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Broken Screw Rotational Symmetry in the Near-Surface Electronic Structure
of AB-Stacked Crystals
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We investigate the electronic structure of 2H-NbS, and A-BN by angle-resolved photoemission
spectroscopy (ARPES) and photoemission intensity calculations. Although in bulk form, these materials
are expected to exhibit band degeneracy in the k, = z/c¢ plane due to screw rotation and time-reversal
symmetries, we observe gapped band dispersion near the surface. We extract from first-principles
calculations the near-surface electronic structure probed by ARPES and find that the calculated
photoemission spectra from the near-surface region reproduce the gapped ARPES spectra. Our results
show that the near-surface electronic structure can be qualitatively different from the bulk electronic
structure due to partially broken nonsymmorphic symmetries.
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Nonsymmorphic symmetries, such as screw rotations
and glide reflections, can induce characteristic degeneracies
in the band dispersions of crystals. One such degeneracy is
a nodal surface that is stabilized by a combination of a 2,
screw rotation with time-reversal symmetry. If spin-orbit
coupling (SOC) can be ignored, these two symmetries lead
to degenerate band pairs at Brillouin zone boundary
surfaces [1]. A gap can form at such nodal planes in the
presence of SOC, but the band degeneracy is partially
protected by the nonsymmorphic symmetries, forming
nodal lines [2-4]. Recent studies have shown that such
nodal line materials can exhibit extremely large magneto-
resistance [5—7] and other emergent properties, raising the
prospect of device applications.

Furthermore, since the nonsymmorphic symmetries
responsible for the formation of the nodal lines may not
be maintained in the surface region, the electronic structure
near the surface may differ from the bulk electronic structure.
For example, a nodal line material ZrSiS has been reported to
exhibit surface-specific states [8]. Angle-resolved photo-
emission spectroscopy (ARPES) is a suitable probe for
investigating the near-surface electronic structure because
its probing depth is up to a few nanometers from the surface
due to electron scattering processes [9]. In addition, it has
been unclear whether bulk band degeneracy due to non-
symmorphic symmetries can be retained in the near-surface
region. While multifold degeneracy has been observed by
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ARPES in nonsymmorphic CoSi [10,11], no degeneracy was
observed in a nodal line material 2H-NbS, [12]. Clearly,
more detailed experiments and calculations are needed to
interpret the ARPES results of nonsymmorphic materials.
In this Letter, we present an extensive soft-x-ray (SX)
ARPES study of the differences between the near-surface
electronic structure and the bulk structure hosting nodal
lines. We examine the near-surface electronic structure of
AB-stacked 2H-NbS, and h-BN (space group P65/mmc)
crystals, both of which host bulk nodal lines on the k, =
z/c plane. Since h-BN is a wide-gap semiconductor, we
used thin flakes of #-BN to avoid charge up during ARPES
measurements. Although ARPES measurements of #-BN
flakes are technically difficult, we chose h#-BN because
fewer valence electrons in 2-BN compared to 2H-NbS,
make the spectrum analysis easier and give more compre-
hensive evidence. We found gapped band dispersions on
the k, = x/c plane, indicating that the broken screw
rotational symmetry at the surface opens an energy gap
in the near-surface electronic structure. Such band splitting
cannot be explained by the k_ -broadening effect with the
typical length scale Ak, = 0.1 A=" [13], which has been
frequently employed to discuss the surface sensitivity of
ARPES. Taking into account the surface sensitivity, our
photoemission intensity calculations could reproduce such
gapped spectra by adjusting the probing depth parameter
in the simulation. Our results show that incomplete
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nonsymmorphic symmetries can alter the near-surface
electronic structure associated with the bulk nodal lines,
not only inducing emergent surface states as previously
reported [8].

Single crystals of 2H-NbS, were grown by the chemical
vapor transport method, as explained in an earlier report [12].
Single crystals of 4-BN were grown by the flux method under
atmospheric pressure; information on crystal growth and
characterization is in the Supplemental Material Note 1 [14].
SX-ARPES measurements were performed at BL25SU of
SPring-8 [15], using 370-760 eV SX light. The measurement
temperature was kept at around 50 K, and the energy
resolution was ~80 meV. Since 2H-NbS, is a metal with
sufficient conductivity, we cleaved as-grown samples in situ
in an ultrahigh vacuum better than ~3 x 10~8 Pa to obtain
clean surfaces. On the other hand, special care was taken in
the preparation of #-BN to avoid charge up. We used thin
exfoliated flakes of 4-BN to reduce the resistance between
the substrate and the top surface of the sample. Note 1 in [14]
explains the detailed procedure of the flake fabrication and
the dry pickup method of sample mounting in the ARPES
chamber [16,17]. The h-BN flakes were several tens of
micrometers wide and a few hundred nanometers thick
(Fig. S2 in [14]). Since these samples are much smaller
than typical as-grown crystals, we used micrometer-focused
SX [15]. In the photoemission intensity calculations, we
used OpenMX [18] and a recently developed photoemission
angular distribution simulator SPADExp [19]. Note 2 in [14]
summarizes the calculation conditions.

We start our discussion with SX-ARPES results of
2H-NbS,. While a previous study has already reported
the gapped band dispersion at the L points [12], we
performed SX-ARPES measurements over a wider k, range
to check the universality of this phenomenon. The AL path
is suitable for our discussion because the crystal symmetry
prohibits the gap opening due to SOC (Fig. S4(a) in [14]).
Figure 1(c) clearly shows that one paired band at the
valence band top has an energy gap of about 0.5 eV at the L
point. On the other hand, the bulk band dispersion at the L
point exhibits symmetry-related degeneracy [Fig. 1(d)]; a
small energy gap at the momentum points other than the L
point is due to the curved momentum path in single-
photon-energy ARPES measurements [Fig. 1(b)]. The &,
dispersion along the ML line, taken by changing the photon
energy from 370 to 750 eV, also shows gapped dispersion at
all observed L points [Fig. 1(e)]. These results clearly show
that the bulk band degeneracy caused by the screw rota-
tional symmetry is broken in the near-surface electronic
structure of 2H-NbS,.

Next, we investigated the electronic structure of h-BN
[Fig. 2(a)]. As was noted earlier, ARPES spectra of h-BN
were easier to discuss due to fewer valence electrons in this
material. The use of the micrometer-focused SX beam
ensured that the photoemission spectra were derived only
from the i-BN flakes. We observed the constant-energy
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FIG. 1. Band dispersion of 2H-NbS,. (a) Crystal structure. The
unit cell height is ¢ = 11.89 A. (b) The Brillouin zone of a
hexagonal crystal with high-symmetry point labels. The blue and
green curves represent momentum paths along which the band
dispersions are presented. The green curve corresponds to the
momentum path in single-photon-energy ARPES measurements.
(c) Band dispersion along the green curve taken with 525 eV SX
light. The L point is on the k, = 22.5 x 2z/c¢ plane. (d) Bulk
band dispersion calculated along the same path as (c). (e) k,
dispersion along the blue ML path. In (c) and (e) the black dots
represent the band positions determined by fitting the energy
distribution curves [Figs. S4(b) and S4(c) in [14], respectively].

surface [Fig. 2(b)], which coincided well with a previous
ARPES study of #-BN with submicrometer-focused vac-
uum ultraviolet (VUV) light [20], and signal from the
substrate was negligible. The core-level spectra clearly
exhibited the 1s peaks of boron and nitrogen only when the
soft-x-ray beam was on the #-BN flake (Fig. S5 in [14]).
The band dispersion around the L point has an energy gap
of about 0.8 eV [Figs. 2(c) and 2(h)], contrary to the gapless
bulk band dispersion [Fig. 2(d)]. Such inconsistent behav-
ior between experiment and bulk band calculations is
similar to our SX-ARPES results of 2H-NbS, (Fig. 1).

Because of negligible SOC and fewer electrons, we
could examine the degeneracy of the #-BN z band along
the entire AL path. We found that the ARPES behavior at
the A point differed from that at the L point.

First, we observed only a single peak in the energy
distribution curve extracted along the I'A path (Fig. S6(a)
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FIG. 2. Band dispersion of h-BN. (a) Crystal structure. The
unit cell height is ¢ = 6.66 A. (b) Constant-energy surface at
Ep —3 eV taken with 750 eV SX light. The dashed hexagon
represents the Brillouin zone. (c) Band dispersion crossing
the L point taken with 720 eV SX light. The L point is on
the k, = 14.5 x 2z/c plane. (d) Bulk band dispersion along the
same path as (c). (e),(f) k, dispersions along the I'A and ML
paths, respectively. In (c), (e), and (f) the black dots and solid
curves represent band positions determined by fitting the energy
distribution curves [Figs. S7, S6(a), and S6(g) in [14], respec-
tively]. (g),(h) Energy distribution curves at the A and L points,
respectively. The black dashed curves represent the peaks
included in the fitting function.

in [14]). Since the peak profiles are symmetric and fit well
with a single Gaussian, they can be assigned to a single band.
As a result, the k, dispersion of the z band along the
I'A direction shows only a single oscillating dispersion
profile, while the other dispersion forming a pair is absent
[Fig. 2(e)]. Such a phenomenon has been frequently observed
in the k, dispersion of A B-stacked materials [12,21,22]. If the
A and B layers are similar, the electronic structure of the

crystal can be approximated by a system with a height of ¢ /2
containing only one layer. The approximated electronic
structure gives a single band with a periodicity of
27/(c/2) = 4n/c. We reproduced the 4z/c dispersion in
the photoemission intensity calculations of the #-BN bulk
(Fig. S10 in [14]).

Second, more importantly, the k, dispersion along the I'A
path has no energy gap at the A point [Figs. 2(e) and 2(g)].
This behavior differs from the dispersion along the ML
path [Figs. 2(f) and 2(h)] and that of 2H-NbS, [Fig. 1(e)]
but is consistent with ARPES study of graphite [22], which
has a similar crystal structure to #-BN. With increasing k,
value from the I'A to ML paths, we observed a crossover
from the gapless “bulk” spectra to the gapped “surface”
spectra (Note 5 in [14]). This crossover direction is
physically reasonable; a nonzero k, component means that
the photoelectron momentum vector is canted away from
the surface normal, making the effective distance to the
surface longer and the measurement more surface sensitive.
To summarize, ARPES spectra and bulk band dispersion
can be substantially different at least partially, even if we
perform relatively bulk-sensitive soft-x-ray ARPES [9].
The deviation has been discussed as the k,-broadening
effect in the reciprocal space. While it can explain the peak
position shift [23] and may cause the band splitting, our
k_-broadening simulation revealed that the typical broad-
ening length scale Ak, = 0.1 A~" [13] was insufficient to
cause the band splitting (Note 6 in [14]).

To elucidate the mechanism that leads to the gapped
surface spectra, we performed photoemission intensity
calculations taking into account the surface sensitivity of
ARPES in real space. The first-principles calculations of
h-BN were done using a 40-bilayer slab to obtain the near-
surface electronic structure. However, the band dispersion
includes the whole electronic structure of the slab and is very
broad [Fig. 3(a)]. We, therefore, performed photoemission
intensity calculations to obtain the matrix element between
the initial and final states and extract the near-surface
electronic structure [24]. The initial state is a ground state
wave function obtained by first-principles calculations, and
the final state is a plane wave with decay due to scattering.
Combining the large slab system and final states with decay
enables the photoemission simulation to extract the near-
surface electronic structure observed by ARPES [19]. If the
decayed final states cover a sufficient number of unit cells
along the z direction, we can expect a bulk spectrum shaped
by the momentum selection rule. Otherwise, the calculated
spectra will deviate from the bulk spectrum, resulting in a
gapped surface spectrum [Fig. 3(a)], as mainly observed in
our ARPES measurements. From this consideration, we
can claim that the band splitting due to the broken non-
symmorphic symmetry is smaller than the band width along
the k, direction.

We compared two functions for the square of decay
related to the photoelectron emission probability p(z): an
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FIG. 3. Photoemission intensity calculations of #-BN. (a) Cal-

culated slab band dispersion along the ML path and schematic
surface and bulk spectra obtained by successive photoemission
intensity calculations. (b) Exponential and linear decay functions,
where the depth parameter 4 is set to 10 A. The dashed grid
corresponds to the height of the unit cell, as drawn in the top
panel. (c),(d) Calculated spectra at the L point using the
exponential and linear decay functions with different 4 values,
respectively. In (d) the black dashed curves represent the peaks
included in the fitting function. (e) 4 dependence of the decay
strength at each atomic layer position for both exponential and
linear functions. (f) 1 dependence of peak positions extracted
from calculated spectra using the linear decay function (Fig. S11
in [14]). In (e) and (f) the dashed vertical lines represent the third
layer position.

exponential function exp(—z/4) and a linear function
max (1 —z/4,0) [Fig. 3(b)]. Exponential depth decay
has been commonly used in discussing the surface
sensitivity of ARPES [24] based on the inelastic scatter-
ing measurements of photoelectrons from polycrystalline
films [25,26]. However, it did not reproduce the gapped
surface spectra even for unreasonably small mean free
path parameter A = 3 A [Fig. 3(c)]. The gapless spectrum
at 1 = 3 A is consistent with our k,-broadening simulation

(Ak, = 0.67/c) exhibiting band position shift but preserved
band degeneracy (Fig. S9(c) in [14]). The disagreement
between experiments and simulations may be because the
exponential decay is too slow to reproduce the ARPES
spectra, where both the inelastic and elastic scatterings
matter. Therefore, instead of the exponential decay, we
employed the linear decay function, which is steeper than
exponential and has the cutoff property. The steeper
decay function can be interpreted as a different peak
shape than what has been used before in the context of
the k,-broadening effect [23]. The linear decay function is
appropriate for comprehensive discussion because it is
controlled only by one continuous parameter 4. Using the
linear decay function, we reproduced the gapped surface
spectra that could be fitted well with two Gaussians when
1<88A [Fig. 3(d)]. The crossover from a single to a
double peak spectrum happens abruptly (Fig. S11 in [14]),
and the position where the change occurs seems to
be related to the third layer from the surface. Figures 3(e)
and 3(f) show that when we increase the depth parameter
A, the surface spectra abruptly change to the bulk shape as
the decay function starts to cover the third layer, marked
with the dashed vertical line in the figures. The expo-
nential decay function, therefore, always produced a
gapless bulk spectrum due to the long decay tail that
covers deeper layers, even if 4 is quite small [Fig. 3(e) top
panel]. While the linear decay function successfully
reproduced gapped spectra, the decay shape is empirical.
We hope further research will discover the decay function
shape due to inelastic and elastic scattering by calculations
and/or experiments.

Finally, we performed photoemission angular distribution
calculations for #-BN to validate the SX-ARPES results
(Fig. 2). The calculated photoemission spectra around the L
point, using a linear decay function with 4 = 8 A, shows an
energy gap [Fig. 4(a)] thatis very similar to the experimental
observation [Fig. 2(c)]. On the other hand, using just a
slightly larger decay parameter of A = 12 A produces a
gapless dispersion curve [Fig. 4(b)], agreeing well with the
experimental data around the A point. The k, dispersions
along the ML and I'A paths reproduce the gapped and
gapless behaviors [Figs. 4(c) and 4(d)] when an appropriate
decay parameter is chosen. These results indicate that the
out-of-plane scattering length slightly depends on the in-
plane momentum of a photoelectron, even for the same =
band. This assumption is reasonable because the negative
correlation between the in-plane momentum and the scatter-
ing length is physically natural, as explained earlier in the
paragraph on h-BN experiments, and the scattering length
difference needed to explain the different experimental
spectra is not large. In addition, the nonuniform electronic
structure in single crystals may enhance the angle depend-
ence of the scattering phenomena.

Additionally, the decay conditions used in the A-BN
calculations succeeded in reproducing the gapped surface
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FIG. 4. Photoemission angular distribution calculations of
h-BN. (a),(b) Calculated band dispersions along the path crossing
the L point. (c),(d) Calculated band dispersions along the ML and
T'A paths, respectively. The left top labels represent the linear
decay parameter A. The black dots in the panels represent peak
positions determined by fitting the energy distribution curves
(Figs. S12 and S13 in [14]).

spectra of 2H-NbS, (Fig. S14 in [14]). Since the third layer
of 2H-NbS, is deeper than #-BN, the photoemission spectra
are always gapped, independent of the selection of the decay
length parameter. We can exclude the possibility of an SOC-
derived energy gap because the gap behavior is independent
of the inclusion of SOC. Our results indicate that photo-
emission intensity simulations using a linear decay function
can be universally applicable to other materials because the
photoelectron inelastic mean free path exhibits a universal
energy dependence [9]. In addition, our A dependence
analysis of the simulated spectra gives insight into previous
observations of multifold degeneracy in nonsymmorphic
CoSi[10,11] and Dirac points in NayBi [27]. Since CoSi has
a three-dimensional structure, which can be interpreted as a
stacked material composed of very thin layers, more layers
are included within the ARPES probing depth than in
the case of quasi-two-dimensional 2H-NbS, and A-BN.
Considering our discussion that the number of layers
included in the probing depth is essential to determine the
appearance of bulk degeneracy in ARPES spectra, three-
dimensional nonsymmorphic materials seem to be more
likely to exhibit bulk band degeneracy in ARPES experi-
ments. On the other hand, since the Dirac points in Na;Bi are
protected by in-plane rotational symmetry, their degeneracy
will be conserved in the near-surface electronic structure,
consistent with the clear observation of the Dirac points by

ARPES [27]. Nevertheless, another possibility is that their
observed degeneracy can be decomposed into several peaks
if the energy distribution curve is analyzed in more detail, as
we did in the present study. In addition, since the observed
degeneracies discussed previously are located near the
Fermi level, other peak structures may exist above the
Fermi level and therefore be absent in experimental spectra.

In conclusion, we investigated the symmetry-protected
band degeneracy in 2H-NbS, and 4#-BN by ARPES and
photoemission intensity calculations. While the bulk band
degeneracy in these materials is due to the coexistence of 2,
screw rotation and time-reversal symmetries, the near-
surface electronic structure that ARPES can probe may
differ from the bulk because the screw rotation symmetry is
broken at the surface. Indeed, we observed gapped band
dispersion on the k, = z/c plane in most cases other than
around the A point of 4-BN. Our photoemission intensity
calculations to extract the near-surface electronic structure
revealed that the assumption of exponential photoemission
probability decay, which has been frequently used to
discuss the surface sensitivity of ARPES, cannot reproduce
the experimental results. Instead, a steeper linear decay
reproduced the gapped behavior with an abrupt crossover to
gapless bulk spectra when the decay length parameter was
increased, giving a reasonable explanation for the simulta-
neous observation of surface and bulk spectra at the L and
A points of h-BN. This work demonstrates the necessity to
consider the surface electronic structure to discuss photo-
emission spectra, even in relatively bulk-sensitive SX-
ARPES. Furthermore, we show that the electronic structure
in the near-surface region can deviate significantly from the
symmetry-protected bulk electronic structure, providing a
possibility of a more exotic electronic structure in the
surface or interface of nodal line materials.
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