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Phonon dispersion curves of stable and metastable BC; honeycomb epitaxial sheets and their
chemical bonding: Experiment and theory
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We have investigated experimentally and theoretically the phonon-dispersion curves along the T-M axis in
two-dimensional surface Brillouin zones of the stable and metastable BC; honeycomb sheets with different
lattice constants. Most of the observed curves agreed with the theoretical ones calculated on the basis of the ab
initio theory. There exists a common relationship between the nearest-neighbor stretching force constants and
bond lengths of two-dimensional honeycomb structures in various compounds of boron, carbon, and nitrogen;
the two-dimensional bonds are discriminated clearly from the one- and three-dimensional bonds. We detected
a librational mode of carbon hexagons in BCs; a peculiar mode for a large unit cell of honeycomb sheets such
as the 2 X2 structure of monolayer graphite and BC;. The restoring force related with the bond bending is

insensitive to the change in the B-C bond length.
DOI: 10.1103/PhysRevB.73.045412

I. INTRODUCTION

New groups of graphitic materials constituted by boron,
carbon, and nitrogen have stimulated fundamental explora-
tions in material science because they exhibit a very wide
variety of chemical and physical properties depending on
their bonding manners and their chemical compositions.
Some compounds such as graphite, fullerene, nanotube, and
hexagonal boron nitride (h-BN) were exhaustively investi-
gated both experimentally and theoretically in various re-
search fields such as the development of electronic devices
and electrodes of batteries, and fundamental physics.!~* The
other compounds with boron-carbon honeycomb structures
such as BC and BC; were investigated theoretically in rela-
tion to their high superconducting transition temperatures
(T,) of CuBC, LiBC, and Mg,BC;,>® being isomorphic of
MgB, (T.=39 K).” Since no macroscopic single crystals of
these materials were available so far,!!! however, little is
known experimentally.

As we reported elsewhere, we grew two kinds of uni-
form BC; honeycomb sheets with different lattice constants
with excellent crystalline quality over macroscopic surface
areas of NbB,(0001), which were investigated by low-
energy electron diffraction (LEED), x-ray photoemission
spectroscopy (XPS), Auger electron spectroscopy (AES), ul-
traviolet photoemission spectroscopy (UPS), and scanning
tunneling microscopy (STM). Hereafter, we call them the
stable BC; (s-BC;) and metastable BC; (m-BC;). The
m-BC5 changes irreversibly to the s-BC; by heating, and the
m-BCj; can be prepared only by carbon substitution in boron
honeycomb sheets. All the observed data on the chemical
composition, the lattice constant, the LEED intensity distri-
bution, and the electronic band structure indicated clearly
that both the BC; honeycomb sheets were uniformly grown
in an epitaxial way to the substrate lattice. Those are macro-
scopic uniform films of the single-crystal BC; sheets.

Previously, we have reported the phonon-dispersion
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and compared them with the theoretical curves calculated on
the basis of the ab initio theory. In this paper, we report the
detailed phonon structures in both the s- and m-BCj5 investi-
gated experimentally and theoretically. The measured and
calculated phonon-dispersion curves were in good agreement
with each other for both the sheets. We discussed the com-
mon relationship between stretching force constants and their
bond lengths of nearest-neighbor bonds constituted by boron,
carbon, and nitrogen. Characteristic features of the 2X?2
structure of monolayer graphite such as a rotational-
displacement mode of a whole carbon hexagon were pointed
out in the phonons of the sheets; the similar vibrational en-
ergies of the mode were observed in the two sheets.

II. METHODOLOGY
A. Experiment

The experiments were carried out in an ultrahigh vacuum
(UHV) chamber (ground pressure <2 X 107® Pa) equipped
with a cylindrical mirror analyzer for Auger-electron spec-
troscopy (AES), a low-energy electron diffraction (LEED)
optics, and a high-resolution electron-energy-loss spectrom-
eter (HREELS: SPECS Delta0.5) for measurement of
phonon-dispersion curves.

Both the s- and m-BC5 sheets were grown in an epitaxial
way to the NbB,(0001) substrate lattice, as we reported in
our other papers.'>!3 To grow the BC; honeycomb sheets,
we utilized the surface segregation of the carbon impurities
in NbB,. The single crystal of NbB, was grown by use of the
floating zone method,"”” and the main impurities were
30 ppm of carbon. By heating up to temperature of 1100 °C,
the m-BC; honeycomb sheets were grown in a commensu-
rate manner on the NbB,(0001) surface; LEED and STM
showed the 3 X |3 structure. With successive heatings at
1300 °C, the m-BC; sheet changed irreversibly to the in-
commensurate s-BC; sheet. The lattice constant of the
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s-BC; was shorter than that of the m-BC5 by 0.02 nm. In the
angle-resolved x-ray photoemission spectroscopy (ARXPS)
and AES spectra of the two BCj5 sheets, no difference in the
chemical concentration was detected within the experimental
accuracy; the stoichiometric ratio of boron to carbon was
around 1 to 3.'>!4 The LEED patterns showed clear diffrac-
tion spots indicative of either the s- or m-BCj; sheets, each of
which was clearly distinguishable from the other.

The HREEL spectra were measured along the I'-M axis in
two-dimensional surface Brillouin zones (SBZs). The inci-
dent angle 6, was fixed at 75 deg and the scattering angle 6,
was varied to change the wave vector of the excited phonons
parallel to the sheet surface. The incident energies E, were
18.1 and 24.7 eV for the s-BC; and 24.7 eV for the m-BC;.
The energy resolution was 2—3 meV at the sample current of
about 110719 A, Little contamination was detected on the
surface after a few days elapsed in a (ultra-high vacuum)
UHY, because the BC; sheets are chemically inert similar to
the graphite sheets. Typical measuring time for one spectrum
was about 1 h under specular conditions and 4—5 h under
off-specular conditions.

B. Theoretical analysis

The theoretical phonon-dispersion curves were obtained
on the basis of ab initio calculations (DACAPO package'®).
The ultrasoft pseudopotentials!” are employed for both boron
and carbon atoms. Plane-wave functions with a cutoff energy
at 36.7 Ry were used as the basis set and the generalized
gradient approximation (GGA)'® for the exchange-
correlation potential. Brillouin zone k-points sampling grids
are 16X 4 X 1 according to the Monkhorst-Pack scheme.!”
The fundamental procedure to calculate phonon-dispersion
curves was the same as that proposed by Kunc er al.?® A
rectangular-shaped supercell containing 32 atoms was used,
and each layer was separated by 12 A vacuum in the calcu-
lations of both the BC;. The dynamical-matrix elements
were evaluated from the Hellmann-Feynman forces gener-
ated by a slight displacement of the linearly chained atoms.
The displacement length was 0.0005 nm in all the calcula-
tions. Essentially, our calculation was the same with Dubay
et al.,”! only the difference lies in the definition of the super-
cell, which is used to extract the Hellmann-Feyman forces.
The equivalent phonon-dispersion curves of the graphene
sheet were obtained as Dubay et al. did. In previous papers,
we confirmed the obtained curves were in good agreement
with the measured graphite data.!>?? Thus, our theoretical
calculations ensure reliability in the investigation of the iso-
structural BC; honeycomb sheets.

In the calculation of the lattice dynamics of the two BCy
sheets, we employed the atomic structure model depicted
schematically in Fig. 1. The precise atomic structure of the
s-BC; sheet was determined theoretically to yield the highest
cohesive energy among possible structures with the same
chemical composition.?® The lattice constant and atomic po-
sitions in a unit cell were optimized by iterative loops of the
calculations with the hexagonal symmetry maintained, and
the results were almost the same as that of the reported
ones;** the nearest-neighbor C-C and B-C bond lengths, /¢.¢
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s-BC3: x=0.142, y=0.156
m-BC3: x=0.,146, y=0.164

FIG. 1. A schematic representation of the s- and m-BCj; atomic
structures optimized by the ab initio calculations. White circles and
black circles denote B and C atoms, respectively. The vectors, A,
and A,, are primitive translational vectors of BCs.

and [y ¢, were 0.142 and 0.156 nm, respectively.?> The half
of the calculated lattice constant, 0.26 nm, was in good
agreement with the one yielded by LEED, 0.26+0.002 nm.'?
In the determination of the atomic structure of the m-BCs
sheet, we assumed the atomic arrangement depicted in
Fig. 1. The lattice constant of the m-BC; sheet was fixed to
0.537 nm, which was determined by the LEED pattern. Only
the atomic positions in a unit cell were adjusted to minimize
the total-energy; the optimum values were [-.-=0.146 nm
and /g_=0.164 nm for the m-BCj; sheet.

The cohesive energies with respect to isolated atoms have
been evaluated within the GGA. The cohesive energies of
one formula unit of the two BC; sheets were very close to
each other; they are —32.48 eV for the s-BC; and —32.14 eV
for the m-BC;, which corresponds to the average cohesion
per atom of —8.12 and —8.04 eV. They are slightly higher
than the calculated graphite value of —8.64 eV per atom be-
cause of the existence of the B-C bonds.

To understand the nature of the local bonding in the BCy
sheets, we calculated interatomic stretching force constants
(FCs) of nearest-neighbor C-C and B-C bonds. By using the
3 X3 unit cell of a BC; sheet as a supercell, the stretching
FCs of C-C (B-C) bonds were calculated from the Hellmann-
Feynman forces generated by displacing one carbon (boron)
atom along its nearest-neighbor C-C (B-C) bond, while all
other atoms are kept at their equilibrium positions.

III. RESULTS AND DISCUSSION
A. Phonon-dispersion curves of the s- and m-BC; sheets

In Figs. 2 and 3, we show the HREEL spectra of the s-

and m-BC5/NbB,(0001) measured along the I'-M axis in
two-dimensional SBZs depicted by solid lines in Fig. 4. The
incident energy E, was 24.7 eV in each spectrum. The ob-
served peaks in the specular spectra (¢=0) were mainly gen-
erated by dipole electric fields excited by vibrations with
out-of-plane polarization, while those in the off-specular
spectra (g # 0) were mostly generated by microscopic atomic
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FIG. 2. The HREEL spectra of the monolayer s-BC; film on
NbB,(0001) as a function of wave vectors along the I-M axis. The
incident energy E, was 24.7 eV. The positions of loss peaks are
denoted by triangles.
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FIG. 3. The HREEL spectra of the monolayer m-BC; film on

NbB,(0001) as a function of wave vectors along the I'-M axis. The
incident energy E, was 24.7 eV. The positions of loss peaks are
denoted by triangles.
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FIG. 4. (Color online) The observed dispersion curves along the

['-M axis of the s- and m-BCj sheets (red open circles and red open
triangles for the s-BCj, blue solid circle for the m-BCs). Some
characteristic branches are denoted by capital letters, see the text.
Hexagonal zones framed by solid lines represent the SBZ of BCj;.

potential. As denoted by the triangles in Fig. 2, at least seven
loss peaks were recognizable in isolation in the spectra; the
number of peaks was larger than that of graphite,?® which
corresponds to the large unit cell of the s-BC; in comparison
with graphite. All the peaks in the spectra of the m-BC; in
Fig. 3 were broader and less recognizable as compared with
the peaks of the s-BC;, which suggests that the crystalline
quality of the m-BCj sheet is worse than that of the s-BC5.%’
The highest vibrational energies of the observed phonons
were 180 and 160 meV for the s- and m-BCj5 sheets, respec-
tively. They were above the maximum phonon energies of
metal diborides, about 90 meV,22% and below that of graph-
ite, about 200 meV.20

By plotting the loss energies in the HREEL spectrum
against the wave vector, we determined the dispersion curves
of the two sheets as shown in Fig. 4. The experimental data
points are represented by red open circles and red open tri-
angles for the s-BC; for Ey=18.1 and 24.7 eV, respectively,
and blue solid circles for the m-BC;5 for Ey=24.7 eV. The
longitudinal acoustic (LA) branch appeared in the wide en-
ergy region from O to 140 meV in the dispersion curves, and
the large dispersion of the LA phonon is a characteristic fea-
ture of materials with strong chemical bonds. The energies of
both the longitudinal optical (LO) and LA phonon bands of
the m-BC; were lower than those of the s-BCj. Especially,
the energy of the LO phonon mode [see Fig. 7(a)] was
largely reduced by about 20 meV, which is mainly due to the
reduction of the in-plane-nearest-neighbor stretching force
constants. On the contrary, no large difference in the energies
of the ZO, ZO’, and ZA phonons between the two BCj
sheets was found. Compared with the phonon energies of the
clean NbB,(0001) surface,? all of the observed phonon en-
ergies of the two sheets were different except for the ZA
branches.
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FIG. 5. (Color online) The observed dispersion curves along the

[-M axis of the s-BC; sheets (red open circles for E, of 18.1 eV,
red open triangles for E of 24.7 eV), and the theoretical curves
obtained based on the ab initio calculation (solid lines for phonons
with in-plane polarization, broken lines for phonons with out-of-
plane polarization). Some characteristic branches are denoted by
capital letters. A hexagonal zone framed by dashed lines represents
a 1 X1 BZ, and hexagonal zones framed by solid lines represent
2 X2 BZs (see the text).
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FIG. 6. (Color online) The observed dispersion curves along the

T'-M axis of the m-BC; sheets (blue solid circles for E, of 24.7 eV)
and the theoretical curves obtained based on the ab initio calcula-
tion (solid lines for phonons with in-plane polarization, broken lines
for phonons with out-of-plane polarization). Some characteristic
branches are denoted by capital letters, see the text. Hexagonal
zones framed by solid lines represent the SBZs of BC;.
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FIG. 7. The atomic displacements of the BC5 sheet associated
with the phonons at the T point: (a) the longitudinal optical (LO)
phonon and (b) the librational mode (LM) as denoted in Figs. 4-6.
Arrows indicate the directions of the atomic displacements from the
equilibrium positions.

Figures 5 and 6 show the theoretical curves along the

['-M axis of the s- and m-BC; sheets, together with the ex-
perimental data points in Fig. 4. Solid and broken lines rep-
resent phonon branches with in-plane and out-of-plane polar-
ization, respectively. For both the BC; sheets, most of the
experimental curves, particularly the phonons with in-plane
polarization, were reproducible on the basis of the ab initio
calculations of the lattice dynamics, and the exceptional ones
were the phonons with out-of-plane polarization as typified
by the ZO, ZO', and ZA. Those vibrational energies dis-
agreed with the experimental ones. The disagreement is at-
tributed to an interaction with the substrate,>%3! because the
monolayer model used in this calculation does not address
the interaction.
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FIG. 8. The HREEL spectra of the s- and m-BCj5 sheets ranging

from 45 to 75 meV measured by E, of 24.7 eV. The energy loss
peaks around 60 meV are denoted by triangles.
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TABLE 1. A list of the stretching force constants (FCs) and their bond lengths of the nearest-neighbor bonds in graphite, the s- and
m-BCj, diamond /-BN, ¢-BN, B,C, B4,C, NbB,, and ZrB,. The FCs of the C-C and B-C bonds from the first column to the fourth column
were calculated based on the ab initio calculations. The FCs of the C-C, B-N, and B-B bonds from the fifth column to the last column were
determined as the fitting parameters in the force constant model (Refs. 13, 29, 30, and 34-38).

Fecllec) Fg.c(lp-c) Fp.x(lpN) Fgp(lp-p)
(10* dyn/cm) (nm) (10* dyn/cm) (nm) (10* dyn/cm) (nm) (10* dyn/cm) (nm)
s-BC, (this work) 41.2 (0.142) 27.9 (0.156)
m-BCs (this work) 30.5 (0.146) 17.0 (0.164)

Graphite-ab initio 41.6* (142%)

B,4C-ab initio
Graphite-fitting

36.4° (0.142)

57¢(0.142°)

Diamond 14.99 (0.1549)
MG/TaC(111) 32.8" (0.146)
MG/HFC(111) 34.6° (0.144b)
MG/NbC(111) 33.9° (0.145P)
MG/TiC(111) 34.6" (0.144°)
MG/TaC(001) 36.3% (0.142)
MG/NbC(001) 39.4° (0.143P)
MG/WC(0001) 33.6° (0.1420)
MG/Ni(111) 32.45 (0.144b)

MG/Pt(111) 39.4% (0.142)
h-BN
c-BN
NbB,
7rB,

33.1% (0.144%

148 (0.1569)
8.8¢ (0.180°)
7.4 (0.183°)

4Reference 13.
PReference 30.
‘Reference 29.
dReferences 34 and 35.
®Reference 36
fReference 37.
gReference 38.

Lastly, we shall discuss some characteristic phonon
branches of the BC; sheets originating from their large unit
cell with respect to that of graphite. One is a rotational-like
vibration mode of carbon hexagons, which we call the libra-
tional mode (LM). The eigenmode at the point is depicted in
Fig. 7(b). The theoretical calculation indicated that the LM
was observed around 60 meV in each BCs;. There were no
differences in the energies of the LM between the s- and
m-BCj sheets both theoretically and experimentally. Figure 8
shows the enlarged phonon spectra of the two BC; sheets
ranging from 45 to 75 meV. Weak peaks around 60 meV
were observed in both the spectra. The lack of the peak
around 60 meV in the specular spectra at ¢;=0 indicates that
the phonons have in-plane polarization. The restoring force
for the displacement in the LM originates from the B-C bond
bending. The theoretical and experimental results indicate
that the restoring force of the B-C bond bending is relatively
insensitive to the change of the bond length. Concerning the
B-B bonds, similar rotational-like modes of boron icosahe-
dron were reported in a-boron;*? the librational energy of the
whole icosahedron around one of the two axes orthogonal to
the [111] rhombohedral axis observed in the a-boron was
65 meV, and the other LM, about the [111] axis, appeared at
63 meV. Moreover, the librational energies in the other ma-
terials such as the B,Cs, B|,P,, and B|,As, were 66, 64, and
63 meV,? respectively.

The second feature of the large unit cell is the existence of
the phonon bands ranging from 70 to 85 meV, which are
denoted by BF in Figs. 5 and 6; they originate from a back-
folding 1 X1 BZ, namly, a 2 X2 BZ. Roughly speaking, the
size of the unit cell of BC; is almost the same as that of the
2 X2 structure of monolayer graphite (MG). Hence, extra
branches appeared in the 2 X2 BZ as compared with those in
graphite. In the inset in Fig. 5, we showed a hexagonal zone
framed by dashed lines representing the 1 X 1 BZ, and hex-
agonal zones by solid lines represent the 2 X 2 BZs. Regard-
ing the calculated phonon modes ranging from
70 to 80 meV, they mainly originate from the blue lines

overlapped with the I'-M axis of the 2 X 2 BZs by the back-
folding. The appearance of the phonons ranging from
70 to 85 meV indicates that the unit cell of the overlayer is
almost twice that of MG.

B. Force constants of the s- and m-BC; sheets

To clarify the feature of the chemical bonds in the BCy
sheets, we calculated the force constants (FCs) of the
nearest-neighbor C-C and B-C bonds for the optimized struc-
tures which indicated the theoretical dispersion curves in
Figs. 5 and 6. Here, Fy_y are stretching FCs of nearest-
neighbor X-Y bonds. X and Y stand for carbon, boron, or
nitrogen. Table I shows a list of Fx_y. These results clearly
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FIG. 9. The stretching force constants versus their bond length
of the nearest-neighbor C-C, B-N, B-C, and B-B bonds. The F_¢
and Fg_c of the s- and m-BCj; sheet are indicated by solid circles
and solid squares, respectively. Open circles represent the Fr_c of
graphite, monolayer graphite grown on metal substrate (MG/M),
and diamond crystal. Open diamonds represent the Fy_ of 7-BN
and ¢-BN. Open squares represent the Fg_c of B4C. Open triangles
represent the Fg_g metal diboride (MB,) such as NbB,, ZrB,. Their
values are listed in Table 1.

indicate that the stretching FCs are sensitive to the changes
in the bond lengths; the F.c and Fg_¢ of the m-BC; was
about two-thirds of those of the s-BCj, while the /- and
Ig.c of the m-BC; was about a few percent longer than those
of the s-BCs.

In Fig. 9, we plotted these stretching FCs against the bond
lengths of various materials, which are the BCj; sheets,
graphite,’>3* monolayer graphites on metal substrate
(MG/M),* diamond,*** B,C,3¢ 4-BN,* cubic boron nitride
(c-BN),*® and metal diborides (MB,).?” They are listed in
Table I. The data points of open circles, open diamonds, open
squares, and open triangles represent the Fc.¢, Fg.n, Fr.c
and Fy_p in previous works, respectively. Solid circles and
solid squares represent the F and Fy_ obtained in this
work, respectively. The data points of the C-C, B-N, B-C,
and B-B bonds in the two-dimensional honeycomb sheets are
situated on a common gray band. The FCs change as
follows: Fc.c, Fg.n>> Fg.c > Fg_g. The FCs are related to the
bond lengths; with increasing the bond length, the FC de-
creases. A similar relation exists for the single, double, and
triple bonds of the nearest-neighbor C-C bonds in molecules
such as ethane, ethylene, and acetylene.39 We emphasize that
the relations of three elements, boron, carbon, and nitrogen,
are expressed by the one straight band in Fig. 9. It should be
noticed that the data point of the B-C bond in the one-
dimensional C-B-C chain in B,C deviates from the gray
band, and the points of the C-C and B-N bonds in the three-
dimensional diamond structure such as diamond and c-BN
also deviate from the band. The relations clearly characterize
three different chemical bonds; the sp, sp?, and sp® hybrid-
ized orbital.

Additionally, the F.c’S of the BC; sheets were located
at the maximum and minimum points of the sp> C-C indi-
cated by the gray band. The F_¢ of the s-BC; was about the
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same as that of graphite. The binding energies of the C-C
bonds of s-BCj are also the same. On the other hand, the
F_c of the m-BC5 agreed with the smallest one among those
of MG/M.

Lastly, we shall discuss the interaction of the overlayer
with the substrate. According to the studies of the monolayer
graphite grown on various metal substrates,* the phonons of
the monolayer graphite changed depending on the substrate.
On the active substrates, the phonons softened due to an
interaction with the substrate, while on the relatively inert
substrates, the phonons were same as those of the bulk
graphite. In the case of the m-BCj; sheets, all the phonons
softened, which indicates that the overlayer interacts with the
substrate. On the other hand, in the case of the s-BC;, only
the out-of-plane phonons softened, and the in-plane phonons
did not; this result means that the C-C bond of the s-BC; was
not largely influenced by the substrate. To discuss the inter-
action between the substrate and the two BCj; sheets in de-
tail, we have to take into account changes in the structure
involving the substrate such as the niobium (Nb) atoms at the
second layer. In fact, the LEED spots of the s-BC; overlayer
are much more intensive than those of the substrate for all
the electron energy; this suggests strongly that the Nb atoms
at second layer are clinging to the s-BC; sheets in a com-
mensurate manner, and contributed to the LEED intensity.
However, so far, we could not obtain any data concerning
their detailed position. Theoretical investigations would
clarify this point in future work.

IV. SUMMARY

The phonon-dispersion curves of the s- and m-BC; hon-
eycomb sheets have been investigated experimentally and
theoretically. The experimental curves were in good accor-
dance with the ab initio calculations. We found a common
relationship between the stretching force constants and the
bond lengths of the two-dimensional honeycomb sheets con-
stituted by boron, carbon, and nitrogen, which was different
from those in the one- and three-dimensional bonding. We
characterized the stretching force constants of the nearest-
neighbor C-C and B-C bonds in the BC; sheets quantita-
tively. In addition, from the observed phonon eneries of the
librational mode of carbon hexagons, we also characterized
the bending FCs of the nearest-neighbor B-C bonds in the
BC; sheets.
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