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Electronic structure of a borophene layer in rare-earth aluminum/chromium boride
and its hydrogenated derivative borophane
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We studied electronic states of borophene in a crystal of rare-earth aluminum/chromium boride and the
hydrogenated sheet, borophane, successfully prepared by ion exchange and liquid exfoliation of the crystal.
The layer has a boron network with five-membered and seven-membered rings. Electronic structures of all the
boron-derived layers are found to be gapless by soft x-ray absorption and emission spectroscopy measurements
at the B K-shell absorption edge and density functional theory calculations. The present results support the
existence of a Dirac nodal loop at the Fermi level in the borophane layer with five- and seven-membered rings,

predicted recently by topological calculations.
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I. INTRODUCTION

Varieties of two-dimensional materials have been predicted
and synthesized, showing novel physical and chemical prop-
erties that have led to innovations in science and technology
[1]. Well-known examples are layers of Xene that are com-
posed of a single element, such as graphene (C) [2], silicene
(Si) [3-7], germanene (Ge) [8-10], borophene (B) [11-15],
and phosphorene (P) [16]. Recently, a freestanding sheet of
hydrogen-terminated borophene, referred to as HB or boro-
phane, was prepared by hydrogen adsorption of the surface
borophene [17] or from a MgB, crystal using proton ion-
exchange and liquid exfoliation procedures [18]. A boron
sheet in MgB, forms a honeycomb lattice, and the result-
ing borophane is also composed of six-membered rings. The
layers of borophane have shown useful functionalities such
as metallic conduction [19,20], catalytic activity [21], metal
ion reducibility [22], and a light response hydrogen release
property [23]. On the other hand, it has been known that
a series of the RAIB4-type compounds, such as rare-earth
aluminum/chromium borides, contain a peculiar boron net-
work of five- and seven-membered rings [24]. Such layers
of borophane are predicted to be semimetal with topological
Dirac nodal loops (DNLs) [25]. Two-dimensional materials
with DNL fermions are now the focus of this field to realize an
exciting platform for exploring the exotic properties of Dirac
fermions and designing novel quantum electronic devices at
the nanoscale. Thus it is highly called for to examine elec-
tronic states in borophenes of five- and seven-membered rings
in the RAIBy4-type crystals and also in borophane, isolated
after the hydrogenation.
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In the present research, we studied boron 2p states of the
boron sheets in crystals of rare-earth aluminum/chromium
borides and in borophane, exfoliated from the crystal with
hydrogenation. We made measurements of soft x-ray absorp-
tion and emission (SXA and SXE) spectroscopies at the B
K edge that has been useful to investigate boron-specific
electronic states [26,27]. The experimental results of the
R(Alp9sCrpos)Bs crystals (R = Tm, Yb, Lu) showed that
the electronic states are gapless. The electronic calculation
revealed that there is charge transfer from metal atoms to
the boron layers and there is also notable variation of the B
p. state. We have also succeeded in preparing hydrogenated
boron sheets, i.e., HB or borophane, from crystals of rare-
earth aluminum/chromium boride by the proton ion-exchange
and exfoliation methods. Electronic states of a HB sheet or
borophane were found to be gapless and reproduced by den-
sity functional theory (DFT) calculations. The consistency
between experiments and calculations indicates that boro-
phane with five- and seven-membered rings is (semi)metallic,
and it supports the existence of the Dirac nodal fermions in
the material.

II. EXPERIMENTAL AND CALCULATION METHODS

Three rare-earth (aluminum/chromium) boride
crystals, Tm(A10,95 CI'Q'05 )B4, Yb(AlQ'95 CrO_OS )B4, and
Lu(Alp.95Crg5)B4, were synthesized based on the self-flux
growth method as follows [24]. A more detailed description
is given in Appendix A. A photograph of synthesized
Yb(AlposCrgos)Bs single crystals is shown in Fig. 1(a).
The crystal size is as small as 1 mm and has a metallic
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FIG.1. (a) A photograph of a single crystal of

Yb(Alj95Cro0s5)B4. (b) and (c) Schematic drawings of the crystalline
structure of RAIB; (R = Tm, Yb, Lu) in (b) oblique perspective
view and (c) projected along the [001] direction. Ultramarine, light
blue, and green balls represent Tm, Al, and B atoms, respectively.
(d) A photograph of HB powders of the (5-7)-borophane layers. (e)
and (f) Atomic structures of (5-7)-«-borophane monolayer (e) and
(5-7)-a;-borophane monolayer (f). Boron and hydrogen atoms are
shown as green and white balls, respectively, while the unit cell is
shown by the solid line.

luster. Such RAIBy4-type crystals have a layered structure
consisting of metal layers and atomic sheets of boron, as
shown in Figs. 1(b) and I1(c). The network structure of
boron is a unique one, forming alternative arrangements of
five- and seven-membered rings (the space group is Pbam)
[24], making it the perfect mother material for the five- and
seven-membered ring borophane.

Hydrogenation of boron sheets in crystals of rare-earth
aluminum/chromium boride was conducted by the proton
ion-exchange reaction, associated with liquid exfoliation. By
reacting to protons in the solution, YCrB4 or TmAIB, crystals
were divided into sheets of HB and metal ions. After the
reaction, HB sheets were contained in the supernatant liquid
and, eventually, collected after drying [Fig. 1(d)]. The HB
layer, borophane, consists of the five- and seven-membered
ring boron sheets, (5-7)-borophene, in the RAIB4-type crys-
tal with hydrogen termination. Depending on the hydrogen
configurations, two models, (5-7)-o;-borophane and (5-7)-c,-
borophane, were proposed, as illustrated in Figs. 1(e) and 1(f),
respectively. The ion-exchange method has been developed to
synthesize honeycomb HB sheets from MgB, crystals [18].
A more detailed description of the present case is given in
Appendix B.

Spectral measurements of B K-edge SXA and SXE were
carried out using the undulator beamline BL-09A [28] at the
NewSUBARU Synchrotron Radiation Facility at the Univer-
sity of Hyogo. The incident x-rays are linearly polarized in
the horizontal plane at >99.6% [29]. The experiment was
performed at room temperature. The total fluorescence yield
(TFY) or the total electron yield (TEY) method can be used
for the SXA measurement [30]. For SXE spectroscopy [31],
the excitation photon energy was 210 eV, and the spectra were
acquired at takeoff angles of 15°, 35°, and 60° from the sam-
ple surface. The crystalline sample was fixed so that the flat
surface of the crystal was parallel to the surface of a sample
holder. The total energy resolution of the SXE spectrometer
in this region was 0.2 eV.

The geometric and electronic properties of materials were
determined by first-principles calculations under the frame-
work of DFT [32,33] using the Vienna ab initio simulation
package (VASP) [34] with projected-augmented wave pseu-
dopotentials [35]. The valence wave functions were expanded
in terms of the plane-wave basis set with an energy cutoff
of 520 eV. The generalized-gradient approximation proposed
by the Perdew, Burke, and Ernzerhof functional [36] was
used to express the exchange-correlation energy of interacting
electrons. In the case of the TmAIB4 crystal, the electronic
properties of which were calculated in this paper, we used the
DFT + Hubbard U method [37] with U = 3 eV to accurately
describe the strong correlation behavior of the f electron of
the rare-earth Tm element. All the internal atomic coordinates
of the TmAIB, crystal were fully optimized at experimental
lattice constants. A unit cell, shown in Fig. 1, had a size of
a=59225 A, b=11.4784 A, and ¢ = 3.5224 A. For the
isolated boron layers or the hydrogenated boron (borophane)
sheets, a vacuum region of 15 A was used to separate the peri-
odic images. Both the internal atomic coordinates and lattice
parameters of borophane were fully optimized. The Brillouin-
zone integration was carried out using the Monkhorst-Pack k
mesh [38] with a 0.01 A~! spacing grid in the self-consistent
field calculations for optimization structures. The orbital pro-
jected density of states was computed with a dense k mesh of
0.0035 A~! spacing grid.

III. RESULTS AND DISCUSSION

A. Boron layers in the RAIB, crystal

Figure 2(a) shows SXA spectra at the B K-shell absorption
edge of three types of R(Alp9sCrgos)Bs (R = Tm, Yb, Lu)
crystals. An incident angle of the soft x-ray beam to the
sample was set at 0°, measured from the surface normal. The
SXA spectra of the three types of crystals are similar to each
other. The energy at the absorption edge is as low as 187 eV,
close to that of metallic boron [39,40]. Broad main peaks are
found at 188.5 and 197.5 eV. Among the plural peaks, a peak
at 194 eV is due to the oxidized impurity [41,42].

SXE spectra at the B K edge of three types of
R(Aly.95Crg5)By4 crystals are collected in Fig. 2(b). There
was no significant difference between the three sample
crystals. A spectral edge of the emission spectrum on the
higher-energy side was about 187 eV, which was close to
that of the MgB, crystal or the HB monolayer sheet, reported
in Refs. [18,19]. The broad main peak is at 183.5 eV with
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FIG. 2. (a) SXA and (b) SXE spectra of the three
R(Aly5Crg05)B4 crystals. The relation between the line color
and the rare-earth metal species is denoted in the figure.

shoulders at 182 and 186 eV on both sides. In both SXA and
SXE spectra, one finds similar spectral shapes for the three
kinds of rare-earth metal borides.

To investigate the origins of electronic states in the spec-
tra, Fig. 3(a) shows the total density of states (DOS) and
the partial density of states (PDOS) of the B 2s and B 2p
states of the TmAIB, crystal based on theoretical calculation.

Boron layer in TmAIB, crystal
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FIG. 3. Calculated electronic states of (a) the boron layer in the
TmAIB, crystal and (b) the isolated boron layer having a network of
five- and seven-membered rings. The spectra are the total density of
states and the partial density of states of the B 2s and B 2p states.
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FIG. 4. The calculated (Cal.) ground state o (o*) band and the
m (*) band for the boron layer in the TmAIB, crystal are es-
timated from the atomic (2p, +2p,) and 2p, orbitals’ projected
density of states of the boron layer. The SXA and SXE spectra of
the Yb(Alpg5Croo5)B4 sample, taken around the magic angles, are
superimposed in the figure.

For a comparison, results of the boron layer, isolated from
the TmAIB4 model, are shown in Fig. 3(b). Valence states
of borophene with the five- and seven-membered rings are
essentially composed of B 2p orbitals that make o (py, p,)
and 7 (p,) bonds. The DOSs of the boron layer are distributed
to a higher binding energy in TmAIB, than that in the isolated
one. This calculation result indicates that, in TmAIBy, there
exists charge transfer to the boron layers from metal atoms, as
expected from their positive ionicity. In addition, the PDOS
of the p, orbital changed apparently due to the metal-boron
interactions along the z direction, as found in the crystal
structure in Figs. 1(b) and 1(c).

Figure 4 shows the calculated PDOS of the o (oc*) and
m (r*) bands of the boron layer in TmAIB4. In the figure,
the experimental data of the Yb(Alj9sCrgo5)B4 sample are
superimposed for comparison. As shown in Fig. 2, spectra
of the RAIBy-type crystals are similar to each other, and
the Yb(Alp9sCrgo5)B4 spectrum was chosen due to the best
signal-to-noise ratio. Since the SXA and SXE spectra reflect
the dipole transition between B 2p and B 15 states, the features
correspond to the occupied 2p valence band (o, ) and the un-
occupied 2p conduction band (o *, 7*), respectively [26,43—
45]. One can find in the figure that the calculated energy
spectra agree well with the experimental data, including the
spectral shoulders. It can be thus concluded that the electronic
structure of the boron layer in the TmAIB4-type crystal is
gapless.

To further investigate spectral features of RAIB4, the
Yb(Alp9sCrpos)B4 spectra were measured at the various soft
x-ray (SX) incident and takeoff angles, as shown in Fig. 5.
Since the w and o orbitals of the boron sheets are inherently
orthogonal to each other, analysis of the dipole transition with
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FIG. 5. Incident and takeoff angle dependence of (a) SXA and
(b) SXE spectra of the Yb(Alyg5Croo5)B4 crystal. The intensities
were normalized at 197.5 eV in SXA spectra [Fig. 5(a)] and at
182 eV in SXE spectra [Fig. 5(b)] to enhance features around the
Fermi level. The incident angle was referred to the sample surface
normal, while the takeoff angle was referred from the sample surface.
The definition provides the same angle value, «, regardless of the
sample rotation in the vertical axis. The intensity difference between
SXE spectra at o = 15° and 60°, I(15) — 1(60), is drawn with a
dashed black line.

linearly polarized light provides information on the orbital
orientation and also its possible modification in a crystal. As
presented in Fig. 5, both the SXA and SXE spectra have
only slight changes with angle. This is in sharp contrast to
the cases of layers of hexagonal boron nitride (h-BN) and
highly oriented pyrolytic graphite (HOPG) [46-53], showing
a large incident and takeoff angle dependence. The spectral
behavior of the Yb(Aly.95Crgs5)B4 crystal can be understood
in two ways. (i) Both # and o bands overlap each other
in the SXA and SXE spectra, so that a net variation of the
opposite angle dependence had little result. (ii) The B 2p,
orbital of the 7 band may be perturbed notably by interactions
with the neighboring metal atoms in the crystal. Such spectral
suppression of the intrinsic p, orbital was previously reported
in N K-edge SXE measurements in the h-BN/Ni(111) system
[54,55].

In Fig. 5(b), the normalized SXE intensity around 185 eV
decreases with takeoff angle. The behavior corresponds to the
B 7 component. To enhance the spectral feature, a differential
SXE spectrum was obtained by subtracting the intensity at
the takeoff angle of o = 60° from that at the takeoff angle of
15°, I(15) — 1(60), as previously done for the h-BN system
[49]. When the spectra are compared with those of the &
component in the band calculation, shown in Fig. 4, it can
be seen that the shapes substantially match with each other.
This result indicates that not only the main peak but also the
spectral edge, appearing as a peak shoulder at 186 eV, has a
contribution of the B 7 state in RAIB,. This is different from
the SXE spectra of MgB,,which have only the o component
at the SXE edge [26].

B. Layer of HB or borophane

Figure 6 shows the SXE and SXA spectra of the borophane
layer taken at the B K-shell absorption edge. The SXA spec-
trum was recorded by the TEY method. It is of note that the
surface-sensitive TEY method was adopted for measurements
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FIG. 6. SXE and SXA spectra at the B K-edge region for boro-
phane (HB) with the five- and seven-membered rings. As a reference,
SXE and SXA spectra of the h-BN powder are also shown with a
baseline.

on a sample of the HB layer. For a comparison, spectra of the
h-BN powder are also shown in the figure. The sharp peak
at 192 eV is assigned to the 7* band of h-BN [39,42,53].
The SXE and SXA spectra show the photon energy region
(~187-192 eV) with no signal, corresponding to the energy
gap. The h-BN layer is insulating and displays a band gap. On
the other hand, the spectral intensity is apparently found at
the corresponding range in the HB layer. An overlap of the
SXE and SXA spectra indicates that the electronic state is
gapless. An oxide peak of boron is observed at 194 eV due to
surface oxidation by the inevitable exposure during the sample
transport in air. Since the boron oxides are insulating, there is
no electronic contribution in the gapless state.

In order to understand the electronic states, calculations
were made on borophane layers of five- and seven-membered
rings, as shown in Fig. 7. In the previous report, two types
of the layers, «;-borophane [Figs. 1(e) and 7(a)] and «5>-
borophane [Figs. 1(f) and 7(b)], were theoretically found
to be stable [25]. These atomic structures share the same
borophene framework of the five- and seven-membered rings
with different configurations of hydrogen atoms. The two
borophane layers exhibit semimetallic behavior with the topo-
logical Dirac nodal loops that can be described in terms
of the nonsymmorphic group and the Z, topology [25]. As
shown in Fig. 7, in each case, calculation of the density of
states confirms that there is no energy gap in the electronic
structure. The PDOS calculation reveals that electronic states
originate from B p states and the gapless feature is due to
overlap of PDOS edges of the B p, and B p,, p, orbitals,
which is the nature of topological Dirac nodal loops. The
DOS calculation reproduces overlaps of the SXE and SXA
spectra in Fig. 8. The consistency between theory and experi-
ment indicates semimetallicity of borophane with the five- and
seven-membered rings and indirectly supports the existence
of the Dirac nodal fermion in the material. Quantum states
of novel Dirac nodal loops have recently attracted attention
for intriguing physical properties, such as ultrahigh carrier
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FIG. 7. Calculated total density of states and partial density of
states of the (5-7)-«;-borophane monolayer (a) and the (5-7)-c;-
borophane monolayer (b). The structure models are illustrated in
Fig. 1. A unit cell of (5-7)-a-borophane [Fig. 1(e)] had size a =
5.8752 A and b= 11.2921 A, while that of (5 -7)-cr»-borophane
[Fig. 1(f)] had size a =5.8293 A and b=11.3008 A in the
calculation.

mobility or unique spin transport properties, expected from
research [56,57]. Layers of borophane, studied in this paper,
have a high potential to become a new and exciting platform
for exploring the exotic behaviors of Dirac fermions and de-
veloping quantum devices [58].

Systematic comparisons of PDOSs between a boron
layer in a crystal of rare-earth aluminum/chromium boride
(RAIB,), borophene (B), and borophane (HB) in Figs. 4 and
8 allow us to trace the electronic evolutions of the B p states
through the ion-exchange reaction in Fig. 9. The valence elec-
trons of boron atoms are distributed in py, p,, and p, states
in these materials. In a borophene layer, o (px, p,) bands
are mainly occupied, while 7 (p,) bands are partly occupied.
These PDOS spectra energetically overlap each other at the
Fermi level, making the electronic structure gapless. When
the boron sheet is sandwiched with metal atoms, as in the
case of the RAIBy, crystal, the o band is almost completely
occupied, leaving only the metallic 7 band. On the other hand,
the hydrogenated borophene, HB, keeps both the o and &
bands at the Fermi level, making the system a topological
nodal semimetal. All the boron layers of the five- and seven-
membered rings individually have gapless states. On the other
hand, it is intriguing to find their distinctive electronic char-

Photon Energy (eV)
181 185 189
T

A" SXE SXA |
J b

PDOS (arb. units)

6 -4 2 0 2 4
E - E; (eV)

FIG. 8. The calculated o /o * band and the /7 * band for the
borophane layer of the «; and «; types. The SXA and SXE spectra
of the borophane sample are superimposed in the figure.

acters with chemical environments. The present results of the
experiments and calculations provide electronic information
that can be used in designing functional materials related to
borophene.

IV. SUMMARY

We investigated electronic structures of various boron
layers with five- and seven-membered rings by soft x-
ray absorption and emission (SXA and SXE) spectro-
scopies at the B K edges with DFT calculations. First,
the borophene layers were studied for three crystals of the
rare-earth aluminum/chromium borides Tm(Alg 95Crg.05)By4,
Yb(A10,95Cr0.05 )B4, and Lu(Alo‘95Cr0,Q5 )B4 Electronic struc-
tures of all the boron layers are found to be gapless, and
the spectral features were similar to each other, indicating
universal behavior of the B p states in the crystals. The the-
oretical calculation reproduced the experimental results and
revealed that there exists charge transfer from metal atoms to
the boron layers as well as a notable variation of the B p, state.
Rare-earth metal borides have shown varieties of quantum
phenomena, such as magnetisms [24]. These results infer that
the role of the boron layer is rather universal.

The present research has also succeeded in prepar-
ing hydrogenated boron sheets from crystals of rare-earth
aluminum/chromium boride using proton ion-exchange and
exfoliation methods. The B K-edge SXA and SXE measure-
ments have found that the electronic states of sheets of HB,
or borophane, are gapless. The DOS calculation of the sheet
also shows gapless electronic states. The consistency between
experimental SX spectra and theoretical PDOS calculation
indicates semimetallicity of borophane with five- and seven-
membered rings and indirectly supports the existence of the
Dirac nodal fermion in the material.
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APPENDIX A: PREPARATIONS OF THE RAIB; CRYSTALS

For the preparation of the RAIB, crystals, the starting
materials of the solids had a purity of 99.5-99.9% for

R,03 (R = Tm, Yb, Lu), Cr, and B, while the purity was
99.99% for Al. For the flux, atomic ratios of B/R,0O3 = 9.0
(R,03 + 9B — 2RB3 + 3BO) and mixed flux Al;_,Cl,
(x = 0.050) were used. Mixtures of the materials in the proper
atomic ratios were placed in an Al,O3 crucible, heated in an
Ar atmosphere at a soaking temperature of 1773 K for 5 h, and
slowly cooled to room temperature at a rate of 50 K/h. Then,
the sample crystals were separated from the solidified melts
by dissolving the excess Al with diluted hydrochloric acid. At
this stage, the compound, added with 5% Cr instead of pure
Al, was used for stabilizing the phase.

APPENDIX B: PREPARATIONS OF THE HB SHEETS

The HB sheets were prepared by the ion-exchange method
from crystals of the RAIB4 type, such as YCrB4 and TmAIBy,.
In the case of the YCrBy crystal, the reaction can be described
as nYCrB; + 4nHt — nY“ ¥+t 4+ nCrt + 4nHB,
where HB represents hydrogen boride or borophane sheets
with a stoichiometric ratio of B : H =1 : 1 and n and
x are integers with the relationship 4 > x = 1. Figure 9(a)
schematically shows the synthesis, which consists of adding
YCrB4 powder to a methanol or acetonitrile solution with
an ion-exchange resin and exfoliating in the solution. The
process was done at room temperature under a nitrogen
atmosphere. The supernatant liquid contained the HB sheets,
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which were collected after drying. The HB layers consisted of
the peeled boron layers with five- and seven-membered rings
in an YCrBy crystal with hydrogen termination (borophane).
The XPS spectra of the YCrB4 powder, which is a synthetic
raw material, and a HB sheet with five- and seven-membered

rings are shown in Fig. 9(b). In the synthesized the HB sheet,
core-level peaks of Cr 2p and Y 3d disappeared completely,
meaning that the sample contained no metal element. The
same preparation procedure was also available for HB sheets
from the TmAIBy crystals.
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