polarization geometry [left
panel of Fig. 3(d)], the right-side band is fully suppressed.
The spectral weight suppression of the right-side linear band
results in our observation of a single-sheet diamondlike Fermi
surface and a single band near the Fermi level.

From the band structure calculations, the Dirac nodes along
the diamond-shaped Fermi surface are gapped when the SOC
is considered [Figs. 1(d) and 1(e)]. The calculated gap size
is about 40 meV. To check on the gap opening, we carefully
examined the band structures measured along the I'-M direc-
tion using different photon energies (Fig. S2 in Supplemental
Materials [80]). We observed a sharp single band over an

energy range of 0 ~ 0.6 eV below the Fermi level. There is
a finite spectral intensity at the Fermi level, and the band
intensity shows a smooth variation with the binding energy
(Figs. S2i— S2I). We do not observe clear signatures of the gap
opening along the T'-M direction. This is probably because the
gap opening induced by SOC is small and exceeds our present
detection limit.

As predicted by band structure calculations, LaSbTe is a
nodal-line semimetal because of the presence of the nodal
line along X-R direction that is robust against the SOC and
lies close to the Fermi level. To examine the band structure
along k, direction, we carried out measurements along the
['-X direction with different photon energies between 26 and
95 eV. Figure 4(a) shows the Fermi surface mapping in the I'-
X-R-Z-T plane of LaSbTe crossing the X point along the I'-X
direction. A one-dimensional linear Fermi surface is clearly
observed along the X-R momentum line. Figure 4(b) displays
representative band structures measured using different pho-
ton energies between 32 and 50 eV that correspond to a full
k, period. A Dirac-like structure can be observed in all the
measurements using different photon energies as marked by
the red arrows in Fig. 4(b). The Dirac cones lie at the X point
along the X-R line in momentum space and their energies are
all close to the Fermi level. These results strongly indicate that
there is a nodal line formed along the X-R direction.

In summary, by carrying out ARPES measurements com-
bined with band structure calculations, we have systematically
investigated the electronic structures of LaSbTe. Our band

125131-5



YANG WANG et al.

PHYSICAL REVIEW B 103, 125131 (2021)

(@ 13 (b)

12

E-E;(eV)

k, (m/c)

11

-Eg(eV)

10f--

High

2

k” (Tt/a)

kH (T[/a)

k” (n/a)
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structure calculations predict the formation of five nodal lines
derived from the 8-y band, including two diamondlike nodal
lines and two nodal surfaces (k;, =7 and k, = planes) from
the o-B band without considering SOC. Taking SOC into
account, band calculations indicate that those five nodal lines
from the B-y band become unstable and are gapped at the
Dirac points, while the two nodal lines from the «-8 band
are robust. Among these two nodal lines, the one along the
M-A direction stays far away from the Fermi level, while
the other one along the X-R direction lies close to the Fermi
level. Our ARPES results are in good agreement with the
band structure calculations. We observed a diamondlike Fermi
surface. In particular, we directly observed Dirac nodes along
the X-R direction with their energy position close to the Fermi
level. These results provide strong evidence that LaSbTe is
a genuine topological nodal-line semimetal, realized in the
WHM family. This finding will facilitate the exploration of
novel phenomena and possible applications associated with
the nodal-line semimetals.
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