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Phonon dispersion of a two-dimensional boron sheet on Ag(111)
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Two-dimensional (2D) atomically thin boron layers designated as borophene or boraphene, attract great inter-
est as promising post-graphene 2D materials. The borophene layer phonon structure has not yet been clarified by
experimentation in spite of its importance for application for possible superconduction and thermal technologies.
For this work we measured, by experimentation, the phonon dispersion of an incommensurate three-domain
χ3-borophene formed on Ag(111) using high-resolution electron energy loss spectroscopy. Measured phonons
were analyzed using first-principles theoretical calculations. Because the phonon band of the substrate Ag(111)
lies in a low-energy region, the borophene phonon is well separated from the substrate. For our calculations,
a commensurate slab supercell model was adopted, the periodicity of which was Ag(111) 3 × 3. The lattice
parameter of the model was determined using experimentally obtained phonon data. The highest frequency
phonon of an isolated borophene layer was fitted to the data as a function of the electronic charge in it. The best
fitted lattice parameter was used in the supercell model. The model well reproduced the experimentally observed
phonon dispersion. No marked anomaly was found in the phonon structure.
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I. INTRODUCTION

Since the beginning of the 21st century, two-dimensional
(2D) materials of one or several atomic thickness have become
a main stream both in fundamental and application research
fields. Following the amazing success of graphene, atomically
thin elemental materials designated as “Xenes” have been
explored extensively in anticipation of various applications:
silicene (Si), germanene (Ge), stanene (Sn), phosphorene (P),
borophene or boraphene (B), and so on [1]. Among these
Xenes, borophene is most interesting because of its char-
acteristic properties [2–6] and many promising applications
for gas sensors, hydrogen storage in fuel cells, supercon-
ductors, electrodes in alkaline metal batteries, catalysts for
hydrogen evolution or oxygen reduction [7,8], and biomedical
devices [9].

In 2001, considerably high critical temperature (Tc) of
superconductivity was reported for magnesium diboride
(MgB2) [10]. Subsequently, several theoretical works ex-
plained its mechanisms [11–13]. They clarified that high
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frequency B-B stretching vibration mode in the honeycomb
boron layer in MgB2 interacts strongly with its electronic
σ band, responding to high Tc superconductivity. Actu-
ally, B is the lightest atom among the Xenes, resulting in
high-frequency phonons also in borophene. Theoretical cal-
culations predicted that superconductivity can be retained in
a Mg-intercalated bilayer borophene [14] or borophene on
Ag(111) [15]. The electron-phonon interaction in borophene
is predicted to be larger than in MgB2 [16].

Existence of the spontaneously formed monoatomic boron
layer (boron layer termination) was found in 1998–2001
for some group-5 (Ta) [17,18] (Nb) [19] and group-6
(W) [20] transition-metal diboride (TMB2) (0001) single-
crystal surfaces. However, the surface is terminated by the
transition-metal layer on the group-4 TMB2(0001) [19,21].
We have produced a borophene (boraphene) layer on the
metal-terminated group-4 TMB2, ZrB2(0001) by deposit-
ing atomic boron, which exhibited a

√
3 × √

3 (R ± 30◦)
commensurate periodicity with the substrate [22]. Phonon
dispersions of such borophenes on TMB2(0001) have been
measured using high-resolution electron energy loss spec-
troscopy (HREELS) [19,22]. They have been analyzed using
first-principles density functional theory (DFT) and den-
sity functional perturbation theory (DFPT) calculations in
2010 [23]. Agreement between the calculated and measured
phonon dispersion was excellent. The clarified borophene
structure on ZrB2(0001) is a B7 layer: one adatom in the√

3 × √
3 unit cell of the honeycomb boron layer. That is the

same as the α sheet with one additional vacancy in the unit
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cell, corresponding to the vacancy concentration of 2/9 in the
recent nomenclature for borophene allotropes [2,24].

Independently from the reports presented above,
borophene was studied theoretically in the early
2010s [24–27]. It has been synthesized through experimenta-
tion on a more popular substrate, Ag(111), since 2015 [28,29].
The borophene layer is fabricated by depositing atomic B on
the Ag(111) single crystal substrate, similarly to our earlier
method of boraphene synthesis on ZrB2(0001) [22]. The only
experimentally obtained data for the borophene phonon on
Ag(111) were those measured using Raman spectroscopy, as
reported very recently [30]. Because the momentum of photon
is small in Raman or infrared spectroscopy, they can assess
only around the � point. However, the theoretical calculations
predicted that the large electron-phonon interaction does not
necessarily occur at the � point, especially in nonhoneycomb
borophenes [14,15,31]. Additionally, to ascertain whether the
�-point phonon shows large electron-phonon interaction, or
not, the dispersion curves must be addressed apart from the
� point. Therefore, measurement of full phonon dispersion is
necessary to elucidate the borophene properties. Nevertheless,
it has never been reported for borophene on Ag(111).

This report presents the full phonon dispersion relations of
χ3-borophene formed on Ag(111). We follow Ref. [25] for
the borophene allotrope notation. The phonon dispersion was
measured using HREELS, and was calculated using DFT and
DFPT. The calculation can well reproduce the experimentally
obtained data under a supercell structure model in which the
lattice parameter is adjusted.

II. METHOD

The experiment was conducted using the same apparatus
as that used in our earlier work [19,22,32–34]. Briefly de-
scribed, an HREELS spectrometer (Delta 0.5; SPECS GmbH)
was held in a magnetically shielded ultrahigh vacuum (UHV)
chamber with base pressure of less than 4 × 10−9 Pa. The
energy resolution was about 2 meV in the full-width at
half-maximum (FWHM) of the elastic (zero-loss) peak. In
the HREELS chamber, a microchannel-plate backview low-
energy electron diffraction (LEED) apparatus was used to
align the azimuthal orientation of the sample. The sample
was prepared in another UHV chamber, the base pressure
of which was 2–4 × 10−8 Pa. The preparation chamber was
connected to the HREELS chamber through a transfer tube.
The following can be performed in the preparation chamber:
reflection high-energy electron diffraction (RHEED), Auger
electron spectroscopy (AES), Kr+ ion bombardment, Ag de-
position from a Knudsen cell (K-cell, EF 40C1; PREVAC)
with a pyrolytic boron nitride (PBN) crucible, and B depo-
sition from an electron-heated evaporator (EFM 3; Scienta
Omicron, Inc.). The sample can be heated to 2500 K in the
preparation chamber by electron bombardment of the rear.
The sample temperature was measured using an optical py-
rometer without calibration.

A NbC0.95 (hereafter NbC) (111) single-crystal surface was
used as a substrate for Ag film epitaxy. The NbC single crystal
was grown using an rf-heated floating zone method [35]. A
disk (φ8–9 mm × t1–1.5 mm) having (111)±1◦ faces was
cut from the grown rod after orienting the 〈111〉 direction by

x-ray back-Laue method. The disk face was polished with dia-
mond paste to a mirror finish. After ultrasonic degreasing with
acetone, the NbC(111) substrate was cleaned in UHV by re-
peated heating at about 1900 K. Ag (99.99%; Sigma-Aldrich
Corp.) was deposited using the K-cell on the clean NbC(111)
substrate. B was deposited on the Ag epitaxial film from a
β-boron crystal rod. After the sample was characterized with
RHEED and AES, it was transferred to the HREELS in the
UHV to measure the phonon spectra.

First-principles calculations were conducted using
QUANTUM-ESPRESSO ver. 6.5 suite [36], with a gener-
alized gradient approximation, the Perdew-Burke-Ernzerhof
(PBE) functional for the exchange correlation [37], and the
PBE ultrasoft pseudopotentials [38]. After checking conver-
gence, cutoff energies for wave function (ECUT) and charge
density (Eρ

CUT) were taken, respectively, at 35 and 320 Ry.
The sampling k points were 18 × 18 × 18 for the bulk
Ag, and 6 × 6 × 1 for the 3 × 3 × n supercell calculations.
Permissible residual force in the structure optimization was
10−5 Ry/a.u. In the phonon dispersion calculations, the
sampling q points were 3 × 3 × 1 for the supercell model.
The calculations were performed on a large cluster computer
in our institute. For visualization the structure models, the
VESTA 3 package was used [39]. For the calculated atomic
structure, the electron population analysis was performed
using the LOBSTER package [40].

III. RESULTS AND DISCUSSION

A. Experiment results

After heating in UHV, the NbC(111) exhibited a clear
1 × 1 RHEED pattern. No contamination was detected using
AES. It has been established that the clean NbC(111) is ter-
minated with the metal atom (Nb) layer [41]. Even though
the lattice parameter of Ag(111) (aAg(111) = 288.4 pm [42])
is smaller (−8.7%) than that of NbC(111) (aNbC(111) = 315.9
pm [35]), deposition of Ag at room temperature caused in
the epitaxial growth for which the relationship was (111)Ag ‖
(111)NbC and [110]Ag ‖ [110]NbC. This reverse stacking is
probably created by the NbC structure: When the Nb sublat-
tice stacking is ABC . . . , the carbon is located in the alternate
site as AcBaCb . . . , where the small letter denotes the carbon
layer. The Ag stacking is probably affected by the carbon layer
below the surface. The deposition for 30 min at the Ag cell
temperature of 900 ◦C yielded an epitaxial Ag(111) film of
about 100 nm thick. Figure 1(a) exhibits the RHEED pattern
and the AES spectrum (lower panel) of the epitaxial Ag(111)
film, indicating a clean Ag(111) surface. The in-plane lattice
constant a of the grown film was estimated at 285–288 nm
from the RHEED patterns, identical to that of Ag(111) within
the experimental error. This suggests that the grown Ag(111)
is almost free from the stress of the lattice mismatch in this
film thickness.

Boron was deposited on the clean Ag(111) epitaxial film
surface at 620 K. After 10–20 min of the deposition, the
RHEED pattern changed to an incommensurate pattern close
to 3 × 3 [Figs. 1(b) and 1(c)]. A B KVV Auger signal
was apparently observed in the AES. The LEED pattern of
this borophene [Fig. 1(d)] resembles that reported in the
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FIG. 1. RHEED (a)–(c), LEED (d), and AES (lower panel) of
(a) clean Ag(111) surface and (b)–(d) borophene covered Ag(111).
Primary electron energies (E0) are 15 keV for RHEED and 113.7 eV
for LEED. The azimuthal orientations are [121] for (a) and (b), and
[101] for (c). The Ag(111) fundamental diffractions and those from
borophene are represented, respectively, by black and red lines as a
guide to the eyes. The LEED pattern has some pincushion distortion
because of the planar screen.

literature for χ3-borophene on Ag(111) [43], but it differs
greatly from that for β12-borophene [44]. The LEED pat-
tern seems to be 3 × 3 at first glance. However, it is not
exactly 3 × 3, but incommensurate because the diffraction
streaks from borophene [red marks in Fig. 1(c)] are not
distributed uniformly between the Ag fundamentals. The
specular HREEL spectrum is shown in Fig. 2. Three small
loss peaks were observed at 23.1 meV (187 cm−1), 62.5 meV
(504 cm−1), and 88.0 meV (709 cm−1). These frequencies
correspond respectively to the B2

g, B1
g (or A4

g), and A3
g modes

observed in χ3-borophene on Ag(111) using Raman scattering

FIG. 2. Specular HREEL spectrum of the borophene on
Ag(111). E0 = 10.0 eV and θin = θout = 75◦.

spectroscopy [30]. From these results we inferred our sam-
ple as χ3-borophene. The small trace at 160.8 meV (1297
cm−1) in the HREEL spectrum can be assigned to a B-O
stretching vibration from a very small amount of oxygen
residue.

Figure 3 exhibits a typical series of off-specular HREELS
data taken at the primary electron energy (E0) of 10 eV.
Several E0s (6, 10, and 17 eV) were applied to measure as
many phonon modes as possible. In Fig. 4 the loss peak
energies are shown versus momentum transfer parallel to
the surface, which corresponds to the phonon wave vector,
representing the experimentally measured phonon dispersion
relations [45]. Because of the large mass of Ag, the substrate
Ag(111) phonon band is located below 22 meV [46]. There-
fore, almost all observed phonon modes are attributable to
overlayer borophene. The lowest lying mode below 10 meV
corresponds well to the surface acoustic mode (S1: Rayleigh
mode) of Ag(111) observed in inelastic He atom scatter-
ing [47] and HREELS [48,49] experiments. Some borophene
phonon modes have large energy dispersion, suggesting con-
siderably strong B-B bonds in the borophene layer. This
strong B-B bonding is also reflected in the high-frequency
phonon up to 150 meV (1210 cm−1) around the � point,
which also agrees well with the A1

g phonon frequency of
the χ3-borophene on Ag(111) measured using Raman spec-
troscopy [30].

In the case of χ3-borophene on Ag(111), the borophene
orientation is examined using scanning tunneling microscopy
(STM) [29]: the row of vacancy site is aligned along Ag〈112〉.
Because Ag(111) has threefold symmetry, three equivalent
domains invariably exist, for which the vacancy row is
aligned with each of three 〈112〉 directions [43]. There-
fore, one of three domains of the χ3-borophene aligns as
(�-X )B ‖ [121]Ag and (�-Y )B ‖ [101]Ag, whereas the other
two domains are deviated ±120◦ from the highly sym-
metric axes. This three-domain structure makes the phonon
structure very complex because of the different overlapping
domains.

B. Calculation results

1. Modeling

As the near 3 × 3 LEED pattern [Fig. 1(d)] shows, the
3 × 3 periodicity of the substrate Ag(111) is expected to
coincide roughly with the incommensurate borophene layer.
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FIG. 3. Typical series of off-specular HREEL spectra of the
borophene on Ag(111) along the 〈112〉 (�-M) azimuth of the
substrate.

This finding might be readily apparent from the proposed
model [29]. Therefore, we took the commensurate struc-
tural model as an approximation, where 3 × 3 of Ag(111)
coincides with (2c + 3d,−3c − 2d ) of χ3-borophene, as pre-
sented in Fig. 5(a). The unit cell includes 20 B atoms and
9n Ag atoms in n substrate layers. In that case, because the
substrate thickness is far larger than the overlayer, the over-
layer lattice constant is forced to fit with the substrate if the
whole system is optimized. This situation is unsuitable for
investigation of the overlayer properties. In this work, the
substrate lattice constant parallel to the surface was forcibly
fit to the overlayer one, which was calculated in an isolated
borophene.

The incommensurate structure itself suggests that the di-
rect bond between B and Ag should be weak. Therefore,
the charge transfer from the substrate was first considered.
After introducing the electronic charge into a free-standing
χ3-borophene, its cell parameters and atomic positions
were optimized; then the phonon frequency was calculated.

FIG. 4. Experimentally measured phonon dispersion of
borophene on Ag(111). E0 = 6.0 eV (purple diamonds), 10.0 eV
(green squares), and 17.0 eV (blue circles). Red triangles represent
the Raman spectroscopy data [30].

The lattice optimization was performed under the restriction
of |a| = |b|. The angle between a and b was fixed at 120◦. It
was put into the 3 × 3 commensurate supercell later.

We devoted particular attention to the highest frequency
phonon as the criterion, the experimentally obtained value
of which is about 150 meV (1210 cm−1). This phonon cor-
responds to the B-B stretching vibration in the borophene,
which is sensitive to the B-B distance. Figure 6 presents the
lattice constant and the highest frequency phonon energy at �

point versus the excess electron charge in the free-standing
χ3-borophene sheet. From this result we infer the phonon
energy best fit to the experiment at the excess electron charge
of 5e− in the B20 borophene: 1/4e− per one boron atom. At
this charge state, the lattice parameter is |a| = |b| = 0.850
nm. In calculations hereinafter, the cell parameter is fixed at
this value, which is 3.4% smaller than the calculated bulk
Ag lattice (a = 414.92 pm). At this cell parameter, the Ag
substrate is under some stress, so that the calculated phonon
for the Ag has less meaning.

As the next step, the borophene layer was put on a five-
layer Ag(111) slab to produce a supercell. Between the slabs,
a vacuum layer of more than 1.6 nm was maintained. The
bottom three layers (Ag3–5) of the Ag slab were fixed to
save calculation time. The interlayer distance of these layers
is fixed to the calculated bulk value. The overlayer borophene
(B) and the top two Ag (Ag1–2) layers were moved freely
to minimize the total energy. Even after the structural op-
timization, the borophene overlayer remained in an almost
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FIG. 5. (a) Plan-view supercell structure model and (b) surface
Brillouin zones. For the blue rhombus, vectors a and b represent the
unit cell in the calculation. A red one (vectors c and d) is the unit
cell of χ3-borophene overlayer. Gray and green balls, respectively,
represent Ag and B atoms.

flat shape. The final structure is shown in Fig. 5. The mean
interlayer distances of the optimized structure are presented
in Table I. Corrugation in the borophene layer is slight:
the almost flat χ3-borophene on Ag(111) is predicted by this
calculation.

FIG. 6. Calculated lattice constant (red circles) and frequency
of the highest energy at � point (blue squares) of the free-standing
B20 χ3-borophene with respect to the excess electron charge.

TABLE I. Calculated mean interlayer distances (d) and rumpling
(r) in the layer of the optimized slab model.

Layer B Ag1 Ag2 Ag3 · · ·
d (pm) 242.3 244.1 245.7 239.5
r (pm) 11.4 9.6 4.2 0

2. Phonon dispersion

The calculated phonon dispersion relations are presented in
Fig. 7. Because of the three-domain structure of χ3-borophene
on Ag(111), two independent domains exist along the high
symmetry axes. In Fig. 7(a) the �-M (left-hand side) axis
aligns in the vacancy row direction. The �-K-M (right-hand
side) axis is perpendicular to the vacancy row. The imaginary
phonon modes appear because the bottom three layers of the
substrate Ag are fixed. The dense band located below 20 meV
is assigned to Ag vibration, which is meaningless here.

The χ3-borophene has a striped structure: Along the va-
cancy row are strongly bonded boron belts, whereas the
belts are connected with fewer bonds in the vacancy row
region. The phonon dispersion of Fig. 7(a) exhibits this feature
clearly. Along the vacancy row (left side), the phonon modes
disperse considerably, while along the perpendicular direction
(right side), the dispersions are flat, suggesting phonon insu-
lation by the vacancy rows. In the other domains [Fig. 7(b)],
the dispersion is large irrespective of the direction, because
the axes are deviated from the vacancy row. In the real sam-
ple, these domains coexist, so that these dispersions must be
overlapped with the weight of 1:2. As a result, the calculated
dispersion becomes overly complicated. We further analyzed
the calculated phonon dispersion by projection into each kind
of atom and vibrational direction.

FIG. 7. Calculated phonon dispersion curves of (a) domain 1
(along and perpendicular to the vacancy row) and (b) domains 2 and
3 (±120◦ from the domain 1).
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FIG. 8. Calculated partial-density phonon dispersion (brown
curves) of the borophene layer and the experimentally obtained data
(green dots): (a) in-plane modes and (b) out-of-plane modes. Color
darkness represents the phonon density.

The phonon densities of state (DOS) were calculated with
square amplitudes of each atom’s vibrational eigenvector. The
DOS were summed up for the layers and components of
interest. The phonon dispersion is weighted with the DOS,
resulting in the projected phonon dispersion of the subject
layer. This projected phonon is then broadened with Gaussian
of 2 meV FWHM to simulate the resolution used for experi-
mentation. Figure 8 exhibits the resultant partial DOS phonon
dispersion of (a) the borophene in-plane vibrations and (b)
the borophene out-of-plane vibrations. Whereas the in-plane
phonon spreads in the wide energy range from 0 to 150 meV,
the out-of-plane modes are restricted in the energy range from
10 to 55 meV. Although not all the calculated phonon modes
are detected by the HREELS experiment, almost all dark
brown modes (high DOS modes) have the corresponding data
points, indicating that the reproducibility of the calculation is
very good.

For the in-plane phonon dispersion [Fig. 8(a)], the longitu-
dinal acoustic (LA) mode rising from the zero energy at � is
especially well reproduced. From the experimentally obtained
slope of this mode, the sound velocity of the LA mode is
estimated at 16.7 km/s. This value is considerably large but
less than that of graphene (19.9 km/s) [50]. In the out-of-plane
phonon [Fig. 8(b)], the dispersionless mode around 20 meV is
assigned to the stretching vibration of B-Ag, which is located
energetically at the top edge of the Ag(111) substrate phonon
band, and which is therefore resonant with it. Because of the
resonance, the energy of this mode is broadened in the calcu-
lation. The difference of charge between B and Ag makes this
mode slightly dipole active. It was therefore observed clearly
in the specular HREELS as shown in Fig. 2.

3. Electronic structure

The calculated electronic band structure of the isolated χ3-
borophene is portrayed in Fig. 9. The result is almost identical

FIG. 9. Calculated electronic band structure of an isolated χ3-
borophene. The projected density is represented with the color
darkness of magenta (B 2pz), cyan (B 2pxy), and yellow (B 2s). The
energy scale is taken as Ef (Fermi energy) = 0 eV.

to what has been reported earlier [31,43]. The magenta π band
(pz) is distinguished completely from the σ band (pxy and
s). A part of the cyan pxy band becomes greenish, indicating
mixture with the yellow s band, which can be interpreted as

FIG. 10. Projected electronic band structure of the Ag(111)3 ×
3-χ3B slab for the domain 1 [Fig. 7(a)]. The color depth represents
the projected density of the B 2pz (magenta), B 2pxy (cyan), and the
subsurface layer Ag s + p + d (yellow). The energy scale is taken as
Ef = 0 eV.
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the sp2 hybrid orbital. The electronic band presents charac-
teristic features of a planar 2D material such as graphene.
Figure 10 portrays the calculated projection band structure
of the slab model (B20 borophene layer + 5 layers 3 × 3 Ag
substrate). The dense yellow band between −3 and −6.5 eV
is the Ag d band. In other energy regions, the borophene
electronic bands are well resolved. The cyan B pxy band seems
to be independent from the substrate: no greenish band is
apparent. However, the magenta B pz band partly changes
its color to orange or red, indicating that this band mixes
with the substrate (yellow) band. Although the borophene π

band interacts more with the substrate than the σ band does,
the interaction itself seems weak because the π band feature
of the borophene is preserved to a considerable degree. The
�-K-M path in Fig. 10 corresponds to the �-Y path in Fig. 9.
For example, the π band running from ∼ + 1 eV at � to
∼ − 1 eV at M (Fig. 10) corresponds well to the π band of the
isolated borophene from ∼ + 3 eV at � to ∼ − 1 eV at Y in
Fig. 9.

The Löwdin charge analysis of this model indicated the
boron charge of about 0.1 electrons per atom. This value is
smaller than that expected in the isolated borophene layer
calculation to determine the lattice constant (Fig. 6; 0.25 elec-
trons per atom). Probably the real charge transfer between the
borophene layer and the substrate is not so large. Additionally,
the overlap integrals between B and Ag are small. These
calculation results suggest that the interaction between the
borophene overlayer and the substrate Ag is so weak that the
intrinsic features of the borophene are expected to remain to a
considerable degree.

IV. SUMMARY

To summarize, the χ3-borophene layer was fabricated on
a Ag(111) epitaxial film surface. The phonon dispersion re-
lations of this χ3-borophene were measured experimentally
using HREELS. The 3 × 3 × 6 (one B and five Ag layers)
slab supercell model was constructed. Its phonon dispersion
was calculated using first-principles DFT and DFPT. Be-
cause of the three-domain structure of the χ3B/Ag(111), the
phonon dispersion was remarkably complex. However, the
projected overlayer borophene modes fit fairly well to the
experimentally obtained data. In neither the experiment nor
the calculation was any clear anomaly found in the phonon
dispersion.

The calculated electronic structure indicated that the
borophene π band interacts more with the substrate Ag than
the borophene σ band. However, the interaction seems weak;
moreover, the π band feature of the borophene layer is pre-
served to a considerable degree. The ionicity of the borophene
and the overlap population between B and Ag is also small.
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