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Reply to “Comment on `Two-
Dimensional Boron Monolayer Sheets'”

’ In a recent article,1 we reported an extensive search of
lowest-energy structures of monolayer boron sheets. Among
newly predicted lowest-energy boron sheets, three belong to
the R-type, namely, R1�R3, while five belong to the β-type,
namely, β1�β3, β6, and β7. In the latter group, β4 and β5 are also
named g1/8 and g2/15, both reported previously by Yakobson
and co-workers.2 Our previous density functional theory (DFT)
calculations based on PBE functional and 0.02 Å�1 k-point
space (implemented in the CASTEP 6.0 package3) suggest that
the R-sheet, first predicted by Tang and Ismail-Beigi,4 has the
greatest cohesive energy, while the cohesive energies of other
10 low-energy sheets are slightly smaller, with their cohesive
energy differences being less than a few tens of millielectronvolts
(see Table 1 in ref 1). DFT calculations based on the hybrid func-
tional PBE0 with 0.05 Å�1 k-point space and norm-conserving
pseudopotential predicted that R1- and β1-sheets have the great-
est cohesive energies. In ref 1, we commented that the CAT-
STEP/PBE0 calculation with the smaller k-point space (e.g.,
0.02 Å�1) is beyond our computing capability (this is because
that calculation would require >1 TB computer memory per
computer node). Lu et al.5 showed that the PBE0 calculation
with 0.02 Å�1 k-point sampling (comparable to 10� 10� 1 k-
points meshes) is feasible using the VASP 5.2 package and
PAW pseudopotential.6 They found that the cohesive energy
of theR-sheet is about 9meV/atom larger than that of theR1-
sheet. Surprisingly, they also showed an abnormally high
peak at the 4 � 4 � 1 k-sampling point5 in the curve of
cohesive energy of the R1-sheet versus the k-point mesh (see
Figure 1A in ref 5). On the basis of this high peak, they
pointed out that the cohesive energies computed based on
CASTEP 6.0/PBE0 calculation with 0.05 Å�1 k-point space and
norm-conserving pseudopotentials are unreliable.
Since Lu et al. used a different program and a different

pseudopotential than ours reported in ref 1, we have re-exam-
ined the cohesive energies of lowest-energy boron sheets using
two hybrid functional implemented in VASP 5.2 program7 (i.e.,
HSE06 andPBE0); both are computationally less demanding than
the CASTEP/PBE0 computation with a different pseudopotential.
Our new computation with the VASP 5.2 program indicates that
theabnormallyhighpeakat the4� 4� 1 k-samplingpoint in the
curve of cohesive energy of theR1-sheet versus the k-pointmesh
cannot be reproduced, as shown in Figure 1. This high peak is
likely an error in Lu et al.'s VASP computation.
In addition, as summarized in Table 1, our new VASP/HSE06

and PBE0 calculations predict that g2/15-,R-,R1-, and β2-sheets
are the top-four most stable planar boron sheets due to their
cohesive energy differences (e10 meV). Note that the error
bar for the DFT cohesive energy calculation could be as large
as 10 meV/atom (functional-dependent). Thus, the VASP/
HSE06 and PBE0 calculations support the notion of 2D poly-
morphous proposed previously.2

In conclusion, (1) Lu et al.'s conclusion and comment is mainly
based on a different program and a different pseudopotential

from those reported in ref 1. (2) Their reported abnormally
high peak in the curve of cohesive energy of the R1-sheet
versus the k-point mesh cannot be reproduced by us. (3) Our
new DFT calculations with two hybrid functionals, PBE0 and
HSE06 (both implemented in VASP 5.2 program), suggest that
(at least) four planar boron sheets, namely, g2/15-, R-, R1-, and
β2-sheets, are equally stable as their cohesive energy differ-
ences (e10meV). (4) Because thebuckledR0-sheet ismore stable
than the planar R-sheet (Table 1), the R1-sheet is still the most
stable planar sheet of the R-type, while the g2/15- and β2-sheets
are themost stable planar sheets of the β-type. However, in view
of the functional and pseudopotential dependence on the
predicted relative stabilities of several boron sheets (see
Table 1 in ref 1 and Table 1 in this text), one must await high-
resolution TEM measurement of the atomic structures of boron
sheets or single-walled boron nanotubes to resolve whether
some of these boron sheets (polymorphs) can be equally stable
or coexist.
Note in passing that the main motivation for us to use the

hybrid functional PBE0 in ref 1 is to examine whether the
lowest-energy boron sheets are metallic or semiconducting,
in light of the fact that the PBE/GGA functional tends to
underestimate the band gap. In ref 1, we report that the
planar R-sheet and buckled R0-sheet are semiconducting
based on the PBE0 calculation, whereas all other lowest-energy
boron sheets considered are metallic. This conclusion will be

Figure 1. Convergence of cohesive energies of R- and R1-sheets
versus the k-point mesh based on VASP/PBE0 calculation from this
study (thisfigure is plotted in the same fashion as Figure 1A in ref 5).
The cohesive energy difference between the R-sheet and R1-sheet
is less than 9 meV/atom over a wide range of k-point mesh. Since
the error bar for the DFT cohesive energy calculation can be up
to 10 meV/atom, the VASP/PBE0 calculation suggests the R- and
R1-sheets are equally stable.

TABLE 1. Computed Cohesive Energy Per Atom Based on HSE06

and PBE0 Hybrid Functionals, PAW Pseudopotential (All Imple-

mented in VASP 5.2)a

boron sheet R (planar) [R0 (buckled)] R1 β1 β2 g1/8 (β4) g2/15 (β5)

Ec(HSE06/VASP) (eV) 5.692 [5.696] 5.689 5.676 5.687 5.673 5.697
Ec(PBE0/VASP) (eV) 5.654 [5.659] 5.646 5.634 5.646 5.632 5.656

a Here, the 0.02 Å�1 k-point sampling and 20 Å vacuum space are used. The cohesive energy
differences among four most stable planar boron sheets are within 10 meV (values in bold).
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useful to experimentalists for detecting electronic prop-
erties of boron sheets if monolayer boron sheets were
isolated.
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