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First-principles study of the stability of BN and C
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First-principles total energy calculations are performed to study the phase stability of BN and C at low
temperature. These are done using density functional th@iFl) within the local density approximation
(LDA) and the generalized gradient approximati@&GA). We find that for both materials LDA calculations
predict dense cubic structures as the ground state structures, while the GGA calculations predict less dense
hexagonal layered structures as the ground states. Our calculated results provide a stringent test for the validity
of the functional used for the DFT calculations. Accurate experimental measurements of thermodynamic
properties for BN and C at low temperature are needed to clarify the stability issues for these materials.
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I. INTRODUCTION (LDA).*® The majority of these LDA calculations were per-
formed using pseudopotential methods. They showed unam-
Cubic BN (borazong has outstanding physical and biguously that c-BN has a lower total energy than h-BN.

thermal conductivity and melting temperature, wide bandOLCAO) calculation of Xu and Chirttfound that h-BN has

gap and low dielectric constant. In contrast to diamond, it i2 lower total energy than c-BN. The observed phase stability

also stable against oxidation and acid-resistant. These fas of the h-BN is then attributed to the lower zero-point motion

) L >~ “>Yibrational energy of h-BN relative to c-BN. However, a re-
nating features have made it suitable for many applicationggant theoretical analysis of Alband Kernet al2 suggested

in modern microelectronic devices and machine tO0#8W-  that the difference of the zero-point energy between these
ever, grOWth of hlgh quality cubic BN is rather difficult be- two phases is too Sma]k(lo meV) to compensate for the
cause it is not the observed stable phase of BN at standaeiatic total energy difference. Thus they predict that the
conditions. Recent progress in growth techniques has reground state of BN is ¢-BN, similar to that proposed by
kindled interest in investigating the phase stability of BN, Solozhenkd?
both theoretically and experimentally'® BN crystallizes in To clarify this issue, we have performed all electron DFT
three main allotrope phasgd) Dense cubic, c-BN phase, in total energy calculations using the generalized gradient
the zinc-blende structuréspace groupr?). (2) Dense hex- ~approximation’*® (GGA) as well as using the LDA. It is
agonal, w-BN phase, in the wurtzite structuyspace group Well known from extensive prior work that the GGA gener-
Cév)' (3) Layered hexagonal, h-BN phasepace group ally yzl%cﬁlsubstantlally better cohesive energies than the
Dgh), which has a stacking sequené@Aa. . ., ie., a B LhDA. : In some cases, the G_GA also predicts correctly
: . . e ground state phases of materials where the LDA produces
atom in a subsequent layer is placed directly below the

in th : | Fi Other | d all ncorrect orderings. For example, the GGA predicts correctly
atom in the previous layefsee Fig. 1. Other layered allot- the ferromagnetic bcc ground state for Fe, whereas the LDA

rope phases, which have different stacking sequences alonge jicts incorrectly a close packed ground state fot°Fdhe
thec dlre_cnon, also exist. The_se layered structures all havesa also predicts a large total energy difference between
S| _bondlng character and their structural properties are Very,a dense stishovite and the stabl@uartz structure, in ex-
similar to each other, because the layer-layer van der Waalgjient agreement with experiment, while the LDA predic-
interaction is very weak in this system. tion is too smalf? Relative to the LDA, the GGA consis-

Experimentally, at standard conditions, the only stable ey predicts a larger lattice constant and a smaller bulk
allotrope phase observed is h-BN. c-BN can be synthesized

in the laboratory under pressure and converts to the h-BN (a)
phase when heated in vacuum to 1700 K. w-BN is found to
be unstable under any growth conditions. Traditionally, it
was believed that h-BN is the ground state of BNsimilar

to the situation for C, where the layered hexagonal graphite
structure is found to be more stable than the cubic dia-
mond structuré?~* However, recent measurements of
Solozhenk®1%1% suggest that c-BN might be the ground
state of BN. Theoretically, the ground state stability of BN
has been studied extensivéﬁz using density functional FIG. 1. Crystal structure of BN irf@) the cubic zinc-blende
theory (DFT) within the local density approximation phase(b) the wurtzite phase, an@) the hexagonal phase.
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modulus. These results indicate that the GGA has a tendenayjents of the bulk moduluB’, the cohesive energiés., and

to lower the total energy of materials with less dense structhe total energy differenceAE relative to the cubic phase
tures more than for a corresponding dense structure. Becauf® BN in three different phases. Our calculated results are
c-BN and h-BN have very different equilibrium volumes and compared with previous comprehensive LDA calculations of
local atomic bonding, the GGA could have significant effectsAlbe,® Furthrriler et al,® and Wentzcovitchet al® and

on the relative stability of c-BN and h-BN. Indeed, we find available experimental datd®~%*

that the GGA lowers the atomic total energies of B and N
more than the solid BN, so the cohesive energy of BN is A. The LDA results for BN

reduced to 6.9 eV from the LDA value of 8.2 eV, in much  Our LDA calculated results are consistent with previous
better agreement with experimental value of 6.6 eV. Thd.DA pseudopotential calculations. We find th@) the cal-
GGA also lowers the total energy of the less dense h-BNculated structural parameters are in good agreement with ex-
more than the dense c-BN. Thus, the GGA predicts thaperimental values. The LDA underestimates slightly the
h-BN is the ground state of BN. This is consistent with thee€quilibrium volumes. In agreement with experimental data,
early experimental phase diagrambut contradicts recent the w-BN and the c-BN have similar volumes, while the
experimental suggestiohd®®and LDA prediction&® Fur- ~ volume of the h-BN is about 51% larger than the volume for
thermore, the GGA also predicts a huge increase of the irc"BN. (2) The calculated bulk moduli and the pressure coef-
terlayer distance in h-BN, reflecting the fact that the GGA isficients of the bulk modulus are also in good agreement with
inadequate for describing the weak interlayer van der Waal§XPeriment. Note that the bulk modulus of h-BN is an order

: g Smaller than those of c-BN and w-BN. To get the correct
coupling between thesp’-bonded planes! However, t_he ._bulk modulus for the highly anisotropic h-BN, it is very im-

Oygortant to search for the optimized cell parameters at each

of thg inteLIayer diStan; is smalgv(16 meV/atom) gorr?' volume as described above. Otherwise, erroneous results for
pared to the energy difference between c-BN and h-BNy,o |k modulus can occur due to fitting err8réd) The

Thus, this error in the calculated structural parameters of pa gyerestimates the cohesive energy of BN. The
h-BN does not change the conclusion that h-BN is predictedyerpinding in the calculation is characteristic of the LDA.

by GGA to be the ground state structure of BN. Our results are consistent with the calculated results of
Furthmulleret al* and Kernet al,? but the calculated cohe-
[l. METHOD OF CALCULATIONS sive energy of Albe is much smaller, possibly due to an in-

L . consistency with their atomic total energy calculation which
The total energy calculation is performed using the DFT, y gy

ol d4.in the ful ol i ed ciNaS performed using different methad) The LDA predicts
as Implemented In the full-potential linearized augmenteqy,; the c-BN phase has the lowest total energy. The w-BN

4 . . .
plane wave(FLAPW) method:* We used muffin-tin radii of = 1) energy is 17 meV/atom above that for c-BN, whereas

Rur=1.35 a.u. for all the atoms reported here and basis sghat of h-BN is 72 meV/atom above that for c-BN. These
cutoff of RyrKma=8.0. The Brillouin-zone integrations results are similar to previous calculations.
were performed using 60 specak points for the cubic

structure and 40 specitlpoints for the hexagonal structure. B. The GGA results for BN

Convergence tests indicated that the total energy differe_nces The results obtained using the GGA functional for BN are
are converge_d to better th_an 2 meV/atom Wlth_ these choicegyg, presented in Table I. We find tha) the GGA increases
These tests included basis set convergekqmint conver-  the equilibrium lattice parameters relative to the LDA. For
gence, sphere and interstitial mesh densities, and linearizghe c-BN and the w-BN phases, the agreement with experi-
tion effects(tested by adding local orbit3lsTo calculate the  mental values is improved. For the h-BN phase, although the
structure parameters, we first search for the minimum tot%a|cu|ated in-p|ane lattice paramemis in good agreement
energy at each volume with respect to all cell parametersyith experimental value, unfortunately, the GGA predicted
The static lattice ground state properties were extracted frorp/a ratio is drastically increased from the LDA value of
these calculated minimum total energies at each volume, fit2.580 to 3.336, much larger than the experimental value of
ting to Murnaghan’s equation of st#f2For the LDA calcu-  2.660. However, the total energy associated with the increase
lations, we used the Ceperley-Alder exchange correlatioof the interlayer distance is very small. Reducing tia
potentials?’ For the GGA, we use the parameter-free formratio from 3.336 to 2.660 increases the total energy by only
given by Perdew and WanPW91).!” Similar results are 16 meV/atom, indicating that h-BN is essentially a
obtained when the PBE form of the G&Ais used. The 2-dimension system with very weak bonding between the
implementation of the GGA in the FLAPW program is de- hexagonal layers(2) The GGA predicts a smaller bulk
scribed in detail in Ref. 19. The total energies for the atomgnodulus than the LDA, mainly due to the increase in the
were calculated using either an atomic program or théredicted equilibrium volume(3) The GGA corrects the
FLAPW program with a supercell approach. Tests for theover-binding of the atoms in the LDA calculation. The pre-

LDA calculations show that these two apporaches give idendicted cohesive energy is in much better agreement with ex-
tical results. perimental values(4) The cohesive energy differences be-

tween c-BN and w-BN are very similar in both the LDA and
IIl. RESULTS the GGA calculations. However, unlike the LDA calculation
' that predicts the dense c-BN to be the most stable structure,
Table | presents our calculated equilibrium lattice paramthe GGA calculation predicts that the h-BN is more stable.
etersa, c/a andV, the bulk moduliB, the pressure coeffi- This result is consistent with the general trend that the GGA
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TABLE I. Calculated equilibrium structural parameters and cohesive energies of BN. Results are com-
pared with previous LDA calculations and available experiment (Réds. 6,28 —-3R

K. Albe Furthmuler Wentzcovitch LAPW LAPW Expt.

(LDA) (LDA) (LDA) (LDA) (GGA)
cubicBN
V (A 3/atom 5.797 5.718 5.860 5.750 5.994 5.930
a(A) 3.593 3.576 3.606 3.583 3.633 3.615
E. (eV/atom 6.47 8.152 7.15 8.153 6.930 6.6
B (GP3 395 397 367 401 369 369-400
B’ 3.65 3.59 3.6 3.96 3.00 4.0
wurtziteBN
V (A3/atom) 5.813 5.731 5.785 6.014 5.966
a(A) 2.532 2.521 2.525 2.557 2.553
cla 1.654 1.652 1.660 1.662 1.656
E. (eV/atom 6.481 8.172 7.177 8.136 6.912
B (GP3a 394 401 408 366
B’ 3.68 3.59 3.22 3.74
AE (eV/atom 0.011 0.020 0.027 0.017 0.018
hexagonaBN
V (A3/atom) 8.747 8.613 8.673 11.515 9.042
a(A) 2.496 2.468 2.495 2.517 2.504
cla 2.600 2.590 2.580 3.336 2.660
E. (eV/atom 6.527 8.207 7.21 8.081 7.006
B (GP3a 30.1 261 26.7 2.13 36.7, 29.9
B’ 10.1 3.66 10.72 9.6 5.6, 9.3
AE (eV/atom 0.057 0.055 0.06 0.072 -0.075

lowers the total energy of a less dense structure more thantwever, the stacking sequenceABAB, instead. The cal-
dense structur®?? The GGA result agrees with traditiodal  culated results are shown in Table 1. We find that the effect
phase diagram of BN, but the LDA results are closer to re-of the GGA for C is very similar to that for BN. Relative to
cent experimental phase diagram of BNSince no accurate the LDA calculated results, the GGA increases the lattice
thermodynamic data at low temperature is available for BNconstants and reduces the bulk moduli. Although the GGA

it is not completely clear which result is closest to reality. Produces a much better agreement with experimental data for
the cohesive energy, the calculateth ratio for graphite

using GGA is much too largé compared to experimental
data. Again, the GGA lowers the total energy of the less
To help verify that the GGA results for BN are not spuri- dense graphite structure much more than the dense diamond
ous, we have performed similar calculations for C, for whichstructure. The predicted total energy difference for graphite
more reliable experimental data exists. Corresponding tés lowered from the LDA value of 15 meV/atom to
c-BN, w-BN, and h-BN structures, we investigated the rela-—145 meV/atom. Of this, 15 meV/atom can be attributed to
tive stability of the diamond, hexagonal diamond, and graphthe ov_erestimation of the/a rati(_) in the GGA calculati_ons.
ite structuregsee Fig. 2 These structures can be obtained Experimentally, the enthalpy differences between diamond

by replacing both B and N by C. For the graphite structure2nd graphite, measured from the heat of combustion, is about
—19 meV/atom at standard conditiotfs}* Taking into ac-

C. The results for C

@) (®) © count the volume differe_nce between _the two structures and
assuming that the vibrational zero point energy and entropy
are similar for the two structures, the estimated total energy

l differenceAE for graphite is about-40 meV/atom. There-

fore, it seems to us that although the GGA predicts correctly
the ground state phase, it overestimated the stability of the
graphite structure. Of course, a final conclusion can be
reached only when accurate thermodynamic data 0K to
room temperature become available for the two forms of C.
Recently, Chacham and Kleinm#rstudied the stability
FIG. 2. Crystal structure of C ifa) the cubic diamond phase, 0f C using the GGA and a pseudopotential method. Using the
(b) the hexagonal diamond phase, aiaii the hexagonal graphite  PBE functional® of the GGA, they found that for graphite
phase. the equilibriumc/a ratio is 2.73 and the total energy differ-
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TABLE Il. Calculated equilibrium structural parameters and cohesive energies of C. Results are compared
with previous LDA calculations and available experiment d&efs. 14,36—40

Furthmiller Fahy/Yin LAPW LAPW Expt.
(LDA) (LDA) (LDA) (GGA)

diamond
V (A3/atom) 5.488 5.583 5.522 5.731 5.673
a(A) 3.528 3.548 3.535 3.579 3.567
E. (eV/atom 9.026 8.17 9.011 7.766 7.37
B (GPa 460 444 465 430 443
B’ 3.67 3.24 3.44 3.38 4.0
hexagonal diamond
V (A 3/atom 5.504 5.602 5.542 5.756 5.61
a A 2.480 2.50 2.480 2.516 2.51
cla 1.666 1.656 1.678 1.670 1.638
E. (eV/atom 8.998 8.140 8.987 7.748
B (GPa 462 440 462 446
B’ 3.66 35 3.62 2.80
AE (eV/atom 0.028 0.030 0.024 0.018
graphite
V (A3/atom) 8.609 9.312 8.554 13.540 8.797
a(A) 2.440 2.47 2.447 2.470 2.46
cla 2.738 2.724 2.706 4.150 2.730
E. (eV/atom 9.027 8.996 7.911 7.374
B (GPa 286 236.1 26.8 0.417
B’ 3.57 13.22 9.70
AE (eV/atom —0.000 0.000 0.015 —0.145

ence between the graphite and the diamond structures iand C. We show that for both materials LDA calculations
—22 meV/atom. Although these values seem to be in excelpredicts the dense cubic structures as the ground state struc-
lent agreement with experiment data, they are very differentures, while the GGA calculations predict the hexagonal lay-
from our calculated value of/a=4.15 andAE(graphite) ered structures as the ground states. We find that, in general,
=—145 meV/atom. They also contradict with another GGAGGA lowers the total energy of a less dense structure more
pseudopotential calculatiGhwhich found that thec/a ratio  than that of a dense structure, thus the phase transition pres-
is 3.6. On the other hand, a third calculation by Lee andsyre predicted by GGA is higher than that predicted by LDA.
Martin,** also using the PBE functional, yielded a value of our calculated results also put a stringent test on the validity
2.735, close to experiment. To see whether the difference igf the functional used for the DFT calculations. Accurate
caused by using different GGA functional, we have repeated,, ,erimental measurements of thermodynamic properties for

our calculations using the PBE functional of GGA. We find gy and C at low temperature are needed to clarify the sta-
that the results are nearly identical to that obtained by usm%ility issues for these materials

the PW91 functional of GGA' Therefore, the discrepancy
between our calculated results and the one obtained by Cha-

cham and Kleinman is not understood.
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