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We investigate the electronic structure of 2H-NbS; and h-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. = 7/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 one due to partially broken nonsymmorphic symmetries.

Nonsymmorphic symmetries, such as screw rotations
and glide reflections, can induce characteristic degenera-
cies in the band dispersions of crystals. One such degen-
eracy is a nodal surface that is stabilized by a combina-
tion of a 27 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
magnetoresistance [5-7] and other emergent properties,
raising the prospect of device applications.

Furthermore, since the nonsymmorphic symmetries re-
sponsible 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 one. For ex-
ample, a nodal line material ZrSiS has been reported to
exhibit surface-specific states [8]. Angle-resolved photoe-
mission spectroscopy (ARPES) is a suitable probe for in-
vestigating 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 ad-
dition, it has been unclear whether bulk band degener-
acy due to nonsymmorphic symmetries can be retained
in the near-surface region. While multifold degeneracy
has been observed by ARPES in nonsymmorphic CoSi
[10, 11], no degeneracy was observed in a nodal line ma-
terial 2H-NbS, [12]. Clearly, more detailed experiments
and calculations are needed to interpret the ARPES re-

sults 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 P63/mmc)
crystals, both of which host bulk nodal lines on the
k, = m/c plane. Since h-BN is a wide-gap semiconduc-
tor, we used thin flakes of h~-BN to avoid charge-up during
ARPES measurements. Although ARPES measurements
of h-BN flakes are technically difficult, we chose h-BN be-
cause fewer valence electrons in A-BN compared to 2H-
NbSs; make the spectrum analysis easier and give more
comprehensive evidence. We found gapped band disper-
sions on the k, = 7/c plane, indicating that the broken
screw rotational symmetry at the surface opens an en-
ergy 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 sur-
face sensitivity of ARPES. Taking into account the sur-
face sensitivity, our photoemission intensity calculations
could reproduce such gapped spectra by adjusting the
probing depth parameter in the simulation. Our results
show that incomplete nonsymmorphic symmetries can al-
ter 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 chem-
ical vapor transport method, as explained in an ear-
lier report [12]. Single crystals of h-BN were grown by



the flux method under atmospheric pressure; information
on crystal growth and characterization is in the Supple-
mental 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-NbSs is a metal with sufficient conduc-
tivity, we cleaved as-grown samples in situ in an ultra-
high vacuum better than ~ 3 x 108 Pa to obtain clean
surfaces. On the other hand, special care was taken in
the preparation of h-BN to avoid charge-up. We used
thin exfoliated flakes of hA-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 mount-
ing 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 inten-
sity 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 per-
formed 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 de-
generacy [Fig. 1(d)]; a small energy gap at the momen-
tum points other than the L point is due to the curved
momentum path in single-photon-energy ARPES mea-
surements [Fig. 1(b)]. The k. 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. These results clearly show that the bulk band
degeneracy caused by the screw rotational symmetry is
broken in the near-surface electronic structure of 2H-
NbSs.

Next, we investigated the electronic structure of h-
BN [Fig. 2(a)]. As was noted earlier, ARPES spec-
tra 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 spec-
tra were derived only from the h-BN flakes. We observed
the constant-energy surface [Fig. 2(b)], which coincided
well with a previous ARPES study of A-BN with sub-
micrometer-focused vacuum ultraviolet (VUV) light [20],
and signal from the substrate was negligible. The core-
level spectra clearly exhibited the 1s peaks of boron and
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FIG. 1. Band dispersion of 2H-NbSy. (a) Crystal struc-

ture. 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 27 /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].

nitrogen only when the soft-x-ray beam was on the h-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 behavior 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 h-BN 7 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 dis-
tribution curve extracted along the I'A path [Fig. S6(a)
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 m band along
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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
Er — 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 27/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], respectively]. (g), (h) Energy distribution curves
at the A and L points, respectively. The black dashed curves
represent the peaks included in the fitting function.

the I"A direction shows only a single oscillating dispersion
profile, while the other one forming a pair is absent [Fig.
2(e)]. Such a phenomenon has been frequently observed
in the k, dispersion of AB-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 approx-

imated electronic structure gives a single band with a
periodicity of 27/(¢/2) = 4w /c. We reproduced the 47 /c
dispersion in the photoemission intensity calculations of
the h-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 h-BN. With
increasing k, value from the I'A to ML paths, we ob-
served 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, compo-
nent means that the photoelectron momentum vector is
canted away from the surface normal, making the effec-
tive 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 broadening 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 dis-
persion includes the whole electronic structure of the slab
and is very broad [Fig. 3(a)]. We, therefore, performed
photoemission intensity calculations to obtain the ma-
trix element between the initial and final states and ex-
tract the near-surface electronic structure [24]. The ini-
tial 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 pho-
toemission simulation to extract the near-surface elec-
tronic 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 calcu-
lated spectra will deviate from the bulk spectrum, result-
ing in a gapped surface spectrum [Fig. 3(a)], as mainly
observed in our ARPES measurements. From this con-
sideration, we can claim that the band splitting due to
the broken nonsymmorphic 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 exponential function exp(—z/A) and a linear func-
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FIG. 3. Photoemission intensity calculations of h-BN.

(a) Calculated 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 X 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 A values, respectively. In (d), the black dashed
curves represent the peaks included in the fitting function.
(e) A dependence of the decay strength at each atomic layer
position for both exponential and linear functions. (f) A de-
pendence 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 posi-
tion.

tion max(1 — z/\,0) [Fig. 3(b)]. Exponential depth de-
cay 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 spec-
trum at A = 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 repro-
duce the ARPES spectra, where both the inelastic and
elastic scatterings matter. Therefore, instead of the ex-
ponential decay, we employed the linear decay function,
which is steeper than exponential and has the cutoff prop-
erty. 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 lin-
ear decay function is appropriate for comprehensive dis-
cussion because it is controlled only by one continuous
parameter . Using the linear decay function, we repro-
duced the gapped surface spectra that could be fitted
well with two Gaussians when A < 8.8 A [Fig. 3(d)]. The
crossover from a single to a double peak spectrum hap-
pens 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 exponential decay func-
tion, therefore, always produced a gapless bulk spectrum
due to the long decay tail that covers deeper layers, even
if A 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 distribu-
tion calculations for h-BN to validate the SX-ARPES
results [Fig. 2]. The calculated photoemission spectra
around the L point, using a linear decay function with
X = 8 A shows an energy gap [Fig. 4(a)] that is very sim-
ilar 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 (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 7 band. This assump-
tion is reasonable because the negative correlation be-
tween the in-plane momentum and the scattering length
is physically natural, as explained earlier in the para-
graph on A-BN experiments, and the scattering length
difference needed to explain the different experimental
spectra is not large. In addition, the nonuniform elec-
tronic structure in single crystals may enhance the angle
dependence of the scattering phenomena.

Additionally, the decay conditions used in the h-BN
calculations succeeded in reproducing the gapped sur-
face spectra of 2H-NbSs [Fig. S14 in [14]]. Since the
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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 M L 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]].

third layer of 2H-NDbSs is deeper than h-BN, the pho-
toemission spectra are always gapped, independent of
the selection of the decay length parameter. We can ex-
clude the possibility of a SOC-derived energy gap because
the gap behavior is independent of the inclusion of SOC.
Our results indicate that photoemission intensity simu-
lations using a linear decay function can be universally
applicable to other materials because the photoelectron
inelastic mean free path exhibits a universal energy de-
pendence [9]. In addition, our A dependence analysis of
the simulated spectra gives insight into previous obser-
vations of multifold degeneracy in nonsymmorphic CoSi
[10, 11] and Dirac points in NagBi [27]. Since CoSi has a
three-dimensional structure, which can be interpreted as
a stacked material composed of very thin layers, more lay-
ers are included within the ARPES probing depth than
in the case of quasi-two-dimensional 2 H-NbSs and h-BN.
Considering our discussion that the number of layers in-
cluded 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 ex-
periments. On the other hand, since the Dirac points
in NagBi are protected by in-plane rotational symmetry,
their degeneracy will be conserved in the near-surface
electronic structure, consistent with the clear observa-

tion of the Dirac points by ARPES [27]. Nevertheless,
another possibility is that their observed degeneracy can
be decomposed into several peaks if the energy distribu-
tion curve is analyzed in more detail, as we did in the
present study. In addition, since the observed degenera-
cies 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-NbSy and A-BN by ARPES and
photoemission intensity calculations. While the bulk
band degeneracy in these materials is due to the coex-
istence of 27 screw rotation and time-reversal symme-
tries, 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, = 7/c plane
in most cases other than around the A point of h-BN.
Our photoemission intensity calculations to extract the
near-surface electronic structure revealed that the as-
sumption of exponential photoemission probability de-
cay, which has been frequently used to discuss the surface
sensitivity of ARPES, cannot reproduce the experimen-
tal results. Instead, a steeper linear decay reproduced
the gapped behavior with an abrupt crossover to gap-
less bulk spectra when the decay length parameter was
increased, giving a reasonable explanation for the simul-
taneous observation of surface and bulk spectra at the L
and A points of A-BN. This work demonstrates the neces-
sity to consider the surface electronic structure to discuss
photoemission spectra, even in relatively bulk-sensitive
SX-ARPES. Furthermore, we show that the electronic
structure in the near-surface region can deviate signifi-
cantly from the symmetry-protected bulk one, providing
a possibility of a more exotic electronic structure in the
surface or interface of nodal line materials.
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Note 1: Single crystal growth and thin flake fabrication of h-BIN

Using h-BN powder, h-BN crucibles, and the Ni-Cr-alloy flux, single crystals of h-BN
were grown under atmospheric pressure at 1500 — 1550 °C in a tube furnace with a nitrogen
gas flow rate of 0.2 L/min, yielding transparent single crystals of about 0.5 mm in diameter
[lower inset of Fig. S1]. As shown in Fig. S1, only (00l) peaks were observed in the X-
ray diffraction pattern from the cleaved surface of an h-BN crystal. The full width at
half maximum of the (002) peak was 0.05° [upper inset of Fig. S1], indicating the high
crystallinity of the grown crystal.

We exfoliated h-BN single crystals onto a SiO5/Si substrate to obtain thin flakes. Large
flakes with a width of several tens of micrometers were picked up with a polydimethylsilox-
ane and polycarbonate polymer stamp and dropped onto a few-layer graphene substrate
grown on 4H-SiC. Since the unit cells of h-BN and graphene are approximately the same,
graphite is a suitable conductive substrate for h-BN and vice versa [20]. Graphene layers
were fabricated by annealing 4H-SiC substrate at about 1350°C for 20 minutes in a vac-
uum better than 6 x 10~7 Pa. We performed these exfoliation and pickup procedures in a

nitrogen-filled glovebox to avoid surface damage of h-BN flakes. After that, h-BN flakes on

h-BN 00I2 pe;k

Intensity (a.u.)

002

26 (deg., Cu-Ka)

FIG. S1. X-ray diffraction (XRD) pattern from the cleaved surface of an hA-BN crystal. The red
and black curves represent the experimental and simulation spectra, respectively. Lower inset: the

grown single crystals of ~-BN. Upper inset: the (002) peak of the XRD pattern.
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FIG. S2. Microscope images of an h-BN flake. (a) Optical microscope image. The k, axis in
Fig. 1(b) corresponds to the vertical direction in this panel. (b) Atomic force microscope image

obtained by stitching 20-micrometer-wide images. (c¢) Height profiles along the lines in (b).

graphene/SiC substrates were transported to the ARPES chamber of SPring-8 BL25SU in a
vacuum suitcase. During transport, a non-evaporable getter kept the vacuum in the suitcase
at around 6 x 10~° Pa. The samples were thus never exposed to ambient air, which can easily
damage the sample surface and degrade ARPES spectra. Before ARPES measurements, the
samples were annealed at 400°C for two hours in the vacuum chamber to clean the surface.

The sample thickness was later examined with tapping-mode atomic force microscopy
in the air. Figure S2 shows the h-BN flake from which we successfully obtained the band
dispersion. The flake thickness was between 200 and 300 nm, which is small enough to pre-
vent surface charge up during the ARPES experiment, but large enough to avoid electronic

structure quantization.



Note 2: Band dispersion and photoemission intensity calculations

We calculated the photoemission intensity by SPADExp [19], which uses the ground state
wave functions obtained from OpenMX [18]. We employed a thick slab system with dozens
of bilayers (BLs) to simulate the near-surface electronic structure of a bulk crystal. For
2H-NDbS,, the slab included 20 BLs when spin-orbit coupling (SOC) was neglected and 10
BLs when SOC was included. For A-BN, we used a 40 BL slab, and SOC was neglected.

We used the same incident light electric field direction condition as in ARPES experi-
ments [Fig. S3]. Since both crystals have two possible termination surfaces, we show the
photoemission intensity distribution summed up for these two termination conditions.

The energy axes of the calculated results were shifted by —0.3 eV and —1 eV for 2H-
NbSy and h-BN, respectively, to adjust the band position to experimental results. Such an
energy shift does not affect our discussion because we only focus on symmetry-driven band
degeneracy and its disappearance near the surface. We note that the overall band shape of

calculations coincides well with experiments.

Right circular
(2H-NbS,)

U
Left circular k=7
(hBN) 5 W

FIG. S3. Light polarization and incident angle in SX-ARPES measurements.

Note 3: Supporting data of SX-ARPES measurements of 2H-NbS,

In the bulk band dispersion of 2H-NbSs, a nodal plane on k, = m/c can exhibit an energy
gap due to the inclusion of spin-orbit coupling. However, band degeneracy partially remains,
for example along the AL path [Fig. S4(a)].

We used the fitting function comprising one or two Gaussians and a linear background
in all curve fitting analyses represented below. For the conversion of the photon energy to

the momentum, we used the work function and inner potential parameters W = 5 eV and

4



Vo = 10 eV respectively. They are the same as those in the previous study on 2H-NbS,
[12], showing a good symmetric property with respect to the M point for the valence bands
around Ep — 2 eV.

@A H L A(Q
S \ L / L X S
s A | SR \
N\ sy ) \
RAVAAY, A= Y
W L ‘ 558 A 750
I I SOLS
-1 I S
M L M % S
1 | - \ % N S
< ; 2 \ \\\g 21 ‘\\\:3
) : 5 : \ SE AN
< . X Y m T AN T
i 0 = £ g el SR 8
) . © el = O F O R=S
W ; —— > ' %’ 3 Sk \\\E S
S : ke g o
(b) 2 * 5\&, g £ R
£ SN S S
5 - SE
E 3\ \“\ ~ \.“\\l ~
: 2 .
_E' \D Q - s - 2= \\‘\\:\\§
:: \: e I\%
D 3 N
5 L }\g \§;
= N \\;
1370 N s6o
10 05 00 1.0 05 0.0 10 05 0.0
E-E;(eV) E-E/ (eV) E-E;(eV)
FIG. S4. Band dispersion and energy distribution curves (EDCs) of 2H-NbSy. (a) Bulk band

dispersion along the high symmetry path on the k, = 7/c plane and the ML path. Spin-orbit
coupling was included in the calculations. (b) EDCs around the L point taken with 525 eV SX
light, corresponding to Fig. 1(c). (c) Photon energy dependence of the EDC at the M point,

corresponding to Fig. 1(e). In (b) and (c) the black dashed curves represent the fitting results.
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Note 4: Core-level spectra
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FIG. S5. X-ray photoemission spectra of 2H-NbSs, h-BN, and SiC/Graphene substrate.

Figure S5 shows the core-level spectra of 2H-NbS,, h-BN, and SiC/Graphene substrate.
Comparing the latter two spectra, we found boron and nitrogen 1s peaks only when the
soft-x-ray beam was on the h-BN flake. The carbon 1s peak also appeared in the h-BN
spectra, which may be due to the polymer stamp remaining on the flake surface. We note

that the remaining carbon atoms on the h-BN surface did not affect our ARPES spectra.

Note 5: Crossover from bulk spectra to surface spectra in SX-ARPES of h-BN

Figure S6 summarizes the photon energy dependence of energy distribution curves
(EDCs) at several k, positions. In the small k, region, we observed one symmetric peak
in each EDC, fitted with a sum of a single Gaussian and a linear background. When the
k. coordinate is closer to the M point, a second peak appears. Therefore, the spectra were
fitted with two Gaussians and a linear background. The number of Gaussians used in the

fitting is also applied to the EDC analysis of the band dispersion taken with 720 eV SX



light [Fig. S7].

The fitting results are shown on the k. dispersion maps in Fig. S8. We used the inner
potential and work function values Vj = 6.33 eV and W = 5 eV respectively so that
the band dispersion along the I'A path becomes symmetric with respect to the I' point
(k, = 14 x 27 /c). These results indicate that the second peak growth and the crossover to

the gapped surface spectra simultaneously happen at about the I'M x 7/8 position.
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ing results.

Energy distribution curves at several k, positions and photon energies varying from
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FIG. S7. Energy distribution curves around the L point taken with 720 eV SX light, corresponding

to Fig. 2(c). The black dashed curves represent the fitting results.
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Note 6: k.,-broadening simulations

We performed the k,-broadening simulations following the previous study [23] and ob-
served the band position shift when the Lorentzian broadening was substantial. However, the
typical broadening length scale Ak, = 0.1 A~! was insufficient to cause the band splitting.

In our simulations, we used two cosine bands E = +0.5cos(ck/2) [eV]. For the en-
ergy broadening in the initial states, we employed the Gaussian broadening exp(—1/2 -
(E — Ep)/AE)?) with AE = 80 meV reflecting the energy resolution of our ARPES
experiments. We did not use the Lorentzian form because the imaginary self-energy re-
lated to the Lorentzian broadening will be negligible for weakly correlated h-BN. For the
wavevector broadening in the final states, we employed the Lorentzian broadening 1/((k —
ko)? + (Ak/2)?), associated with the exponential wave function decay exp(—Ak - z/2) =
exp(—x/2)); 2 appears in the denominator because the square of the decay, related with

the scattering probability, has the form exp(—Ak - z) = exp(—z/\).

T
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FIG. S9. k.-broadening simulations for different Ak values. The blue dots represent local maxima

extracted from energy distribution curves.

Fig. S9 summarizes the result. The deviation from the original cosine bands grew with
increasing the broadening width Ak. The degeneration property was retained up to Ak =
0.6m/c. Our result is consistent with the previous study [23]; when Ak = 0.6|I"X|, their

9



simulation shows energy position shift although the overall shape is kept. When Ak is
larger than 0.87/c, the degeneracy is broken, resulting in weakly dispersing gapped two
bands. Since the observed energy maxima at £ = 0 are very small, they are unimportant
for our discussion.

The k,-broadening scheme can also explain the band degeneracy breaking. However,
the Lorentzian broadening Ak = 0.1 A~!, typical length scale for soft-x-ray ARPES [13],
corresponds to 0.27/c for h-BN and 0.47/c¢ for 2H-NbS,. Therefore, the k,-broadening
simulation cannot explain the gap opening with such a small Ak value. The decay function

shape or its length scale needs to be reconsidered to explain the experimental results.

Note 7: Photoemission intensity calculations of h-BN bulk

Figure S10 shows the calculated photoemission intensity of hA-BN bulk. Although the
bulk band dispersion includes a pair of bands, one has sufficient intensity, whereas the other
is too weak to be seen in the dispersion plot. This phenomenon frequently happens in the
k. dispersion of AB-stacked crystals, as discussed in the main text. We note that we got the

same result as ARPES measurements [Fig. 2(e)] in terms of which band has strong intensity.
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FIG. S10. Calculated photoemission intensity of h-BN bulk along the I'A path. The color map is
normalized so that the integrated intensity along the energy becomes uniform. The dashed curves

represent the bulk band dispersion.
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Note 8: Crossover from bulk spectra to surface spectra in calculations of h-BN

Figure S11 summarizes the photoemission calculation results using the linear decay func-
tion. When the depth parameter A is large, the spectra at the L point exhibit a single
peak. The residual error of the one-peak fitting becomes noticeable at around A = 8.8 A.
Therefore, we fitted the spectra with one Gaussian when A > 8.8 A and with two Gaussians

when \ < 8.8 A.
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FIG. S11.  Calculated photoemission intensity of h-BN at the L point using the linear decay

function. The black dashed curves represent the peaks included in the fitting function.
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Note 9: Energy distribution curves of calculated photoemission angular distri-

butions of h-BN

When fitting the calculated energy distribution curves [Figs. S12 and S13], a single Gaus-

sian was used for A = 12 A and two Gaussians for A = 8 A.
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FIG. S12. Energy distribution curves of calculated photoemission intensity along the path cross-

ing the L points, corresponding to Figs. 4(a) and 4(b). The dashed curves represent the fitting

functions.
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FIG. S13.  Energy distribution curves of calculated photoemission intensity along the ML and

' A paths, corresponding to Figs. 4(c) and 4(d). The dashed curves represent the fitting functions.
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Note 10: Photoemission angular distribution calculations of 2H-NbS,

For all cases, two Gaussian components were used for fitting the calculated energy dis-

tribution curves [Fig. S15].

E-E.(eV)

-2

ko (A

FIG. S14. Calculated band dispersions of 2H-NbSo along the path crossing the L point. The
black dots represent peak positions determined by fitting the energy distribution curves [Fig. S15].

The left top labels represent the decay length parameter A and whether spin-orbit coupling was

included.
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FIG. S15. Energy distribution curves of calculated photoemission intensity around the L point,

corresponding to Fig. S14. The dashed curves represent the fitting functions.
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