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We investigate the electronic structure of NbGeSb with non-symmorphic symmetry. We employ angle-resolved pho-
toemission spectroscopy (ARPES) to observe and identify the bulk and surface states over the Brillouin zone. By utilizing
high-energy photons, we identify the bulk Fermi surface and bulk nodal line along the direction X—R, while the Fermi
surface of the surface state is observed by using low-energy photons. We observe the splitting of surface bands away
from the high-symmetry point X. The density functional theory calculations on bulk and 1 to 5-layer slab models, as
well as spin textures of NbGeSb, verify that the band splitting could be attributed to the Rashba-like spin—orbit coupling
caused by space-inversion-symmetry breaking at the surface. These splitted surface bands cross with each other, form-
ing two-dimensional Weyl-like crossings that are protected by mirror symmetry. Our findings provide insights into the
two-dimensional topological and symmetry-protected band inversion of surface states.

Keywords: non-symmorphic symmetry, nodal line, splitting of surface bands, angle-resolved photoemission

spectroscopy
PACS: 71.20.-b, 79.60.—

1. Introduction

Topological phases of matter witnessed significant ad-
vancements in recent decades.!!! These phases range from
topological insulators to topological semimetals, including
Dirac semimetals and Weyl semimetals.>~* The properties of
these materials, such as dimensionality, degeneracy, slope, and
the order of crossing in the bulk electronic structures, are gov-
erned by symmetry.>! For instance, nodal points exist as zero-
dimensional entities at discrete points in the Brillouin zone
(BZ), nodal lines manifest as one-dimensional features along
specific lines in the BZ, and nodal surfaces characterize two-
dimensional (2D) structures found on particular planes in the
BZ. Furthermore, the density of states (DOS) of low-energy
excitations differs within these topological semimetals: nodal-
line semimetals exhibit a higher DOS for low-energy excita-
tions along their nodal lines, while nodal-surface semimetals
possess a constant DOS near the nodal surfaces."!

Materials with nonsymmorphic structures, such as WHM
family (W = Zr, Hf, or La, H = Si, Ge, Sn, or Sb, and
M =0, S, Se, and Te),[®” have been proposed to be nodal
line semimetals in the absence of spin—orbit coupling (SOC).
This characteristic makes them promising candidates in prac-
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tical applications of 2D topological insulators for heterostruc-
tural devices.[®! ZrSiS, being the most representative among
these materials, has been thoroughly studied and found to pos-

[9-14] For instance, in the field

sess extraordinary properties.
of quantum transport, ZrSiS demonstrates nonsaturating mag-
netoresistance (MR), butterfly shape angular MR with rotat-
ing magnetization, and nontrivial Berry phase extracted from
the Shubnikov—de Haas (SdH) oscillations.["!'l Moreover,
several Dirac cones form a Fermi surface (FS) with Dirac
nodes protected by non-symmorphic symmetry, allowing for
the coexistence of surface states alongside bulk state bands in
ZrSiS. 110131

NbGeSb shares the same structure of ZrSiS, and ex-
hibits a wide range of properties.!!>1®] The MR behavior of
NbGeSb follows a parabolic trend, reaching an MR value of
approximately 18% at T = 3 K and B = 14 T.!'7l Angular
MR measurements display a two-fold rotation symmetry.[1819]
Additionally, a negative MR has been observed in a mag-
netic field below B = 3 T.['] Hall measurements reveal that
electron carriers dominate the transport behavior.!!”) Further-
more, the analysis of SdH oscillations demonstrates a non-
trivial Berry phase, providing evidence for the topological na-
ture of NbGeSb.!!8! The slab model calculations showed that
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the Ge-terminated surface exhibits type-I and type-1I Weyl
points, while the Sb-terminated surface has only type-I Weyl
point.[1%291 Another investigation focused on Nb-terminated
slab models with varying numbers of layers (1, 2, 4, 6) identi-
fied a quadruple degenerate node near I" as well as a topolog-
ically protected Dirac cone.?!]

In ZrSiS, there exist surface states originating from Zr and
S, respectively. However, they are separated in energy. The
NbGeSb is the aliovalent substitutions of Nb for Zr and Sb for
S. With the substitution, it provides a possibility to manipulate
the electronic properties, such as shifting the surface bands
to create a band inversion of the surface bands. Furthermore,
with the substitution of heavy elements, e.g., Sb for S, the SOC
should be considered. Spin-polarized surface states have been
reported on NbGeSb. [201 However, the detailed bulk state such
as nodal lines needs to be studied with photon energy depen-
dence, and the spin polarized surface states and band inversion
deserve detailed investigation.

In this paper, we extend the investigation by utilizing
both the soft x-ray and ultraviolet photon to study both the
bulk states and surface states band structures of NbGeSb. We
employ angle-resolved photoemission spectroscopy (ARPES),
in conjunction with density functional theory (DFT) calcula-
tions and slab models of the bulk and surface states, to gain
a comprehensive understanding of the electronic properties of
NbGeSb. We separate the surface state from bulk state, and
identify the existence of nodal lines. We find the Rashiba-like
splitting of the surface states and the Weyl-like crossings, as
well as an asymmetric gap opening.

2. Crystal structure

The crystal structure of NbGeSb is isostructural to
ZrSiS,11>101 and its unit cell and primitive cell are shown
in Figs. 1(a) and 1(b), respectively. NbGeSb crystallizes in
a tetragonal structure with space group No. 129 (P4/nmm)
and belongs to the thh point group. This space group is
characterized by several symmetry operations, including a
glide plane {M:|4 10}, which is a mirror transformation along
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Fig. 1.

Crystal structure of NbGeSb with space group P4/nmm
(No. 129, DZU)' (a) Unit cell. (b) Primitive cell. The upper row and
lower row are top view and side view, respectively.
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the Z plane combined with a half-translation in the £ + § di-
rection; two screw axes {Ca|300} and {C2,[050}, which are
two-fold rotations about the X (§) axes combined with a half-
translation along the corresponding axis; a mirror M,,; and
inversion symmetries.!'3] The lattice constants are a = b =
3.75 A and ¢ = 8.30 A. In particular, the distance between
Sb! and Sb? along the c-axis is larger than that between other
atoms, indicating a weak van der Waals (vdW) bond between
Sb layers. After cleavage, a Sb-terminated surface layer was
exposed during the ARPES measurements.

3. Methods

High quality single crystals of NbGeSb were grown by
chemical vapor transport method.!'78] Firstly, polycrystal of
NbGeSb was prepared by the solid-state reaction. The mix-
tures of Nb, Ge and Sb powder were sealed in a quartz
tube with a ratio of 1:1:1 and heated to 800 °C. Secondly,
10 mg/cm? of I, was used as transport agent to grow sin-
gle crystals, and the temperature gradient was set as 950 °C—
750 °C. The growth of single crystal was carried out in a two-
zone furnace and lasted for three weeks.

ARPES measurements were performed at the Dreamline
09U beamline of Shanghai Synchrotron Radiation Facility
(SSRF) that is equipped with Scienta-Omicron DA30L elec-
tron analyzer, beamline 13U of National Synchrotron Radia-
tion Laboratory (NSRL) in Hefei and at Renmin University
of China (RUC) both of which are equipped with Scienta-
Omicron DA30 electron analyzers. The samples were cleaved
in situ. During the measurements, the temperature was kept
lower than T = 36 K, the vacuum was maintained better than
8 x 10~ Torr, and the energy resolution was set better than
15 meV.

The electronic structure was studied by the first-principles
calculations with the projector augmented wave (PAW)
method>*?] as implemented in the VASP package.?°28] For
the exchange—correlation function, the generalized gradient
approximation (GGA) of the Perdew—Burke—Ernzerhof (PBE)
formula® was adopted. The kinetic energy cutoff of the
plane-wave basis was set to be 500 eV. The width of the
Gaussian smearing method was 0.01 eV. The relaxation was
stopped when the change of the total energy was smaller than
10~* eV (107> eV) between two ionic steps for bulk (slab) cal-
culations, and the energy convergence criterion was 10~!! eV
(107¢ eV) for bulk (slab) calculations. A 26 x 26 x 12 I'-
centered k-point mesh was utilized for the bulk BZ sampling
while a 18 x 18 x 1 for the slab BZ sampling. For slab calcula-
tions, five slab models along the c-axis with 1 to 5 layers were
constructed, more than 20 A vacuum thickness was adopted to
eliminate the interactions of neighboring layers. The termina-
tion plane of slab models is the Sb atomic layer.
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The crystal structure is visualized in the VESTA
software. 3% The k-point mesh was generated by the VASP-
KIT software for the FS calculation,*!! and FSs are visualized
in the FermiSurfer software.[*?] The atomic-projection band
structure is shown by the pymatgen code.>*-33! The primitive
BZ and 2D BZ of the projected (001) surface of NbGeSb are
shown in Fig. 2(b). For simplicity, we use I, X, M, etc. in the
3D BZ, while I', X, M notations in the 2D BZ.

4. Results
4.1. Nodal lines and nodal surfaces

The calculated bulk band structures of NbGeSb without
and with SOC are depicted by black and red lines, respec-
tively, in Fig. 2(a). A Dirac linear dispersion (i.e., a node),
indicated by a green circle, is observed near Er along the I -X
direction. This Dirac node is protected by the C», symmetry
along I'-X line, a characteristic shared with similar materi-
als like ZrSiS.!['%1 The Dirac node further forms a nodal line
along k; direction and at the k£, = 0 and k, = 7 planes in the
BZ, forming a closed loop, as depicted by red dashed lines in
Fig. 2(b). When taking SOC into account, a small gap opens
at the node because the C,, group allows only one irreducible
representation, ') as depicted by the red lines inside the green
circle in Fig. 2(a).

@ RN w/o, w/ SOC \
Y

25

(d

Fermi velocity
P High

I Low kz
hy

In addition, as indicated by green square in Fig. 2(a), two
bands are degenerate at energy £ — Ep ~ —1.15 eV at the high-
symmetry point X, which is protected by the non-symmorphic
symmetry of the space group.l'”! As presented by the black
line in the figure, this degeneracy persists along the X—-M di-
rection. Additionally, as depicted by the red arrow in Fig. 2(c),
the node undergoes variations in binding energy at different
k; planes, ranging from k; = 0 to k, = m. By analyzing the
band dispersion along X—M directions at different k, planes,
this Dirac-crossing forms a nodal surface at the BZ bound-
ary, i.e., at the k, = 7 plane (indicated by the green plane in
Fig. 2(b)) and the ky, = 7 plane. 10.14] When the SOC is consid-
ered, the degeneracies along X—M directions are lifted except
at the high symmetry point X, as indicated by the red lines in
Fig. 2(a). The nodal surfaces at the k., = 7 planes transform
into a nodal line along the X—R direction, as illustrated by the
magenta line in Fig. 2(b).

4.2. Band structure with different photon energies

To examine the band dispersion of NbGeSb, we con-
ducted ARPES measurements using several typical photon en-
ergies. The FSs and band dispersion along high symmetry
lines are shown in Fig. 3. For comparison, a 3-layer slab cal-
culation of FS topology and band dispersion with SOC is over-
laid as solid curves on the top of the ARPES data.

00"‘/'”7\%
U7,

w/o SOC |

(e) k=0 ®

k.= 0.6n

ky
k

kx kX

Fig. 2. (a) Calculated bulk band structure of NbGeSb without (w/0) and with (w/) SOC (black and red lines, respectively). Green circle indicates
Dirac linear dispersion, and green square indicates node at X. (b) Primitive BZ (upper panel), and 2D BZ of the projected (001) surface (lower
gray shaded areas). Without SOC, the locations of the nodal lines and nodal surfaces are labelled by red dashed lines and green planes. With
SOC, the locations of the nodal lines are labelled by magenta lines. For simplicity, only 1/8 part of these are labelled in BZ. (c) Calculated bulk
band structure without SOC along k-lines in the inset of BZ. Lines with colors from black to light cyan represent k-lines in different k,-planes
from k; = 0 to k; = 7. Red arrow indicates the node at X shifts to lower binding energy from k, = 0 plane to k, = 7 plane. (d) Calculated bulk
FSs of NbGeSb without SOC. FSs at (e) k; = 0 plane and (f) k; = 0.67 plane. Colors on FSs represent the Fermi velocity.

Compared with the calculated FSs of NbGeSb in
Figs. 2(d)-2(f), the FSs measured with photon energies of
412 eV and 100 eV in Figs. 3(b) and 3(c) are more consistent

with those of the k, = 0 and k, = 0.67 planes, respectively.
In Fig. 3(b) with high photon energy of 412 eV, the FSs of

surface states mainly exist around the I point, while the FSs
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around the X point have much weaker intensity. In compar-
ison, ARPES with low photon energy of 100 eV reveals that
the FSs around the X point have stronger intensity, as shown
in Fig. 3(c). According to the universal curve of the photo-
electrons’ inelastic mean free path in Fig. 3(a), the photon is
bulk sensitive at high energy of 412 eV, while it is surface
sensitive at the energy of 20-100 eV. Combining the inten-

sity variation with photon energy around the X point, the DFT
band structures at different k, planes in Fig. 2(c), and the slab
calculations, we identify that the FSs around the X point are
surface states. A high resolution mapping with photon energy
of 20.5 eV is shown in Fig. 3(d). The surface states around the
X exhibit two clear elliptical shapes, which agrees well with
the slab calculations.

@ (b) (f) (]
E VUV Soft X-ray v =412 (eV) Ep Ty =100V B sv=2056V] _ E
=100 M
g 3 = N N
8 —i | ool f6 T Mp Pl '
it il ’% ol \ oot {1y !
5 &5 N
o 1 M M - ’
2 3 -1.0 cut0
8 7
) ] 0.5
T — .
T T 100 1000 -1.0 0.0 1.0 -1.0 0.0 10 05 1.0
Kinetic energy (eV) k(A k(A k(A
(e)hv=412 (eV) (2)hv=20.5 (V) (h)hv=10.05 (V)
.0f N <SS p > /*SS High
\ % -~ss' s’
Low
Ge
Nb  Sb
r X M I X M

Fig. 3. (a) The universal curve of the photoelectrons’ inelastic mean free path as a function of kinetic energy above the Fermi level.

[22,23]

(b)~(d) FSs measured with 7v = 412 eV, 100 eV, 20.5 eV, respectively. (e)—(h) Band dispersions along the I'-X—M line, measured with
hv =412 eV, 100 eV, 20.5 eV, 10.05 eV, respectively. Surface bands SS originating from Nb 4d-orbitals are labelled by blue color, while
surface bands SS’ originating from Sb 5p-orbitals are labelled by green color. Red rectangle in (e) indicates the bands of bulk states (BS)
measured with bulk sensitive high photon energy. For comparison, the 3-layer slab calculation with SOC is overlaid as solid curves on the top
of the ARPES data. Calculated FSs are indicated by black curves, and calculated band structures are atomic projection.

(@) hv=412 (eV)
E-E (V) A

0.00]

Fig. 4. Constant-energy ARPES intensity plots with (a) hv = 412 eV
and (b) 100 eV, measured at energies from Eg to E — Ep = —1.25 eV.

To enhance the contrasts, constant energy intensity maps
at various binding energies were obtained at photon energies
of hv =412 eV and 100 eV, as shown in Fig. 4. These maps
reveal distinct features at different binding energies. At lower
binding energies, particularly near Ef, the contrast is evident,
showcasing the existence of surface states near the X point at
hv =100 eV, as well as the different intensity patterns at the
BZ center. As we move to higher binding energies, e.g., ap-
proximately 1.25 eV below Ef, the surface states vanish and
the constant energy plots of these two photon energies become
more consistent.

Figures 3(e)-3(h) present the band dispersions along the
high symmetry lines [-X—M, measured with different pho-
ton energies: hv =412 eV, 100 eV, 20.5 eV, and 10.05 eV,
respectively. In Fig. 3(e) with bulk sensitive high photon en-
ergy of 412 eV, the bulk bands near I” point are clearly visible
with high intensity. Conversely, the bands of surface states
have much weaker intensity at X point and along X—M direc-
tion, where the blue and green calculated surface states bands
are present. Notably, linear dispersions are observed in the
red rectangle in Fig. 3(e), where the bulk bands exist in cal-

027102-4



Chin. Phys. B 33, 027102 (2024)

culations. These linear dispersions form a node at X point,
in agreement with the bulk calculations in Fig. 2(a). To con-
firm this bulk state node, we conducted measurements with a
range of high photon energies from Av = 335 eV to 495 eV,
and show the integrated intensity at Er as a function of the
photon energy—k| in Fig. 5(a). This intensity map shows a
three-dimensional (3D) FS in the k|—k; plane, indicating the
bulk nature of these bands. Figure 5(b) provides confirmation
of the bulk state nodes at the X point. These nodes are ob-
served with photon energies ranging from 335 eV to 365 eV,
and the variation of the Dirac-crossing in energy offers an ev-
idence of the existence of the bulk nodal line along X—R, as
indicated by the magenta lines in Fig. 2(b). At a photon en-
ergy of 10.05 eV, which is also bulk sensitive according to the
universal curve, the enhancement of the bulk states and the
suppression of the surface states are clearly seen in Fig. 3(h).
In comparison, the surface states are clearly visible with en-
hanced intensity at zv = 100 eV and 20.5 eV, as demonstrated
in Figs. 3(f) and 3(g).

(@ 2
g T
o= r
a1 X

340 360 380 400 420 440 460 480
hv (eV)

(®)

hv = hv = hv = hy = hv = hv= hv=
335.0eV_340.0eV 345.0eV 350.0eV 355.0eV 360.0eV 365.0eV

Fig. 5. (a) The photon energy—k intensity map along the T'-X plane in
BZ. (b) Band dispersions with different photon energies along the red
line shown in inset of BZ. Magenta lines indicate nodal line along X—R.

4.3. Surface state band splitting

According to the atomic-projection of band dispersions
from slab calculation, the surface bands SS originate from Nb
4d-orbitals, while the surface bands SS’ originate from Sb 5p-
orbitals. Sharing the same structure with ZrSiS and with alio-
valent substitution of Nb for Zr and Sb for S, NbGeSb hosts
symmetry protected nodal lines and corresponding surface
states that are similar to ZrSiS.!!9 In ZrSiS, the surface state
SS originating from Zr locates at energy E — Ep ~ —0.4 eV,
while the surface state SS’ originating from S locates at energy
E — Eg ~ —1.7 V.13 In NbGeSb, due to the fact that Sb has
one less valence electron than S, while Nb has one more elec-
tron than Zr, the corresponding surface state bands SS and SS’

in NbGeSb shift toward each other. Eventually, these bands
cross each other, resulting in a band inversion, and form the
band crossings in the vicinity of Ef, as shown in Fig. 3(f).

Now we focus on the band structure around X point. We
present the experimental band dispersion along cutO—cut3 in
Figs. 6(a) and 6(b), and the calculated 3D surface state band
dispersion in Fig. 6(c). By extracting the peak position along
X-M (indicated by the blue and green dots) in Fig. 6(a), clear
band splittings of SS and SS’ are observed. This observation
is consistent with the slab calculations, which are overlayed as
green and blue solid lines. From the atomic orbital-projection
DFT calculations presented in Figs. S1-S8, the surface state
bands arise predominantly from the outermost Sb layer and
the top Nb layer. Additionally, by comparing DFT calcula-
tions of slab models with different layers, without and with
SOC, in Fig. S9, we find that the SOC is crucial in producing
the observed band splittings, while simply increasing the num-
ber of stacked layers can not drive the splitting of the bands in
the slab models.

In Fig. 6(b), we present the band dispersion along the high
symmetry line I'-X (cutl) and the parallel lines away from
higy symmetry point X (cut2 and cut3). These band struc-
tures exhibit specific characteristics. One is that the bands
are degenerate at X point at energy E — Er ~ —0.2 eV and
—0.7 eV (cutl), respectively. Another is that the degenera-
cies are lifted away from X along X-M direction (cut2 and
cut3). The surface state bands along X—M have mirror parity,
as shown in Figs. S1-S8. Along X—M direction that is parallel
to the ky-axis, as shown in Figs. S1(a) and S2(c), the bands
SS consist of Nb orbitals {dyz, dxz,yz, dzz} which are even
under M, (x — —x), while bands SS’ consist of Nb orbitals
{dyy, dy;} which are odd under M,. In addition, as depicted in
Figs. S3(a) and S4(c), bands SS’ has contribution from Sb p,-
orbital, which is also odd under M, if an addition Bloch phase
factor e'*” from the relative position between Nb and Sb is
considered. (201

Such mirror symmetry observed in the electronic band
structure is also reflected in spin textures. We calculate the
spin textures corresponding to bands #3 and #4 in Fig. 6(a),
and display them in Figs. 6(d) and 6(e). Along several high
symmetry lines with mirror symmetry, I -X, X—M, and T —
M, the spin textures are perpendicular to these mirror lines,
as shown in Fig. 6(d). Furthermore, as shown in Fig. 6(e),
the inner FS and the outer FS around the X point exhibit op-
posite spin polarizations. This observed surface state band
splitting, together with the calculated spin textures, could be
attributed to the Rashba-like splitting, which is caused by
a space-inversion-symmetry breaking at the surface.?03 In
comparison, Rashba-like splitting is negligible in ZrSiS, prob-
ably due to the lighter atomic mass of S than that of Sb in
NbGeSb and the resultant smaller SOC in ZrSiS. 013371
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Fig. 6. (a) Band dispersions and MDC along cut0 (M-X—M) in Fig. 3(c). Surface state bands SS and SS’, labeled from #1 to #4 in magenta font,
are extracted from MDC as blue and green colors. (b) Band dispersions along cut1-3 in Fig. 3(d). For comparison, the 3-layer slab calculation
with SOC is overlaid as red dashed curves on the top of the ARPES data. The paths of dispersions in (a) and (b) are also marked by red lines
in the inset of BZ. (c) Calculated 3D surface band structure of 3-layer Sb-terminated slab model of NbGeSb. Surface states of the bands #1—#4
are shown in left panel (without SOC) and right panel (with SOC). Lower panel shows how surface state band structure changes considering
the Rashba-like splitting and SOC.!?%1 The contribution from Nb 4d-orbitals are labelled by blue color, and contribution from Sb 5p-orbitals is
labelled by green color. (d) Calculated spin textures of bands #3 and #4, respectively, and (e) the spin texture on FSs of bands #3 (black) and

#4 (red), respectively, around the X point.

As shown in the lower panel of Fig. 6(c), after Rashba-
like splitting, there are four crossings (labeled as cl to c4).
Considering the spin textures, crossings c2 and c4 occur be-
tween bands with the same spin polarization, while crossings
cl and c3 occur between bands with opposite spin polariza-
tions. One of these mirror protected crossings c4 exhibits a
band inversion between the spin-polarized states, resulting in
a Weyl-like crossing. This band inversion is caused by the in-
trinsic band inversion of surface state. Analysis through the
tight-binding model, with consideration of the spin—orbital in-
teraction, reveals that at crossing cl, the change in spin be-
tween the bands is opposite to their change in orbital angu-
lar momentum. As a result, a gap opens at this crossing.?’]
However, at crossing c3, the change in spin between the bands
aligns with their change in angular momentum, resulting in a

negligible gap./>"!

5. Conclusion

In summary, we investigate the electronic structure of
NbGeSb by using ARPES and DFT bulk and slab calculations.
By using different photon energies and DFT calculations, we
identify the existence of bulk nodal line along high symme-

try line X—R, and the existence of surface states originating
from Nb and Sb atoms. In comparison with ZrSiS, the surface
bands shift toward each other, eventually crossing and caus-
ing a band inversion. We observe splitting of surface bands
which could be attributed to the Rashba-like SOC, caused by
space-inversion-symmetry breaking at the surface. The anal-
ysis of spin polarization projections reveals asymmetric gaps
among band crossings, and the formation of Weyl-like points
protected by mirror symmetry. NbGeSb provides a unique
platform for studying the topological and symmetry-protected
band inversion of surface state, contributing to our understand-
ing of the electronic properties of this material.
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