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Semimetallicity of free-standing hydrogenated monolayer boron from MgB,
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Electronic states of a free-standing hydrogenated monolayer boron (HB) sheet were studied via soft x-ray
spectroscopies at the B K-shell absorption edge and first-principles calculations. The HB sheet is semimetallic
with electron and hole pockets at the Y and I' points, respectively. The electron band results from the B-H-
B bonds formed during synthesis from a MgB, crystal, while the hole band is kept through the process and
originates from a honeycomb lattice boron layer or borophene in MgB,. Our results suggest that the HB sheet is
a promising two-dimensional material for realizing new boron-based or superconducting nanodevices.
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I. INTRODUCTION

Two-dimensional (2D) monatomic layers in van der Waals
crystals or on solid surfaces have wide attention because of
their unique physical properties and potential applications in
quantum devices [1-5]. Specifically, there is growing interest
in layers of Xenes such as silicene [6-9], germanene [10-12],
and bismuthene [13] that show nontrivial topological phases.
Recently, borophene layers were discovered and found to
have Dirac fermions [14-18]. These Xenes show that such
layers can go beyond graphene and can be used to explore
exotic properties and design new quantum nanoscale devices.
However, in contrast to graphene, these Xene layers form only
on solid surfaces, significantly limiting their applications. It is
thus necessary to develop technology to peel the layer from
the surface and passivate it chemically so it can be placed on
any substrate under ambient conditions [19].

A different approach is to prepare a free-standing hydrogen
boride (HB) sheet that corresponds to hydrogenated mono-
layer boron or borophane. The atomic sheet is synthesized
from a MgB, crystal by using a proton ion-exchange reaction
and liquid exfoliation [20]. In this work, we investigate the
electronic structure of the HB sheet via soft x-ray absorption
and emission spectroscopy (XAS and XES) at the B K-shell
absorption edge. We also carry out first-principles calculations
to explore their detailed band dispersion curves. The HB sheet
is semimetallic with an electron pocket at the ¥ point and
a hole pocket at the I' point in the two-dimensional (2D)
Brillouin zone. The electron band results from hydrogena-
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tion of the borophene layer. However, the hole band is kept
from a boron layer of the honeycomb lattice or borophene
in a MgB, crystal, carrying over properties of the mother
material.

II. EXPERIMENTS AND CALCULATIONS

Formation of HB sheets with a B : H ratio of 1: 1 pro-
ceeds through the proton ion-exchange reaction of mag-
nesium diboride (MgB,): MgB, + 2H* — Mg>* + 2HB.
Figure 1(a) schematically shows the synthesis, which con-
sists of adding MgB, powder to a methanol solution with
an ion-exchange resin and exfoliating in the solution. The
process was done at room temperature under a nitrogen at-
mosphere. The supernatant liquid contained the HB sheets,
which were collected after drying [Fig. 1(b)]. The sheets of
the free-standing HB were confirmed by scanning electron
microscopy [see Fig. 1(c)]. Synthesis of the HB layers con-
sisted of peeling honeycomb boron layers in a MgB, crystal
with hydrogen termination (borophane). Thus the HB sheets
in Fig. 1(c) correspond to layers in Fig. 3(a) that consist
of a hydrogen and a single boron layer, and originate from
MgB,. More detail on the synthesis and characterization of
hydrogen boride sheets or borophane layers can be found
elsewhere [20].

Sample characterizations, including B K-edge XES and
XAS, were made at the beamline BL-09A of the New-
SUBARU Synchrotron Radiation Facility at the University
of Hyogo [21-24] and SPring-8 BLO7LSU [25]. All first-
principles calculations were performed using density func-
tional theory (DFT) [26,27] as implemented in Quantum
ESPRESSO [28].
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FIG. 1. (a) Schematic of the preparation procedure, (b) photo-
graph of the sample powder, and (c) scanning electron microscope
image of the free-standing hydrogen boride (HB) samples.

III. RESULTS AND DISCUSSIONS

A. X-ray absorption and emission spectroscopy

To examine occupied and unoccupied electronic states of
the HB sheets, Fig. 2 shows a collection of B K-edge XAS
and XES data of powder samples of HB sheets (borophane),
B(OH)s3, B,O3, and MgB,. Spectra of near-edge x-ray ab-
sorption fine structure were recorded with total fluorescence
yield and analyzed with the software package ATHENA [29].
We used commercial powders of B(OH)3(99.5%, Wako Pure
Chemical Industries, Osaka, Japan), B,O; (Kanto Chemical
Co., Tokyo, Japan), and MgB, (99%, Rare Metallic Co.,
Tokyo, Japan).

The C K-edge XAS and XES spectra of the highly oriented
pyrolytic graphite (HOPG) crystal are also shown for com-
parison. The insulating samples of B(OH); and B,0; show
energy gaps, whereas spectra of HB and MgB, overlap each
other in XAS and XES [31,32]. The appearance is the same
as that of HOPG, which is the standard reference for a gapless
material [21]. Figure 2 is direct evidence that the HB sheet
and MgB, crystal have a gapless electronic structure at the
Fermi level. We note that an XES peak at 194 eV is assigned
to B—O bonds, showing that these HB and MgB, samples may
have been contaminated by oxygen atoms, most likely during
the sample transfer before the spectroscopic measurements.
Thus the result is a sum of clean and oxide regions in the HB
sheet and MgB, crystal. However, there are no band gaps in
either sample. Therefore, one observes only the signals from
the gapless electronic states.

We note here that the HB sheet is now only synthesized
as a powder or a random assembly of the monoatomic layers.
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FIG. 2. B K-edge XES and XAS spectra of powder samples of
HB sheets (borophane), B(OH);, B,03, and MgB,. C K-edge XES
and XAS spectra of the highly oriented pyrolytic graphite (HOPG)
sample are shown for comparison. The excitation energy (Egx) from
XES measurements of the samples is shown in the figure. The elastic
scattering Rayleigh peaks in the XES spectra are removed to show
the fine spectral features. The incident angle was set at 35° from the
surface normal (magic angle) [30] or at 45°.

We leave more accurate mapping of structural topography or
electronic state by scanning tunneling microscope or angle-
resolved photoemission spectroscopy for the future measure-
ments of a flat HB sheet with wide-area and the well-defined
orientation. On the other hand, the averaged microscopic data
are identical to the macroscopic x-ray absorption/emission
spectra. Thus, the present data of x-ray spectroscopies are
sufficient to make comparisons to the theoretical calculation.

B. DFT results: Evolution of band dispersion curves

After the chemical treatments in Fig. 1, the honeycomb
boron layer terminates with hydrogen atoms, forming a sheet
of hydrogen boride (borophane), as shown in Fig. 3(a). The
atomic structure is directly derived as a local structure based
on the combination of an x-ray pair distribution function
with DFT calculations, and further confirmed by x-ray pho-
toelectron spectroscopy, ultraviolet absorption spectroscopy,
and Fourier-transformed infrared reflection spectroscopy [20].
The bond configuration in the sheet is similar to that of
diborane, which forms a two-electron three-atom bond struc-
ture in B-H-B [33-36]. Here we note that the hexagonal
structure of HB sheet is slightly distorted, compared to the
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FIG. 3. (a) Atomic structure of the HB layer (borophane), (b)
two-dimensional Brillouin zone, and (c) calculated density of states
(DOS) and band dispersion curves along the k-path in the Brillouin
zone. In the partial DOS panel, DOS is projected into components
of angular momentum. Red line and green line show s-orbital and
p-orbital, respectively. In (a), boron and hydrogen atoms are shown
as green and white balls, respectively. Bond drawings are defined by
interatomic distance.

hexagonal honeycomb boron layers in MgB, crystal due to
the hydrogenation.

On the basis of the atomic model in Fig. 3(a), the electronic
band structure is calculated along symmetric axes in the 2D
Brillouin zone after the optimization of structure [Fig. 3(b)].
Our DFT calculations [26-28] used the generalized gradi-
ent approximation (GGA) with nonrelativistic Perdew-Burke-
Ernzerhof parametrization [37] for the exchange correlation
term. The Kohn-Sham orbitals were expanded by using a
plane-wave basis with cutoff energies of 50 and 250 Ry. The
Brillouin zone was sampled on a 32 x 32 x 1 k-point grid.

The band dispersion in Fig. 3(c) shows that the HB sheet is
semimetallic with an electron pocket around the Y point and
a hole pocket around the I point. The calculated electronic
state has Fermi surfaces and finite density of states (DOS) at
the Fermi level (E;), thus, consistent with the experimental
spectra in Fig. 2. For comparison, the electronic band structure
of a honeycomb boron layer, or borophene, was calculated as
shown in Fig. 4. The band structure is metallic with two hole
pockets and one electron pocket around the I" point, making
loops of Dirac nodal lines (DNLs).

Comparing electronic structures of the HB sheet and
borophene shows drastic change. Hydrogenation or adsorp-
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FIG. 4. (a) Atomic structure of a boron layer of the honeycomb
lattice (borophene), (b) two-dimensional Brillouin zone, and (c)
calculated DOS and band dispersion curves along the symmetry axes
in the Brillouin zone. In (a), boron atoms are shown as green balls.
Bond drawings are defined by interatomic distance.

tion of the heteroatoms has a significant effect on an original
layer and often induces new functions [38,39]. Here evolution
of the electronic states is tracked through formation of the
B-H-B bonds. Figure 5 shows the electronic band structures
of hypothetical materials of hydrogen boride whose hydrogen
atoms are placed symmetrically at 7.50c¢ from the boron layer,
5.00c¢, 4.00c, and so on, down to ¢, here ¢ = 0.9663 A s
the optimized result of HB sheet. The band dispersion of
the material with hydrogen atoms at 7.50 ¢ is composed of
electronic states of pristine borophene and hydrogen atoms
near the Fermi level. Because hydrogen atoms are almost
isolated from the boron layer, two bands originated from H
atoms are nearly degenerated (A, and By,). These two bands
cross other bands originating from the boron layer and have
dispersion that comes from H-H hopping terms. As the H
atoms approach the boron layer, the dispersion curves change
with energy shifts. In particular, energy of the electron-like
By, band at the I" point increases and, when the hydrogen
atoms are below 2.00c, it goes above the A, band leading
to the disappearance of DNL. However, the B, band at the
I' point forming a hole pocket remains unchanged by the
decrease of the hight of hydrogen atoms. On the other hand,
at the Y point, a B, band decreases. Consequently, when the
hydrogen atoms are at c, i.e., for the case of the HB sheet,
there are only two bands at the Fermi level: One is an electron
pocket at the Y point, formed by the B-H-B bonds, and the
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FIG. 5. Evolution of band structure from borophene to the HB sheet, tracked by changing hydrogen height. Here, hydrogen height is
written with the unit of ¢ = 0.9663 A, which is the optimized result of the HB sheet. (a) A schematic picture of hydrogen height. Green balls
represents boron atoms, white and gray balls represents hydrogen atoms. Two hydrogen atoms located at ¢ are shown as white balls. (b) The
electronic band structure for each hydrogen height. The hydrogen height is shown at top left of each panel. On I point and Y point, the bands
around the Fermi level are labeled by the corresponding irreducible representations.

other is a hole pocket at the I" point, which remains from
borophene.

C. DFT results: Spatial distributions of the 2D electronic states

To clarify the electronic nature in the HB sheet, fur-
ther calculations were made to draw the spatial distributions
of the wave function, compared to the electronic states of
MgB; that has a borophene layer in the crystal. In the first-
principles total-energy calculations, ultrasoft pseudopoten-
tials were used to describe the electron-ion interaction [40].
Valence wave functions and augmented charge density were
expanded using plane-wave basis sets with cutoff energies
of 60 and 480 Ry, respectively. Both the internal atomic
coordinates and lattice parameters of the MgB, crystal and
monolayer HB were optimized until the residual forces acting
on each atom were less than 10~* Ry/Bohr. The atomic geom-
etry of the honeycomb boron monolayer was used as the boron
sheet for the optimized MgB, crystal. We used 1 x 1 x 1
and 1 x 1 unit cells for the MgB, crystal and HB (or boron)
monolayer, respectively. To simulate the isolated boron and
HB monolayers, the sheet was separated by periodic images
with a vacuum region of 15 A.

Figure 6 shows the calculated electronic structure of MgB,
crystal. The crystal structure of MgB, is composed of single
layers of a honeycomb boron lattice (borophene) with mag-
nesium ions, as shown in Fig. 6(a). The band structure of the

MgB, crystal shows that the crossing bands at the Fermi level
originate from boron orbitals [Fig. 6(b)]. The wave function
distribution of the §;, &5, and 83 bands at the I" point shown in
Fig. 6(c) supports this picture. This is consistent with previous
findings that electronic properties, such as superconductivity,
are determined by the boron layers [41-43]. Along the in-
plane directions (I'-M or I'-K), there are two hole pockets
(labeled §; and §,) and one electron pocket (labeled 3) at the
I point. The two dispersions corresponding to §; and &, cross
the dispersion of §3 at about —2 eV below the Fermi level and
form the Dirac points. As we can see from Fig. 6(c), these two
hole pockets are derived from the boron p,, p,, and s orbitals
(i.e., o-bonds), while the electron pocket is from the boron p,
orbital. The wave functions of the former are symmetric with
respect to the boron plane and the wave function of the latter
is asymmetric. The color of the wave function distrubution
in Fig. 6(c) corresponds to the sign of wave function and
it supports this picture. This opposite symmetry restricts the
hybridization between them and, consequently, the bands
cross each other resulting in the DNLs around the I" point in
Mng.

Here it is to be noted that the energy-band structure near
Fermi energy in Fig. 6(b) for MgB, coincides quite well
with the band structure for the borophene shown in Fig. 4(c).
However, the entire band energy in Fig. 6(b) is about 2 eV
lower than that in Fig. 4(c) because of electron doping from
Mg atoms to the boron layer in the case of MgB,. Here the
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FIG. 6. (a) Atomic structure and the Brillouin zone, (b) cal-
culated energy-band structure of a MgB, crystal, and (c) wave
function distribution of the 4, 8,, and §; bands of MgB, at the
I' point. In (a), boron and magnesium atoms are shown as blue
and orange balls, respectively, while the unit cell is shown by the
dashed line. In (b), the red dots are the projected band structure of
MgB, on B atoms, and EF is the Fermi energy. “DP” means Dirac
point. Dirac points shown in (b) are “cross sections” of DNL. In
(c), the color of wave functions corresponds to the sign of wave
functions.

band originated from the Mg cation does not appear around
Fermi energy. These comparisons show that the DNL is the
main characteristic of the boron layer and is protected owing
to the parity of the mirror symmetry of the atomic sheet.

To compare to the electronic states in the boron layer, the
wave function distribution of the HB bands, o _4, is plotted in
Fig. 7. The color of the wave function distribution corresponds
to the sign of the wave function. Here, in space group #65,
the Y point is one of the time-reversal invariant momenta.
Thus, under time-reversal symmetry, the periodic part of the
Bloch wave function on the Y point can be written by a real
function and the sign of the wave function is well defined [44].
As discussed in Fig. 5, the By, band at the I" point remains
unchanged by the decrease of the height of hydrogen atoms,
which corresponds to the o -band in Fig. 7. This picture is
supported by the spatial distribution of the «;-band because it
is the same as that of the &, band in Fig. 6(c). The «4-band at
the Y point also has a similar wave function distribution since
it is connected to the o;-band.

On the other hand, the «3-band, an electron pocket at
the Y point, has an out-of-plane distribution of anisotropic
electronic states along boron atoms, as shown in Fig. 7. For
the ap-band at the I' point, electrons are distributed between
hydrogen and boron atoms, visualizing the B-H-B bonding
state. These calculations show the anisotropic electronic na-
ture of the semimetallic HB sheet. In particular, it is important

.--

jeis(s(n 8NN

ou-band

oz-band

FIG. 7. (a) Atomic structure, (b) Brillouin zone and calculated
energy-band structure of a hydrogen boride (HB) monolayer, and (c)
wave function distribution of the ¢, a,, 3, and a4 bands of the HB
sheet at the I and Y points. In (a), boron and hydrogen atoms are
shown as blue and white balls, respectively, while the unit cell is
shown by the dashed line. Bond drawings are defined by interatomic
distance. In (c), the color of wave functions corresponds to the sign
of the periodic part of Bloch wave functions.

that the wave function of the hole-like o -band is symmetric
with respect to the boron plane, while that of the electron-like
a3-band is asymmetric, indicating that these bands will not
have hopping integrals between them.

An intriguing result of the calculation is the conserva-
tion of the electronic characteristics of the boron sheet in a
MgB, crystal even after hydrogenation, although the DNL
disappears. Since electronic states in the boron layer in
MgB, are responsible for the superconducting transition at
39 K [41-43], our research shows a possibility that the HB
sheet or a derivative may become a superconductor and,
therefore, could be a new 2D material for superconductive
nanodevices. We note that the borophene layer is theoretically
predicted to be superconducting below 10 K [45,46].
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FIG. 8. (a) The hoppings considered in the tight-binding model,
(b) Fermi surface, and (c) electronic band structure gained from the
model. In (a), boron atoms are shown as green balls and hydrogen
atoms are shown as white balls. Red circles and blue circles represent
the bases used to describe the hole-pocket. The hoppings used in
electron-pocket part are shown with blue arrows and that used in
hole-pocket part are shown with red arrows. In (b), the Fermi surface
of hole-like band is shown as blue line and that of electron-like
is shown as yellow line. In (c), the electronic band structure of
DFT result (black lines) and tight-binding model (red lines) are
compared.

D. Tight-binding model for the electron- and hole-pocket
in HB sheet

As explained in the preceding section, the hole-like band
and the electron-like band have opposite parity of the mirror
symmetry and hopping integral between them must vanish.
Thus tight-binding models for the electron and hole pocket
can be constructed independently. Now we assume the boron
atoms make a honeycomb lattice, while the optimized HB
sheet has a deformed honeycomb structure. We also neglect
the spin degree of freedom.

The electron-like w3-band on the Y point consists of the
p.-orbital of boron atoms. The tight-binding model should
be

— i ¥
H=—t Z (CA,R,-CB,R,-+a, + CA,R/-CB.R/-—az) + H.c.
J

-1 Z (c;’chBﬁRj +H.c.)
J

"HJ“EZ (C;,RJ»CA,RJ» +Cl+3,RjCB,Rj)’ (M

J

where CAR, and CB.R, (cZ’R] and c;Rv) are the annihilation
(creation) operators of the electron on the A sublattice and B
sublattice in the unit cell whose origin is located at R;. a;
and a, are the basis vector of the honeycomb lattice: a; =
(*/;a, la) anda, = (—*/7551, la), with a being the lattice con-
stant. Here we assumed only the nearest-neighbor hoppings
[Fig. 8(a)]. The x-direction hopping, #’, will be larger than ¢

since there are additional electron hopping path through the
hydrogen atoms in between. 1, in the last term represents the
one-body energy level. Actually, the parameters are estimated
by using Wannier90 [47], t = 1.13 eV, t' =3.80 eV, u, =
—1.935eV.

The energy dispersion is given by

Ei(k) = £{t? + 2¢> + 2t¢'(cosk - a; + cosk - ay)
+21% cosk - (ay + a)}'* + pe. )

When ¢’ = ¢, this gives the Dirac dispersion as in graphene,
while when ¢’ # ¢, a gap opens at the Dirac points. The
Y point is given by ky = %(bl + b,) where by and b, are
the basic reciplocal wave vectors. Thus the eigenvalues are
E\(ky) = £|t' — 2t| + i, and when ' > 2z, the eigenvector

of the upper band is
1 1>
— , 3)
V2 (—1

which explains the absence of the wave function amplitude on
the hydrogen atom. This result is consistent with the o3-band
in Fig. 7(c). Since the p, orbital of boron site is close to the
hydrogen atoms with positive charge, the relative energy of
this p, orbital is lower than that of the o-bonds which are
away from the hydrogen atoms. This will be the reason why
the p, orbital forms an electron pocket.

The hole-like «;-band on the I" point consists of o -bonds
between boron atoms. Thus, we use two s-orbital-like bases on
a;/2 and a, /2, as shown as blue and red circles in Fig. 8(a).
The tight-binding model should be

— il i
H=s § :(CD,R,-CD,R,-+a2 + CE,R»,-CE,RjJra]) +H.e.
Jj

/ i i
- § :(CD,R_,vCE,R_,Jral + CE,R,CD,R_,-Jraz) + H.c.
J

/1 i i
+s (CD,R/cD,R/-+a|+a2 + CE,R/-CE,R,-+a1+a2) +H.c.
J

+ Z (CE),R/CD.RJ- + CIZ,R/-CE,R/)’ )
J

where cp, p and cg g (c;g’ g, and cg r.) are the annihilation
(creation) operators of the bonding electron on the D sub-
lattice and E sublattice [the blue circle and the red circle in
Fig. 8(a), respectively] in the unit cell whose origin is located
at R;. For y-direction hoppings, we assume the nearest- and
second nearest-neighbor hoppings [s" and s” in Fig. 8(a)].
We also assume the hoppings across the B-H-B bond [s in
Fig. 8(a)]. ;, in the last term represents the one-body energy
level.
The energy dispersion is given by

E>(k) = s(cosk -a; + cosk -ay) + 2s” cosk - (a; + ay)
:I:{sz(cosk -a; —cosk - 02)2

+252(1 4 cosk - (a; + ax))}'* + . (5)

024004-6



SEMIMETALLICITY OF FREE-STANDING HYDROGENATED ...

PHYSICAL REVIEW MATERIALS 3, 024004 (2019)

The eigenvalues on I' point are E;(kr) = 25 + 25" £ 2|s'| +
wy and when s” > 0, the eigenvector of upper band is

#)

This result is consistent with the «;-band in Fig. 7(c).
The parameters are estimated by using Wannier90 [47], s =
0.921¢eV,s =0.878 ¢V, s” =0.559 eV, u;, = —3.813 V.

The Fermi surface and electronic band structure gained
from this tight-binding model are shown in Figs. 8(b) and 8(c).
In Fig. 8(c), the band structure of tight-binding model is
shown with red lines and DFT result is also shown with
black lines for comparison. In Fig. 8(b), we can see the hole
pocket around the I" point (blue line) and strongly anisotropic
electron pocket around the Y point (yellow line).

(6)

IV. CONCLUSION

In summary, we study the electronic states of free-standing
layers of HB sheets synthesized from MgB, crystals by using
a proton ion-exchange reaction and exfoliation. The electronic
structure is semimetallic with an electron pocket at ¥ and
a hole pocket at I" in the 2D Brillouin zone. The electron
band results from hydrogenation of the borophene layer. The
tight-binding model for this electron band was derived and it is

shown that this band consists of p,-orbitals. On the other hand,
the hole band from borophene remains in MgB,. Its tight-
binding model shows that the hole band consists of the o-
orbitals whose symmetry is different form the p,-orbitals. This
shows that a borophane sheet is an interesting material whose
Fermi surfaces are made out of two orthogonal orbitals, and
it can be a new 2D material for superconductive nanodevices.
Moreover, the synthesis and understanding of free-standing
boron sheets offer the potential of designing and developing
new boron-based devices.
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