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We have identified two structure phases for a surface boron layer on transition-metal diborides ZrB2�0001�
and NbB2�0001� using first-principles calculations. Surface-formation free-energy calculations of various sur-
face structures combined with preliminary molecular-dynamics simulations revealed that, in a boron-rich
condition, the well-known 1�1 graphitic boron layer �boraphene� and �3��3�R�30°���3� boraphene are,
respectively, thermodynamically more favorable surfaces than the 1�1 metal-terminated surfaces of
NbB2�0001� and ZrB2�0001�. The origin of the �3 and 1�1 boraphene surface stability is discussed herein
from the electronic-structure perspective. Full-phonon calculations based on the density-functional perturbation
theory for these surfaces as well as for ZrB2, NbB2, �-B, Zr, and Nb bulk crystals were also performed. The
calculated phonon dispersions of the �3 and 1�1 boraphenes show excellent agreement with the experimental
surface-phonon dispersions. Using phonon energy and electronic density of states of these surface and bulk
systems with the harmonic approximation and the Sommerfeld theory, we obtained stable phases of the
ZrB2�0001� and NbB2�0001� surfaces at each temperature. The calculated phase diagrams show that the
thermodynamically favorable region of the boraphene surfaces slightly extends with increasing temperature in
these transition-metal diboride surfaces.

DOI: 10.1103/PhysRevB.81.085423 PACS number�s�: 68.35.Md, 02.70.�c, 05.70.Np, 63.20.D�

I. INTRODUCTION

Unique features of high hardness, high melting point, and
�semi�metallic conductivity or superconductivity are exhib-
ited by AlB2-type metal diborides.1–3 These materials consist
of alternate stacking of a close-packed metal layer and a
planar layer of sp2-bonded boron atoms. The boron layer
forms a two-dimensional honeycomb lattice isostructure with
graphene, which has recently attracted considerable
attention.4–8 Therefore, the boron layer can be designated as
boraphene as an analogous and postgraphene substance. Bo-
raphene is unlikely to be prepared as a free-standing sheet,
differently from graphene or a one-atom-thick BN sheet,9

because it lacks one electron per atom to form the complete
sp2-bond network by itself. In other words, in the AlB2-type
metal diborides, electron donation from the metal layer is
expected to make the boraphene sheet stable.

A stability boundary of boraphene can be found in
transition-metal diboride �TMB2��0001� surfaces. At an ideal
1�1 boraphene surface, the boron atoms lose half of the
neighboring metal atoms. This loss is expected to reduce the
electron donation compared to that in the bulk. In fact, stable
surfaces have been observed10–13 depending on a TM atom,
such as the boraphene surface for TaB2�0001� and
NbB2�0001�, although 1�1 TM metal surfaces are observed
for HfB2�0001� and ZrB2�0001� under a typical surface treat-
ment. These observations suggest that boraphene is unstable
in these group-IV TMB2�0001� surfaces. To elucidate fea-
tures of the TMB2�0001� surfaces, several theoretical works
have been undertaken, and energetically favorable surfaces
have been discussed.14,15 Results of those studies imply that
a group-IV�V� TMB2�0001� surface is terminated with a 1
�1 TM�B� layer. That is, the stability boundary of the bo-
raphene sheet might be associated with one valence-charge
difference between group-IV and group-V TM atoms within
a simple picture.

For elucidating these surfaces further, we have studied the
ZrB2�0001� and NbB2�0001� surfaces experimentally as pro-
totypes that, respectively, exhibit 1�1 boraphene and metal
surfaces.13,16 These materials are known to be metallic as
bulk materials with high melting points of 3313 K �ZrB2�
and 3173 K �NbB2�.17 In addition to the 1�1 metal-
terminated surface on the ZrB2�0001�, we recently observed
�3��3 �R�30°� �hereinafter �3� periodicity on this surface
in a B-rich condition.18 Considering the simple picture of the
stable surface described above, the structure of the �3 phase,
which has not been determined, must be understood in a
different way.

In this paper, we report the surface formation of two bo-
raphene types: well-known 1�1 graphitic and newly discov-
ered �3 phases on TMB2�0001� �TM=Nb,Zr� using first-
principles calculations of electronic structures and
vibrational properties based on the density-functional
theory.19,20 We demonstrate that full phonon calculations
based on the density-functional perturbation method20 ac-
count excellently for the phonon-dispersion measurements
using high-resolution electron-energy-loss spectroscopy
�HR-EELS� �Refs. 13 and 18� and discuss the origin of bo-
raphene surface stability from an electronic-structure per-
spective. The temperature dependence of the surface phases
of TMB2�0001� is also presented.

II. CALCULATION METHODS

A. Grand canonical ensemble approach

We consider a surface adsorption system with possible
surface composition controlled in the experiment, where bo-
ron atoms are deposited on a TMB2�0001� substrate in a
vacuum. Such an open system is typically described using a
grand canonical ensemble. In the following, we map our sur-
face models consisting of a various numbers of atoms on to
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the grand canonical ensemble with chemical potentials and
temperature. In our calculations, a slab of TMB2�0001� with
a vacuum layer was used as a unit cell in a three-dimensional
periodic boundary condition, in which both surfaces of the
slab have identical structures. To compare the slab models
consisting of various number of atoms, a grand potential was
used as the surface-formation free energy,19 defined as

� = �F − �
i

ni�i�/2, �1�

where F signifies the Helmholtz free energy of the system in
which ni atoms of i �i=TM,B� with a chemical potential �i
are involved. The factor 1/2 accounts for two equivalent sur-
faces in the slab model.

We approximate F at an absolute temperature T as

F�T� = E + Fel�T� + Fph�T� , �2�

where E is the static lattice energy of the system. Also, Fel

and Fph signify the free-energy contributions of electron and
phonon, respectively. In the Sommerfeld theory21 and har-
monic approximation,22 Fel and Fph are expressed as Fel�T�
=− �2

6 D�� f��kBT�2 and Fph�T�=kBT�sln�2 sinh
	
s

2kBT �, where
D�� f� is the electronic density of states �DOS� at the Fermi
level �� f� and 
s denotes a phonon frequency of mode s.

Defining �B
bulk�T�, �TM

bulk�T�, and �TMB2

bulk �T� as free energies
of the respective bulks �per atom or formula unit�, conditions
of no precipitation of B or TM on the TMB2 surface lead to
�B��B

bulk�T� and �TM��TM
bulk�T�. The TMB2 surfaces in

equilibrium with TMB2 bulk substrate give 2�B+�TM
=�TMB2

bulk �T�. Furthermore, �TMB2

bulk �T� can be associated with
the heat of formation �Hf�T� as �TMB2

bulk �T�=2�B
bulk�T�

+�TM
bulk�T�−�Hf�T�. Because we consider the surfaces by the

B atom deposition in the experiment, it is convenient to re-
tain �B and T as the system-specifying external parameters.
Then, we obtain − 1

2�Hf�T����B�0, where ��B=�B

−�B
bulk�T�. In that equation, ��B=0 and − 1

2�Hf�T�, respec-
tively, denote B-rich and TM-rich limits.

B. Preconditioning of convergence parameters

All first-principles calculations with the Perdew-Wang 91
gradient-corrected functional23 were performed using the
QUANTUM-ESPRESSO package.24 Vanderbilt-type pseudo-
potentials25 generated by setting the valence configurations
of 2s22p1, 4s24p64d25s2, and 4s24p64d45s1 for B, Zr, and
Nb, respectively, were used. Computational parameters, such
as cut-off energies of plane wave �Ecut�, quantities of k-point
sampling in the full Brillouin zone �BZ� in the Monkhorst-
Pack �MP� scheme,26 were determined to establish total-
energy convergence of less than 1 mRy/atom. A charge-
density cutoff of 6�Ecut and an electronic-state smearing
width of 20 mRy by the Marzari-Vanderbilt-type broadening
method27 offered acceptable convergence with respect to to-
tal electronic energies.

Optimized structures of ZrB2, NbB2, �-B, Zr, and Nb bulk
crystals were obtained with residual stress of 0.5 kbar and
forces acting on the atoms of 10−4 Ry /a.u. In a slab cal-
culation for the TMB2�0001� surfaces, similar criteria were

applied, but the quantities of the k-point samplings were re-
duced based on their cell parameters. A 1�1 slab model
consisting of �7 layers of TM and B with a �0.7 nm
vacuum-layer thickness exhibited sufficient convergence,
judging from the total energy and the optimized interlayer
distances. Consequently, 62�1 and 92�1 k-point samplings
were used, respectively, here for �3 slab models of
ZrB2�0001� and NbB2�0001�.

C. Molecular-dynamics simulations

In advance of constructing the initial surface structure
models for the unknown ZrB2 �0001�-�3 surface, we have
done preliminary structure optimization using first-principles
molecular-dynamics �MD� simulations of the ZrB2�0001� 3
�3 surfaces, which are of three times larger area than the �3
surface, with the seven layers of TM and B and the approxi-
mately 1.8-nm-thick vacuum layer. Each MD simulation
started at the atomic positions for the bulk. These prelimi-
nary MD simulations were undertaken to determine the
qualitative behavior of the surfaces at a high temperature and
to infer the most probable �3 surface structure. Therefore, a
coarse calculation condition of only � �k=0� sampling with
40 mRy of the smearing width was used. An MD time step of
2.9 fs was determined judging from a highest phonon fre-
quency �i.e., quickest motion of atoms� of the bulk. After
about 2 ps annealing at temperature of 2500 K controlled by
scaling the total kinetic energy of the atoms at every time
step, the 3�3 slabs were quenched at a rate of 1.67T
�10−3 K / fs �typically about 2000 K/ps�.

D. �3 slab models

For robust calculation of the surface-formation free en-
ergy, we used nine-layer �3 slab models with a vacuum layer
of approximately 1.8 nm as the TMB2�0001� metal or boron
surfaces on which B and/or TM atoms were attached to form
possible structures. It is worth noting that the surface models
were first screened using the surface-formation free energy
��0� without the energetically minor terms of Fel and Fph in
Eq. �2� to avoid time-consuming phonon calculations of un-
likely surface models.

Over 60 initial surface models, such as simple surface
models with B and/or Zr adatom�s� on hollow, bridge, top, or
lower symmetric sites, and B dimer�s� and/or trimer�s� ad-
sorbed ones, were evaluated for the ZrB2�0001�-�3 surface.
In addition, models with defects in the second layers were
examined, although results of the preliminary MD simulation
suggested that surface reconstruction occurs by the surface
boron atoms only as described later in Sec. III B.

E. Phonon dispersion

Full-phonon calculations were performed using the
density-functional perturbation theory.20 The phonon disper-
sions were drawn, assisted by interpolation techniques20

based on the interatomic force constants derived from calcu-
lated phonon frequencies at specified q points on the MP
grid. Numbers of the sampling q points used for the bulk
crystals are listed in Table I.
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In phonon calculations of the optimized slab models, the
vacuum-layer thickness was decreased safely to about 0.9
nm to speed up the convergence of each calculation. The
sampling q-point numbers were 22�1 and 32�1, respec-
tively, for the �3 and 1�1 surface models.

III. RESULTS AND DISCUSSION

A. Bulk properties

Table I presents the calculated results for bulk properties
compared with available experimental values: cell param-
eters, heats of formation �Hf, entropies S, and specific heats
at constant volume Cv at 298.15 K. Here, S and Cv were
obtained from Eq. �2�, i.e., S�T�=−�F /�T and Cv�T�
=T�S /�T.38,39 As portrayed in Table I, calculation results for
the bulk properties agree well with the experimental ones
and are expected to confirm reasonable numerical precision
for the energetic estimation through this work.

We show in Fig. 1 the calculated phonon dispersions for
ZrB2, NbB2, and �-B bulk crystals. A gap region around 40
meV is exhibited by ZrB2 and NbB2 bulk crystals in Figs.
1�a� and 1�b�, showing the atomic-mass difference between
B and TM. The phonon modes above �lower� this gap can be
assigned energetically to the B �TM� atoms. It is worth not-
ing that the highest phonon modes by B-B are of about 100
meV in TMB2 and about 146 meV in �-B. The highest en-
ergy phonon mode corresponds to the shortest B-B stretching
mode in TMB2 and �-B crystals, the bond lengths of which
are, respectively, about 180 and 167 pm. These energies

agree well with other calculations presented in the
literature.40,41

The calculated phonon energies and electronic DOS at the
Fermi level for the bulks are used to determine a possible
scope of ��B at each temperature via �B

bulk�T� and �Hf�T� in
Sec. III F.

B. Preliminary surface MD simulations

In Fig. 2, the initial and final surface configurations of the
MD simulations with several boron coverages are displayed.
Here, we defined the value for 1 monolayer �ML� coverage
as consisting of a complete 1�1 structure surface. Although
the MD time steps of 2.9 fs used here are only about one-
tenth of the highest phonon frequency attributed to B-B
bonds �approximately 28 fs �146 meV� for �-B and 41 fs
�100 meV� for TMB2, as shown in Fig. 1�, they are useful to
evolve the dynamics both efficiently and correctly.

The results of preliminary MD simulations presented the
following features. �1� Even after annealing at 2500 K, the
Zr and substrate B atoms apparently remained in their initial
sites, although the surface B atoms moved well on the sur-
face. Most of them sit on the threefold hollow sites of the
underlying Zr layer. �2� The surface B atoms tend to produce
aggregates in most coverages of B. �3� A boron atom can rise
on the surface B layer apart from the Zr layer, as presented in
Figs. 2�a�–2�c�. In particular, in boron-rich conditions of 2/3
ML-B and 1 ML-B, umbrellalike B7 clusters appear on the
surface, as shown in the dashed circles in Figs. 2�a� and 2�b�.

Feature �1� is expected to be consistent with a high melt-
ing point of bulk ZrB2 ��3300 K�. Features �1� and �2�

TABLE I. Calculated results �cal� for bulk models: optimized cell parameters a�pm�, c�pm�, and ��deg�, heat of formation �Hf �KJ/mol�,
entropy S �J /mol K�, and specific heat at constant volume Cv �J /mol K� at 298.15 K. Available experimental values �exp� are shown for
comparison. Applied computational parameters are also listed: cut-off energy of plane wave Ecut and the numbers of k- and q-sampling
points in the full Brillouin zone, respectively, for electronic and phonon states.

ZrB2 NbB2 �-B Zr Nb

Lattice type Hexagonal Hexagonal Rhombohedral hcp bcc

Cell parameter a c a c a � a c a

Cal 316.84 354.34 310.52 333.14 504.01 58.104 322.66 515.45 330.54

Exp 317.0 353.3a 310.7 328.2b 506.43 58.0962c 323.31 514.80d 330.00e

�Hf
cal 290.4 208.1

�Hf
exp 305.4,f 322.59g 175.3,f 197h

Scal 35.016 38.809 5.3878 38.807 34.917

Sexp 35.94f 37.49f 5.90i 39.0i 36.4i

Cv
cal 47.655 48.244 10.915 23.875 23.757

Cp
exp k 47.78,j 48.24f 48.12f 11.1i 25.4i 24.6i

Ecut �Ry� 24 32 24 24 34

k points 102�9 162�15 63 162�10 163

q points 33 33 33 42�3 63

aReference 28.
bReference 17.
cReference 29.
dReference 30.
eReference 31.
fReference 32.

gReference 33.
hReference 34.
iReferences 35 and 36.
jReference 37.
kAt constant pressure.
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suggest that, even in a boron-poor experimental condition,
the surface boron atoms might make local aggregations. That
is, the 1�1 Zr phase and boron-rich phase might coexist on
a real ZrB2�0001� surface in most coverages of B. Moreover,
in the �local� boron-rich area, those of the local structures
offered by feature �3� should appear in the �3 phase.

C. Surface-formation free energy

We obtained final structures of several types after the
structure optimization from the various initial �3 surface
configurations. Figure 3 shows the lowest energy structures

found in the present work for each B or Zr coverage. The �3
optimized structures of 1/6 ML-B, 1/3 ML-B, 2/3 ML-B, and
1 ML-B coverages �Figs. 3�d�, 3�e�, 3�g�, and 3�i�� differ
from the preliminary MD results of the respective boron cov-
erages shown in Fig. 2. However, this discrepancy is not
surprising because the �3 periodic boundary condition en-
genders an optimized structure of only �3 �or 1�1� period-
icity, even for incompatible coverages.

In general, if an incompatible coverage with a specified
surface structure happens in an experiment, a phase separa-
tion might occur as described in Sec. III B. Alternatively, the
substrate, as a thermodynamic particle reservoir, might ex-
change the atoms with the surface to some extent until a
compatible coverage and/or structure is established. In this
work, the compatible coverages and structures can be eluci-
dated by the surface-formation free energy and a possible
scope of the chemical potential of boron or TM.
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FIG. 1. Calculated phonon dispersions for �a� ZrB2, �b� NbB2,
and �c� �-B bulk crystals.
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FIG. 2. �Color online� Molecular-dynamics simulation results of
the ZrB2�0001� 3�3 surface units for �a� 1 ML-B, �b� 2/3 ML-B,
�c� 1/3 ML-B, and �d� 1/6 ML-B. The initial �left-hand side� and
final �right-hand side� configurations are displayed as 6�6 surface
units for ease of visualization of the local structures around the 3
�3 periodic boundary. The graphics were produced using XCRYS-

DEN software �Ref. 42�.
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Figure 4�a� shows the surface-formation free energy �0
for the lowest energy ZrB2�0001� surfaces at typical cover-
ages of B or Zr. The lowest �0 among the examined cover-
ages in Fig. 4�a� indicates that the 1�1 Zr phase with 1
ML-Zr and the �3 phase with 7/6 ML-B are most stable in
the possible scope of ��B. We show also in Fig. 4�b� �0 of
the several NbB2�0001�-�3 models for comparison with the
ZrB2�0001� results. The 1�1 boraphene surface has been
well identified experimentally for the NbB2�0001� surface
among them.13 In contrast to the ZrB2�0001� system, the
surface-formation free energy for the �3 phase with 7/6
ML-B on NbB2�0001� appears to be higher than that of the
1�1 phase in the B-rich region. Consequently, Fig. 4 leads
us to the conclusion that surface boron phases of two types
exist on TMB2�0001� in the B-rich condition: �3 and 1�1
boraphenes on the ZrB2�0001� and NbB2�0001�, respec-
tively, as presented schematically in Figs. 5�a� and 5�b�. It is
worth noting that the sixfolded adatom B found in the �3
boraphene has already been observed as the umbrella B7
cluster in the aggregation in Figs. 2�a� and 2�b�, indicating
that preliminary MD simulations with large area are expected
to provide useful hints for unknown surface structures. This
local structure is also found at the 4/3 ML-B coverage sur-
face �Fig. 3�k��, but this surface has much higher �0 than the
7/6 ML-B �3 boraphene surface �Fig. 4�a��. Consequently,

the surface at a coverage of 4/3 ML-B �and also other incom-
patible coverages� is rejected for a possible �3 surface within
the scope of ��B.

The 7/6 ML-B �3 boraphene sheet on ZrB2�0001� con-
sists of �3-adatom B and the underlying B-honeycomb
�quasi-1�1� boraphene. This structure analysis suggests that
a small amount of the adatom B �1/6 ML� helps to stabilize
the electron-deficient 1�1 surface boraphene on the
group-IV Zr layer that has less electron-donation ability than
a group-V Nb layer. However, the stabilization mechanism of
�3 phase is not simply described by the charge-transfer pic-
ture that can explain the stability boundary of the 1�1 bo-
raphene phase on TMB2�0001�. These stabilization mecha-
nisms are discussed from the electronic-structure perspective
in the following section.

D. DOS analysis of boraphene structures

Partial DOS for the boraphene surface models elucidate
the origin of the stability of the 1�1 and �3 boraphene
structures on TMB2�0001�. Figure 6 exhibits partial DOS to

Zr B

(a) 1ML-Zr (0ML-B) (b) 2/3ML-Zr (c) 1/3ML-Zr

(d) 1/6ML-B (e) 1/3ML-B (f) 1/2ML-B

(g) 2/3ML-B (h) 5/6ML-B (i) 1 ML-B (0ML-Zr)

(j) 7/6ML-B (k) 4/3ML-B

z x

y

FIG. 3. �Color online� Calculated ZrB2�0001�-�3 optimized
structures for various boron coverages. These surface structures are
displayed as a 2�3�2�3 surface unit. �a� 1�1 Zr �close packed�,
�b� Zr honeycomb �Zr surface defect�, �c� Zr on a hollow site of
boraphene, �d� B on a Zr hollow site, �e� B dimer �three domains�,
�f� B trimer, �g� rumpled zig-zag B-chain �three domains�, �h� ada-
tom B on a fourfold site of B �three domains�, �i� 1�1 B �bo-
raphene�, �j� adatom B on a hollow site of boraphene, and �k� same
as �j� but two adatoms B.
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FIG. 4. �Color online� Calculated surface-formation free energy
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the outermost B layer and their pz orbitals. Although the 1
�1 boraphene on ZrB2�0001� �Fig. 6�b�� exhibits a quite
similar partial DOS to that on NbB2�0001� �Fig. 6�a��, it has
a fractionally occupied peak of the surface B pz orbital com-
ponents around � f that might render the surface system un-
stable �see the peaks denoted by asterisk in Figs. 6�a� and
6�b��. This is expected to be the main reason why a group-V
TMB2�0001� surface exhibits the 1�1 boraphene and a
group-IV TMB2�0001� does not. Namely, within a rigid-band
picture, the group-V�IV� TM layer can �cannot� provide suf-
ficient electrons to the 1�1 boraphene to stabilize it with
filling surface B pz: bonding � orbitals.

On the other hand, the �3 boraphene �Fig. 6�c�� shows no
large peak at � f and exhibits low-energy DOS around −10
and −13 eV. The partial DOS of the �3 boraphene differs
greatly from the 1�1 boraphenes; the partial DOS of the B
adatom in low-energy region suggests significant interaction
of the B adatom and the underlying B-honeycomb sheet.
Therefore, the �3 boraphene stability should not be inter-
preted by the simple electron transfer from the B adatom to
the 1�1 boraphene. Two B-B bond lengths of 175 and 200
pm in the underlying B-honeycomb layer �Fig. 5�c�� are ex-
pected to reflect this significant interaction effect also. In
fact, these bond-length modifications appear also in the un-
derlying B-honeycomb phonon modes, as shown in the next
section.

In Fig. 5�c�, the structural unit of umbrellalike B7 has a
B-B bond length of about 180 pm and the B7 structural units
are mutually interconnected with a distance of 200 pm. Simi-
lar intra-B-B and inter-B-B bond lengths can be found in
�-B crystal, typical borides and boron hydrides.29,43 The
above DOS and structure analyses suggest that the �3 struc-
ture is preferably interpreted by an inherent bonding in itself
rather than by the simple modification of the 1�1 boraphene
with a B adatom.

E. Phonon dispersion

In Fig. 7, the calculated phonon-dispersion relations of the
TMB2�0001� surfaces are shown. These dispersion curves
are drawn with the weight of the surface B atoms in the wave
vector parallel to the surface q in gray scale for comparison
to the experimental-data plots by the HR-EELS
observation.13,18

The calculated phonon dispersions show excellent agree-
ment with the HR-EELS data and reveal the following fea-
tures: both �3 and 1�1 boraphenes exhibit the phonon
modes lie in the energy are 40–50 meV �Figs. 7�a� and 7�b��,
which is the gap region both in TMB2 bulks �Figs. 1�a� and
1�b�� and the metal-terminated surface system �Fig. 7�c��. In
addition to these phonon modes, the �3 boraphene correctly

yields phonon modes around 80 meV at �̄ point and greater
than 100 meV around K.

In Fig. 8, some of surface phonon modes at �̄ point fo-
cusing on the B-honeycomb structures are shown. Surface
longitudinal optical �LO� mode assigned to an almost
stretching vibration of the shortest B-B bond in �3 bo-
raphene �Fig. 8�a�� shows much higher phonon energy than
the highest LO mode of the surface 1�1 boraphene �Fig.
8�e��, reflecting the difference between the B-B bond lengths
of 175 and 179 pm. Although the phonon-energy difference
between the z-displaced �normal to the surface� optical
modes of the B-honeycombs shown in Figs. 8�b� and 8�f� are
less than 2 meV, the z-displaced acoustic �ZA� and surface
longitudinal acoustic �LA� modes of the �3 boraphene �Figs.
8�c� and 8�d�� exhibit lower energies of �3 meV than the
respective ZA and LA modes for the 1�1 boraphene �Figs.
8�g� and 8�h��. The LA softening is well explained with the
mass change of the boraphene: adding one boron atom can
decrease the frequency by �6 /7. In fact, the frequency ratio
�38.72 meV/41.94 meV� is almost identical to �6 /7. The

B

FIG. 5. �Color online� Boraphene structures. �a� �3 phase �7/6
ML-B� in which a �3 B adatom is located at the center of every
three B honeycombs. �b� 1�1 phase �1 ML-B�. �c� Top and side
views of the optimized ZrB2�0001�-�3 model, respectively, show-
ing B-B bond lengths and atomic distances along the z axis �in pm�.
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FIG. 6. �Color online� Calculated partial electronic DOS of each
�3 surface unit cell: �a� NbB2�0001� 1�1 B, �b� ZrB2�0001� 1
�1 B, and �c� ZrB2�0001� �3 B. Large peaks �asterisk� around the
Fermi level �� f 	0� in 1�1 B surfaces ��a� and �b�� mainly consist
of the pz orbital component of surface 1�1 B atoms. The B-hc in
�c� denotes the B-honeycomb �quasi-1�1� component found in the
�3 boraphene.
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adatom is positioned on top of the Zr. Therefore, the contri-
bution of this Zr-B bond is expected to be weak in the LA
mode. On the other hand, as portrayed in Fig. 8�c�, the ada-
tom does not vibrate in the ZA mode, so the softening of the
ZA mode cannot be explained by the mass change. The ZA
softening can be associated with weaker binding between the
surface �3 boraphene and the Zr layer than that of the sur-
face 1�1 boraphene and the Nb layer in the respective sys-
tems. It also appears in the surface interlayer distances: the
surface interlayer distance between the �3 boraphene and Zr
layers �176 pm as an average value� is 6% larger than the
1�1 boraphene-Nb layer distance �166 pm�. In the phonon

modes around 30, 55–60, and 80 meV at the �̄ point in Fig.
7�a�, it is most likely that folded-backlike modes appear from
K point in the 1�1 BZ in addition to the inherent modes of
�3 boraphene because the K point of the 1�1 BZ is folded

into the �̄ point in the �3 BZ �see Fig. 7�. That is, the mo-
tions of these modes might be associated with those of the
1�1 boraphene at K in Fig. 7�b�.

Previously, we proposed18 a �3 surface model at the cov-
erage of 1/3 ML-Zr �as shown in Fig. 3�c�� as the simplest
model based on experimental results obtained for the B cov-
erage by the x-ray photoelectron spectroscopy �XPS� and 1
�1 boraphene phonon modes in the energy range of 40–50
meV �gap modes�. The present calculation results revealed
the new �3 boraphene phase with 7/6 ML-B �Fig. 5�a��,
which is consistent with the high-energy phonon modes in
addition with the gap modes. The coverage of 7/6 ML-B for
the �3 boraphene is slightly larger than the experimental es-
timation at 0.8�0.2 ML probably because a small amount of
the 1�1 Zr phase coexists with the �3 structure, as de-
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FIG. 7. �Color online� Calculated phonon-dispersion relations of
TMB2�0001� slabs. The dispersion curves are drawn with the
weight of the surface B atoms in the wave vector parallel to the
surface q in gray scale for comparison with the experimental data
plots ��� by HR-EELS �Refs. 13 and 18�. �a� �3 boraphene on
ZrB2�0001�, �b� 1�1 boraphene on NbB2�0001�, and �c� 1�1 Zr
on ZrB2�0001� surfaces. In the 1�1 Zr surface ��c��, the second
layer’s �i.e., first boron layer’s� phonon-dispersion curves are dis-

played. Regions of M-K-�̄ �right-hand side� and �̄-M-�̄ �left-hand

side� in �a� correspond to M-�̄ and �̄-K regions in the 1�1 systems
��b� and �c��, respectively.

(a) LO mode, E = 98.43 meV

(b) ZO mode, E = 70.06 meV

(c) ZA mode, E = 45.86 meV

(d) LA mode, E = 38.72 meV

(e) LO mode, E = 89.96 meV

(f) ZO mode, E = 68.10 meV

(g) ZA mode, E = 49.93 meV

(h) LA mode, E = 41.94 meV

200nm

175nm 179nm

FIG. 8. �Color online� Some of surface B-honeycomb phonon

modes at �̄ point �q=0� for �3 boraphene on ZrB2�0001� ��a�–�d��
and 1�1 boraphene on NbB2�0001� ��e�–�h��, respectively. The �3
phonon mode names are denoted with particular emphasis on the
boraphene honeycombs �see text�.
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scribed in Secs. III B and III C. The optimized �3 structure
in Fig. 5�c� shows a slight rumpling of the Zr atoms along
the z axis in addition to the surface boron reconstruction,
which might contribute to the sharp and strong �3 reflections
in the reflection high-energy electron-diffraction
measurement.18

F. Phase diagram

Finally, we specifically examine the thermodynamic
analysis of the present systems. In Fig. 9, we present the
calculated phase diagrams for the ZrB2�0001� and
NbB2�0001� surfaces derived from the surface-formation
free energy ��T ,��B� for the typical experimental tempera-
tures of 0–2500 K. The present phase diagrams do not in-
volve effects of phase transitions in B or Zr bulks because
their effect is limited �no phase transition is known for Nb in
this temperature range�. In this temperature range, the bulk
boron shows the �-to-� phase transition at a temperature of
1400 K and melts at a temperature �Tmp� of 2500 K. For bulk
zirconium, a phase transition occurs at 1135 K and Tmp
=2100 K. The energy correction for bulk boron is less than
about 100 meV, even at around 2500 K, as inferred from Ref.
44. Regarding bulk zirconium, the correction should range
within the order of 70–110 meV at 2000 K from Refs. 45 and
46. Consideration of the corrections described above does
not markedly modify the phase boundaries.

As Fig. 9 shows, the 1�1 Zr and 1�1 boraphene sur-
faces are apparently thermodynamically favorable in
ZrB2�0001� and NbB2�0001�, respectively, from the view-
point of the possible scope of ��B. This result should corre-
spond to the known fact that a group-IV�V� TMB2�0001�
surface would be terminated with the TM�B� layer in typical
surface-cleaning treatments at a high temperature in a
vacuum.11,13,14,18 The desorption effect of the surface B or
TM atoms during the surface-cleaning treatment is explain-
able by a variation of ��B in these phase diagrams. In
ZrB2�0001�, the relative region of the �3 boraphene phase
expands with increasing temperature because the 1�1 Zr
region gradually decreases at higher temperatures, as por-
trayed in Fig. 9�a�. A similar growth of the 1�1 boraphene

region is also found in NbB2�0001� in Fig. 9�b�.
Figure 10 shows the contribution of phonons and elec-

trons to the surface-formation free energy, ��=�−�0, which
is a function of temperature. A typical energy ratio Fel /Fph is
less than 
3% in the present calculation, and therefore the
phonon freedom mainly contributes to ��, as generally
expected.22 �� for the ZrB2 surfaces vary up to about
0.7 J /m2 within our temperature range as shown in Fig. 10.
However, the energy difference between the surfaces types
��ZrB2

� retains a similar value of about 0.1 J /m2 at each
temperature. This leads the phase boundary between the 1
�1 Zr and �3 boraphene phases to form a nearly flat line
around ��B
−0.6 eV with respect to temperature in Fig.
9�a�. A slope of the phase boundary between the 1�1 Nb
and boraphene phases in Fig. 9�b� is originated from a varia-
tion of �NbB2

with temperature as portrayed in Fig. 10, while
�� for the NbB2 surfaces exhibits a smaller variance than
those for the ZrB2 surfaces. Consequently, the surface-
formation free energy with the contribution of Fel and Fph

reveals that the thermodynamically favorable regions of the
boraphenes are slightly larger at higher temperatures as por-
trayed in Fig. 9.

IV. SUMMARY

Results of this study revealed the �3 boraphene structure
in addition to the well-known 1�1 boraphene on
TMB2�0001� using the first-principles MD simulations and
the surface-formation free-energy calculations. The full-
phonon calculations based on the density-functional pertur-
bation theory were performed for the TMB2�0001� surfaces
and the bulks of TMB2, �-B, Zr, and Nb. The calculated bulk
properties of the structures, the heats of formation, entropies,
and specific heats well reproduce the experimental ones
found in the relevant literature. For the TMB2 surfaces, ex-
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FIG. 9. �Color online� Calculated phase diagrams for �a�
ZrB2�0001� and �b� NbB2�0001� surfaces.
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notes an energy difference of �� between the metal and boron
surfaces.
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cellent agreement of the full-phonon dispersion calculations
with the HR-EELS measurements has been presented.
Analyses of the electronic structure elucidated the origin of
the 1�1 boraphene stability on the TMB2�0001� surfaces
within a rigid-band picture: the group-V�IV� TM layer can
�cannot� provide sufficient electrons to the 1�1 boraphene
to stabilize it with filling surface B pz �bonding � orbitals�.
Regarding the �3 boraphene, the significant interaction of the
B adatom and the underlying B honeycomb was found in the
partial DOS. That interaction is expected to cause the short
B-B bonds that exhibit the high phonon-frequency modes.
The surface-formation free-energy calculations involving

temperature effects based on the Sommerfeld theory and the
harmonic approximation have revealed the thermodynami-
cally favorable region of both �3 and 1�1 boraphenes.
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