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The thermodynamic stability and properties of different phosphorus carbide phases are studied as a function
of composition with first-principles periodic density-functional theory calculations. Calculations are reported
for P4,Cs, PC, and P;C, and a range of possible structures examined for each. For P,C;, the favored structures
are defect zinc-blende structures, while for PC GaSe-like and B-InS-like structures are lowest in energy. For
P;C4, the lowest-energy structure is a -C3Ny-like structure, where phosphorus and carbon occupy sites
occupied by carbon and nitrogen, respectively, in the nitride. The importance of the local environments of
carbon and phosphorus is emphasized and trends in the preferred environments of C and P are analyzed as a
function of composition. For carbon-rich structures, a bonding arrangement with four-coordinate hypervalent
phosphorus and sp? carbon is preferred, while, for higher phosphorus content, structures containing three-
coordinate phosphorus and sp3 carbon are lower in energy. Comparisons are made with the molecular chem-
istries of carbon and phosphorus, and also with the corresponding nitrogen analogs. Energies of formation,
bulk moduli, and band gaps are calculated for the predicted low-energy phases. The stoichiometry with the

lowest formation energy (for xp>0.15) is PC.
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I. INTRODUCTION

In recent years, considerable efforts have been devoted to
carbon nitride, following theoretical predictions that 8-C;N,
should have a zero-pressure bulk modulus in excess of that
of diamond.! Unfortunately, preparation of crystalline carbon
nitride has proved to be far from straightforward, and to date
only small amounts of crystalline material have been synthe-
sized. The nitrogen:carbon ratio in the synthesized materials
is often very low?™ and the unambiguous identification of
crystalline C3Ny is difficult due to the small crystal size and
the presence of impurities, amorphous material, and a mix-
ture of crystal phases with different compositions.®” One of
the most successful methods to make carbon nitride, albeit in
the form of nanoparticles, is liquid phase pulsed laser
ablation.®” The extreme conditions of high energy, pressure,
and temperature achieved with this technique are sufficient
to bond together ablated carbon atoms from the target and
nitrogen atoms from the liquid to form individual nanosized
crystals of C;Ny. The requirement for such high-energy pro-
cesses to make C3;N, indicates that it is very difficult to in-
corporate nitrogen into the carbon lattice. Due to these diffi-
culties in producing phase-pure nitrogen-rich carbon nitride
with relatively large crystal sizes, it is worthwhile to turn to
carbon phosphide analogs. In contrast to the nitrogen situa-
tion, phosphorus carbide has been produced as amorphous
thin films over a wide range of P:C compositions, up to an
atomic ratio of 3:1, by capacitively coupled radio frequency
(rf) plasma deposition from gas mixtures of methane and
phosphine.!® However, these films also contain hydrogen
from the gas mixture (typically ~10%) and are readily oxi-
dized. Hydrogen-free amorphous films containing carbon
and phosphorous can be produced with up to ~28 at. %
phosphorus by laser ablation of mixed carbon and phos-
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phorus targets.!! These experimental developments have led
us to start in parallel a theoretical study of phosphorus car-
bide phases. Our study!! of the possible structures for PCy
showed that the lowest-energy structure contained hyperval-
ent phosphorus, four coordinated to carbon. Possible crystal
structures of P,C; and PC have been examined recently,'>!3
but structures containing hypervalent phosphorus have not
been reported for stoichiometries other than PCs.

In this work, we study a large number of possible crystal-
line structures for a range of compositions, with emphasis on
those incorporating hypervalent phosphorus. Our focus here
is on calculating and rationalizing the lowest-energy struc-
tures for P,Cs, PC, and P;C, by means of periodic ab initio
density-functional theory (DFT) calculations. Starting struc-
tures are selected from analogs from the carbon nitride sys-
tem [e.g., CN (Refs. 14 and 15) and C;N, (Refs. 1 and 16)]
and from those commonly adopted by binary compounds.
The results are analyzed together with those previously pub-
lished for PCy (Ref. 11) and P,Cs,g, (n=0-4),'!8 in order
to draw general conclusions regarding the favored environ-
ments for carbon and phosphorus.

II. COMPUTATIONAL DETAILS

Calculations in this work were carried out with plane-
wave DFT calculations in the generalized gradient approxi-
mation (GGA) as implemented in the CASTEP code'® with the
Perdew-Wang exchange correlation functional.’>?! Only the
valence electrons are considered throughout, with the core
electrons replaced with ultrasoft Vanderbilt potentials.?> The
energy cutoff for the plane waves was 310 eV. The cell
parameters and atomic positions were relaxed and optimized
by energy minimization using a conjugate-gradient algorithm
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TABLE I. Calculated symmetries, cell parameters, and optimized energies (per formula unit) for different
PC structures. Energies are relative to the lowest-energy structure.

Space group

Energy

Cell parameters (eV)

Structure after optimization
B-InS (P-P interlayer bonding) Pmnn
GaSe (C-P interlayer bonding) P3ml
GaSe (C—C interlayer bonding) P3ml1
B-InS (C-P interlayer bonding) Pmn21
GaSe (P-P interlayer bonding) P3ml
B-InS (C—C interlayer bonding) Pmnn
Graphite ABC P3ml
Graphite AB P63mmc
Graphite AA P6m?2
bet-4 141md
H-6 Pm
FeSi P2,3
MnP Pnma
ZnO (wurtzite) P63mc
ZnS (zinc blende) P43m

a=2.87 A, b=4.83 A, ¢c=6.52 A 0

a=b=2.86 A, ¢c=7.11 A 0.16
a=bh=2.84 A, ¢c=7.64 A 0.19
a=2.86 A, b=629 A, =475 A 0.31
a=b=2.88 A, ¢=7.02 A 0.35
a=2.90 A, b=4.92 A, ¢=598 A 1.04
a=bh=290 A, ¢c=12.18 A 0.95
a=b=297 A, ¢=533 A 0.96
a=b=2.96 A, ¢=3.50 A 1.14
a=b=292 A, ¢=1047 A 0.81
a=2.87 A, b=298 A, ¢=7.90 A 0.87
@=79.4°

a=b=c=4.80 A 0.92

a=5.40 A, b=3.63 A, c=4.48 A 1.09
a=b=290 A, ¢=5.16 A 1.18
a=b=c=420 A 1.22

with a maximum force tolerance of 0.02 eV A~! and a maxi-
mum stress component of 0.5 GPa. We have checked that the
results are well converged with respect to the real-space grid,
Brillouin-zone (BZ) sampling, and basis set size. The calcu-
lations were repeated with periodic numerical atomic orbital
DFT (Refs. 23 and 24) as implemented in the SIESTA code. In
this case, the core electrons were replaced with norm-
conserving scalar pseudopotentials® factorized in the
Kleinman-Bylander form.?%?” A split-valence double- basis
set was used, including a set of polarization 3d functions on
both C and P atoms, as obtained with an energy shift of 250
meV. Periodic hybrid DFT calculations for a selection of the
lowest-energy structures for each composition were also car-
ried out with CRYSTAL06,?® using 6-21G* basis sets for both
carbon and phosphorus®-° and the B3LYP functional.’!-?
The relative energies of the structures from all three compu-
tational approaches are the same, so only results from
CASTEP are reported here. Band gaps were calculated by DFT
with both GGA (CASTEP) and B3LYP (CRYSTAL06); periodic
Hartree-Fock (HF) calculations of the band gap were also
performed with CRYSTALO6.

Data for energy as a function of volume were obtained by
applying a range of hydrostatic pressures to the structures
and carrying out a full geometry optimization of all unit cell
parameters and basis atom positions. For layered structures,
only positive hydrostatic pressures were applied, while for
all other structures both positive and negative pressures were
applied.

III. RESULTS
A. PC

For the 1:1 stoichiometry, PC, we have considered a large
number of starting structures. Some of these are commonly

occurring binary AB structures, as listed by Pettifor:* GaSe,
B-InS (or FeB), NaCl (rocksalt), CsCl, CrB, FeSi, NiAs,
CuAu, MnP, cubic ZnS (zinc blende), and hexagonal ZnS
(wurtzite). In addition, the structures suggested by Co6té and
Cohen! for CN were examined (i.e., rhombohedral, bct-4,
H-6, GeP, and GaSe), as well as layered structures derived
from AA, AB, and ABC stackings of phosphorus-substituted
graphitic layers. A subset of these structures (rocksalt, zinc
blende, rhombohedral, bet-4, H-6, GeP, B-InS, and GaSe)
has been studied by Zheng et al.,'? and, in this work, we
have further investigated the structures that were reported to
be lowest in energy, including a study of the effect of incor-
porating hypervalent phosphorus.

Overall, the PC structures can be divided roughly into
three classes (Table I): (i) the low-lying GaSe- and
B-InS-like structures; (ii) two-dimensional (2D) structures
without interlayer bonds, which are higher in energy; and
(iii) high-energy structures in which atomic valencies are not
satisfied (bct-4, FeSi, wurtzite, zinc blende, H-6, CrB, NaCl,
NiAs, CsCl, CuAu, and GeP).

For CN, the B-InS and GaSe structures have been found
to be the most thermodynamically stable;!> Coté and
Cohen'” reported that GaSe is the lower in energy of these
two structures, while recent new results** show the reverse.
For PC, the most stable structures of those considered by
Zheng et al.'3 are also GaSe and B-InS, with GaSe lower in
energy than SB-InS. By allowing for the possibility of hyper-
valent phosphorus, we have found additional low-energy
structures, which, although related to the GaSe and B-InS
structures, have not been considered previously.

There are two possibilities for the individual layers from
which both the B-InS-related and GaSe-related structures are
constructed. In the first, the phosphorus is three coordinated
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FIG. 1. Structural motifs for the layers from which PC structures
are constructed, as described in the text: (a) pattern 1 and (b) pattern
2. Filled circles denote atoms that bond to atoms in an adjacent
layer. In structures made from pattern 1 layers, there is one inter-
layer C—C bond and two P lone pairs per P,C, unit. In structures
made from pattern 2 layers, each carbon is three coordinated to P
(all in the layer), while each phosphorus is formally hypervalent
and four coordinated to three C and one P with an interlayer P-P
bond.

to C (all in the same layer), while carbon is four coordinated
with three intralayer bonds to P and one interlayer bond [Fig.
1(a)]. Per P,C, unit, there is one C—C bond and two P lone
pairs; all bonds are single bonds. We will refer to this bond-
ing pattern as “pattern 17 in the remainder of this paper. In
the alternative construction of the layers, “pattern 2” [Fig.
1(b)], each C is three coordinated to P (all in the same layer)
while P is four coordinated with three intralayer bonds to C
and one interlayer bond, and the bonding within the layers
includes C=P double bonds. The pattern 2 layers contain
formally hypervalent phosphorus, with the P atoms four co-
ordinated in an approximately tetrahedral arrangement. This
is similar to that adopted in several P-containing organic
molecules such as [PhP-PMe,=C(SiMe;),],.%

GaSe-related structures consist of bilayers of these pat-
terns. Bilayers can be constructed from two pattern 1 layers
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(d) (e) (f)

FIG. 2. (Color online) Low-energy PC structures. (a)—(c) GaSe-
like structures (AA stacking) with C-C, P-P, and C-P interlayer
bonding and (d)—(f) B-InS-like structures with C-C, P-P, and C-P
interlayer bonding. The structures are made from the motifs shown
in Fig. 1 as described in the text. The light gray and the darker
purple atoms are C and P, respectively, and the black lines show the
unit-cell boundaries. (e) is the lowest-energy structure we have
found for PC, while (b) is the highest in energy of these six
structures.

(which we denote “bilayer 1” and contains interlayer C-C
bonds), two pattern 2 layers (“bilayer 2,” containing inter-
layer P-P bonds), or by combining a pattern 1 layer with a
pattern 2 layer (“bilayer 3,” containing interlayer C-P bonds)
[Figs. 2(a)-2(c)]. We have considered both AA and AB stack-
ings of the bilayers, giving six possible GaSe-like structures
altogether. The GaSe-like structure previously considered'?
for PC corresponds to AB stacking of bilayer 1. The results
for AA stacking of the three bilayers are shown in Table I;
there was no significant difference between the energies for
AA and AB stackings, since dispersion interactions are not
included in DFT,* so the values for AB stacking are not
included in Table 1.

Similarly, various B-InS-like structures can be produced
by combining pattern 1 and pattern 2 layers in different com-
binations. Here, each layer forms interlayer bonds to both of
its neighboring layers to give a three-dimensional bonding
network. As for GaSe-related structures, there are three pos-
sible ways of joining these layers [Figs. 2(d)-2(f)]. In the
first, all the individual layers are pattern 1 and there are C—C
bonds between layers. In the second, all the individual layers
are pattern 2 and there are P-P bonds between layers. In the
third, pattern 1 layers alternate with pattern 2 layers and the
interlayer bonds are C-P.

The energies of the different possible GaSe-like and
B-InS-like structures are similar (Table I), separated by only
0.35 eV/f.u., excluding the B-InS-like with C-C interlayer
bonding. For the SB-InS-like structures, P-P bonding gives
the lowest energy, while in contrast interlayer C—C and C-P
bonding gives the lowest energy for the GaSe-like structures.
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Within pattern 2 layers, C-P bond lengths are ~1.73 A,
smaller than the bond lengths of ~1.85 A found in pattern 1
layers, indicating the double-bond character of these layers.3’
From the energy differences between the structures with
C-C, C-P, and P-P interlayer bonding for both PC and PC;
as well as the known bond energies for P-P, C—-C, and C-P,
we estimate that the hypervalent P-C bonds (with some
double-bond character) are ~100—120 kJ mol™' stronger
than the P-C single bonds associated with three-coordinate
phosphorus.

It is instructive to compare these relative energies with
those for similar structures for a stoichiometry richer in car-
bon, PC;, which we have examined elsewhere.!! For bilayer
PC; structures (analogous to the GaSe-like structures for CP)
and also for structures containing three-dimensional bonding
networks (analogous to the B-InS-like structures for PC),
P-P interlayer bonding gives the lowest energy, while C—C
interlayer bonding produces the highest-energy structure.
The same behavior is seen for the B-InS-like structures for
PC. This suggests that, for both PC and PC;, structures with
four-coordinate phosphorus atoms and three-coordinate car-
bon atoms are lowest in energy and that the presence of
hypervalent phosphorus and, therefore, C=P double-bond
character lowers the energy. In such structures, carbon is sp?
hybridized in a planar geometry and the phosphorus is for-
mally hypervalent and in its preferred tetrahedral geometry.
The GaSe-like structure for PC is an exception to this gen-
eral trend that P-P interlayer bonding gives the lower energy
because the three-coordinate carbon is then unable to adopt a
planar geometry and is forced into an energetically unfavor-
able pyramidal arrangement [Fig. 2(b)]. The P-C-P bond
angle for the three-coordinate carbon atom is ~113° in the
GaSe-like structure, considerably smaller than in the
B-InS-like structure (~119°).

Similarly, in the PCs bilayer structures,!" P—P interlayer
bonding also forces the three-coordinate carbon atoms out of
a perfectly planar geometry, but the average bond angle in-
volving the three-coordinate carbon is at least 116.9°, signifi-
cantly closer to 120° than in the analogous GaSe-like struc-
ture for PC. However, for PC;, the strain generated because
the carbon atoms are unable to attain a perfectly planar ge-
ometry means that the energy advantage of replacing C-C
interlayer bonds with P—P bonds is less for the bilayer struc-
tures than for those containing a three-dimensional network
of bonds [0.4 eV/f.u. versus 0.68 eV/f.u.].'!

For PC, the preference of three-coordinate phosphorus for
sp® hybridization with a low bond angle can be more easily
satisfied in the GaSe-like than in the B-InS-like structure.
Consistent with this, for the structures made with only pat-
tern 1 layers, with C—C interlayer layer bonding and three-
coordinate phosphorus, the GaSe-like structure has a lower
energy (C-P-C bond angle of ~101°) than the B-InS-like
(C-P-C bond angle of ~110°-114°).

Again, analogous behavior has been observed for PCs.!!
For C—C interlayer bonding, the average C-P-C bond angle is
lower in the bilayer structure (~100°) than in that containing
a three-dimensional bonding network (~107°); the prefer-
ence of three-coordinate phosphorus for a small bond angle
is more easily satisfied in the bilayer structure and the energy
is lower than that of the structure with C—C interlayer bonds
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connecting all the layers in a three-dimensional network.

In the low-energy [B-InS-like structure, the P-C-P bond
angle is ~119°, which is close to the expected value of 120°,
while the P-P interlayer bond length is 2.19 A, similar to
bond lengths of 2.21-2.25 A in elemental phosphorus.’
This suggests that the B-InS-like structure is free from dis-
tortion and strain. The C-P intralayer bonds are
1.71-1.72 A and the C-P-C bond angle is ~112°—-113°. In
contrast, for C-C interlayer bonding in the higher-energy
B-InS-like structure, the interlayer bond lengths are
~1.60 A, longer than the strain-free C-C bond length
(1.54 A), suggesting the presence of significant strain. It is
possible that the C—C bond is stretched to increase the non-
bonded P-P separation, which is only 2.9 A; for comparison,
the C-C bond length in the GaSe-like structure is 1.54 A
with a nonbonded P-P separation of 3.2 A. The C—P intra-
layer bonds in this structure are 1.84—1.87 A, the average
C-P-C bond angle is ~113.5° and the average P-C-P/P-C-C
angle is 109.0°.

For the GaSe-like possibilities, P-P interlayer bonding re-
sults in a strained structure, with a P-P interlayer bond length
of 2.28 A, and C-P-C and P-C-P bond angles of ~113°,
significantly lower than the expected P-C-P bond angle of
120° for three-coordinate carbon. C—C interlayer bonding
gives a relatively strain-free structure and is lower in energy,
with a C-C bond length of 1.54 A, C-P-C bond angles of
~101° and an average P-C-P/P-C-C bond angle of 109.0°.

When the symmetry is constrained, the graphitic PC
structures are higher in energy than the GaSe-like and
B-InS-like structures (Table I). When the symmetry con-
straint is removed, the graphitelike sheets buckle and inter-
layer P-P bonds form, such that optimization yields low-
energy GaSe-like structures. This is consistent with the
preference of phosphorus to adopt a pyramidal rather than
planar geometry; phosphorus is able to adopt a hypervalent
configuration in order to attain this pyramidal geometry.

Finally, the highest-energy structures for PC are those in
which the atomic valencies are not satisfied. Of these struc-
tures, the ones in which all atoms have trigonal planar coor-
dination (bct-4, FeSi, H-6) are lowest in energy, followed by
those with tetrahedral coordination (MnP, wurtzite, zinc
blende). Structures with higher atomic coordination are
higher in energy (>-335.0 eV/f.u.).

Previous results'"!3>!5 have suggested that the lowest-
energy structures of PC and CN are the same, in sharp con-
trast to C3P,/C5Ny, for which the most stable nitride struc-
tures are relatively high in energy for the phosphorus system
and vice versa.!” However, our results for PC here (in addi-
tion to recent new results for CN)** show that this is not so
and, as for C3P,/C;3Ny, the structures that are lowest in en-
ergy for CN are relatively high in energy for PC. As for
C5N,,! graphitic forms of CN are lowest in energy,* but
these are high in energy for PC. This preference for dia-
mondlike structures, rather than graphitic structures, is in
accordance with the known molecular chemistries of nitro-
gen and phosphorus.® These known differences in the chem-
istries of nitrogen and phosphorus are also consistent with
the relative energies of the diamondlike structures. The
lowest-energy structure for PC is the same as the lowest-
energy diamondlike CN structure, but with the positions of
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the carbon and group 15 element swapped. In Secs. III B and
III C, we will show that the same is the case for C3N,/P3;Cy
structures. Previously published work,!! together with new
results for carbon nitride,** indicates that this is also true for
C3N/PCs. In the nitride structures, nitrogen is limited to be-
ing three coordinated, which means that carbon must occupy
the four-coordinate sites. Swapping the positions of the car-
bon and group 15 element gives structures that are low in
energy for phosphorus carbides because it satisfies the pref-
erences of phosphorus for a pyramidal geometry and carbon
for sp? hybridization.

Antisite defects in PC were briefly studied, swapping one
carbon and phosphorus per CgPg unit in the low-energy
B-InS-like and GaSe-like structures with P-P and C-C inter-
layer bonding, respectively. This yielded relatively low-
energy structures, with an energy of only 0.26 eV/f.u. (for
B-InS) and 0.20 eV/f.u. (for GaSe) higher in energy than the
corresponding lowest-energy PC structures. The bonds in the
resulting structures are strained due to the change in the
bonding arrangement. However, it is not surprising that the
structures with antisite defects are only slightly higher in
energy than the defect-free structures, since the separation of
all of the InS-like and GaSe-like structures with different
interlayer bonding is only 0.35 eV/f.u. (excluding the high-
energy B-InS-like structure with C—C interlayer bonding).

Overall, we conclude that there is a group of related struc-
tures with similar low energies for PC and, therefore, synthe-
sis of phosphorus carbide is likely to result in production of
several different structures. Structures containing sp> phos-
phorus are very unstable. The lowest energy is obtained with
sp* carbon and tetrahedral hypervalent phosphorus, provided
that the structure is relatively strain-free. For PC, structures
with three-coordinate phosphorus and sp? carbon are only
marginally higher in energy than those with hypervalent
phosphorus and sp?> carbon. In the GaSe-related and
B-InS-like structures, when hypervalent four-coordinate
phosphorus is replaced with three-coordinate phosphorus,
some C-P double bonds are introduced into the intralayer
bonds, resulting in a decrease in energy, but this is always
accompanied by a change from C-C interlayer bonding to
weaker P—P bonding, which causes the energy to increase.
For a P:C ratio of 1, there is an approximate energy balance
between these two bonding arrangements. Structures that in-
clude hypervalent phosphorus have not been previously in-
vestigated for PC, so previous results'3 have indicated that
stable phosphorus carbide structures tend to contain three-
coordinated phosphorus and four-coordinated carbon. As
shown in Secs. III B and III C, this is only so when the P:C
ratio is greater than 1.

The energy versus volume curves for the low-energy PC
structures and corresponding bulk moduli calculated by fit-
ting to the Birch-Murnaghan equation of state® are shown in
Fig. 3 and Table II, respectively. For the 2D networks (GaSe-
like structures), the bonding between the layers is governed
by dispersion interactions, which are not accounted for in
DFT. Under a negative hydrostatic stress, the interlayer sepa-
ration increases, but otherwise the structure remains essen-
tially unchanged. This is consistent with the observation that,
under a negative pressure, the energy-volume relationship is
almost flat (Fig. 3). For the B-InS-like structures, the struc-
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FIG. 3. (Color online) Energy as a function of volume for the
low-energy CP structures shown in Fig. 2 (blue solid line:
B-InS-like structures; red dashed line: GaSe-like structures;
squares: C—C interlayer bonding; circles: P-P interlayer bonding;
diamonds: C-P interlayer bonding). The lines show the fits of the
data to the Birch-Murnaghan equation of state. Energies are relative
to the lowest-energy structure.

ture broke down to form the corresponding GaSe-like struc-
tures under negative hydrostatic pressures between —15 and
—20 GPa. The pB-InS-like structures have higher bulk
moduli (~160-220 GPa) than the GaSe-like structures
(<10 GPa), as expected due to the weak interlayer bonding
in the GaSe-like structures. Structures with C-C interlayer
bonding have higher bulk moduli than those with PP inter-
layer bonding, while C—P interlayer bonding gives an inter-
mediate bulk modulus, consistent with the change in the
strength of the bonding (e.g., the introduction of relatively
strong C—C bonds). The bulk moduli of the B-InS-like struc-
tures are lower than the bulk modulus of diamond (443 GPa)
(Ref. 40) and that calculated for B-C;N, and pseudocubic
C5N, (451 and 448 GPa, respectively).! However, they are
similar to the bulk modulus of MgO or Fe (160 and 168 GPa,
respectively)**#! and it is also worth bearing in mind typical
bulk moduli for the so-called “hard” materials, such as Al,O4
(252 GPa), SiC (225 GPa), and B-Si3Ny (259 GPa).*
Investigation of the band structure of the low-energy PC
structures (with DFT and GGA) indicates that they have fi-
nite band gaps (consistent with periodic Hartree-Fock and

TABLE II. Equilibrium bulk modulus B,, volume V,,, and en-
ergy E, for the low-energy PC structures, calculated from the en-
ergy versus volume curves by a fit to the Birch-Murnaghan equation
of state (Ref. 39). Energies are relative to the lowest-energy
structure.

Ky Vo Ey
Structure (GPa) (A%/fu) (eV/fu.)
GaSe (C—C interlayer bonding) 7.5 30.7 0.18
GaSe (P-P interlayer bonding) 1.5 29.2 0.36
GaSe (C-P interlayer bonding) 1.7 32.6 0.16
B-InS (C-C interlayer bonding) 222 21.2 0.98
B-InS (P-P interlayer bonding) 157 22.8 0
B-InS (C-P interlayer bonding) 172 214 0.31
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FIG. 4. (Color online) Calculated low-energy structures for
crystalline P,Cs: (a) the pseudocubic structure with a primitive cell
containing 1 f.u., (b) the tetragonal structure based on doubling the
pseudocubic unit cell, as described in the text, (c) hexagonal defect
waurtzite structure, and (d) structure derived from B-C3Ny, but with
the positions of the carbon and group 15 element swapped with
respect to the nitride structure, as described in the text. The light
gray and the darker purple atoms are C and P, respectively, and the
black lines show the unit-cell boundaries.

B3LYP calculations in CRYSTAL06).”® The GaSe-like bilayer
1 structure exhibits a direct band gap of 1.51 eV (with
GGA), which is in excellent agreement with the previously
calculated value of 1.6 eV.!3 The other structures exhibit in-
direct band gaps. For the B-InS-like structures, C—C inter-
layer bonding gives a smaller band gap than P-P interlayer
bonding. The reverse is true for the GaSe-related structures,
with C-C interlayer bonding giving a larger band gap than
P-P interlayer bonding; it is likely that this is related to the
highly strained nature of the structure with P-P interlayer
bonding.

The Mulliken charges on the four-coordinate phosphorus
atoms (pattern 2) are significantly more positive than the
three-coordinate phosphorus (pattern 1) (1.1e versus 0.7¢).
For the structures made from alternating pattern 1 and pat-
tern 2 layers, there is a charge transfer from the pattern 1
layer to the pattern 2 layer of 0.4e per C,P, unit, indicating
that the layer with hypervalent phosphorus carries a net
negative charge and, therefore, there is a dipole perpendicu-
lar to the layers along the ¢ axis.

B. P,C;

It has been previously reported'”!® that for P,C; the
pseudocubic structure [Fig. 4(a)], based on a defect zinc-
blende structure, is lowest in energy. However, based on the
results for PC presented here, we suspected that there may be
other, closely related structures, as well as structures contain-
ing hypervalent phosphorus, that are similarly low in energy,
so a more detailed search for low-energy structures was con-
ducted.

We begin by investigating the effect of different vacancy
orderings for the possible P,C; structures considered in our
previous study.!” The unit cell of the pseudocubic structure
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investigated previously (space group P43m) contains only 1
P,C; f.u. For larger unit cells containing more than 1 fu., a
different vacancy ordering is possible,*> obtained by dou-
bling the unit cell along one cubic axis (which we specify as
the ¢ axis) and displacing the vacancies in alternate planes
along this axis by %(a+b) with respect to each other. This
gives a body-centered tetragonal structure [space group

142m, Fig. 4(b)], analogous to that of CdALS,.

The difference between the energies of this tetragonal
structure and the pseudocubic structure is negligible and they
are the most stable of all the P,C; structures that we have
considered (Table IIT). Both have P;C; six-membered rings
in chair conformations. The pseudocubic and tetragonal
structures  have C-P bond lengths of 1.86 A and
1.85-1.87 A, respectively, with C-P-C bond angles of
103.7° in the pseudocubic structure and 103.3° and 103.7° in
the tetragonal structure. The average P-C-P bond angle in
both structures is ~109.6°. These bond angles and bond
lengths are close to the known values for carbon and phos-
phorus in strain-free environments (C-P single bond length
of 1.85 A, C-P-C bond angle of ~99°, and an sp3 carbon
bond angle of 109.5°).%3

As for the defect zinc-blende structure, there are many
possible vacancy orderings for the defect wurtzite structure.
Doubling the primitive unit cell of the undefective wurtzite
structure (P,C,) in the a direction and removing one carbon
atom from the resulting P,C, unit cell produces a monoclinic
structure. Further structures can be obtained, by doubling
both the a and b directions of the unit cell of the undefective
wurtzite structure and removing two carbon atoms, produc-
ing either an orthorhombic or hexagonal structure.

The optimized hexagonal structure (P63mc) contains
three-coordinate phosphorus and four-coordinate carbon
[Fig. 4(c)], as for the defect zinc-blende structures, and has a
similarly low energy (Table IIT). The calculated bond lengths
and bond angles are similar to those in the defect zinc-blende
structures, although there are small distortions of the bond
angles, which may account for the slightly higher energy
relative to zinc blende. With the alternative vacancy order-
ings, the carbon vacancies are closer together and there are
some phosphorus atoms adjacent to both vacancies; the op-
timized structures are highly distorted and contain P—P bonds
and these are high in energy (Table III).

Various graphitic structures of P,C; have also been inves-
tigated, including both AB and ABC stackings of the graphite
sheets proposed by Teter and Hemley' [hexagonal unit cell,
Fig. 5(a)] and AA and AB stackings of the different vacancy
orderings suggested by Alves et al.** [orthorhombic unit cell,
Fig. 5(b)]. However, these graphitic structures have been
found to be relatively high in energy (higher than both the
defect zinc-blende and defect wurtzite structures, Table III).
In all cases, if the symmetry is constrained, intralayer P-P
bonds formed [Fig. 6(a)], although these are relatively long
(2.4-2.5 A, compared with ~2.2 A in elemental phos-
phorus), indicating that these bonds are weak. When all sym-
metry constraints were removed, the graphitelike sheets dis-
torted, interlayer bonds formed, and the phosphorus atoms
adopted a pyramidal geometry [Fig. 6(b)]. The energy de-
crease associated with this change is ~0.3 eV/f.u. for the
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TABLE III. Calculated symmetries, cell parameters and optimized energies (per f.u.) for different P,Cs
structures. Energies are relative to the lowest-energy structure.

Space group Energy
Structure after optimization Cell parameters (eV)
Defect Pseudocubic P43m a=b=c=4.13 A 0
Zinc blende Tetragonal 2m a=b=4.12 A, c=831 A 0.06
Structures low BP P2lm a=779 A, b=833 A, ¢=3.01 A 023
in energy for C3N4* y=119.5°
Cubic Pl a=6.40 A, b=5.80 A, c=485 A 0.29
@=97.7°, B=115.8°, y=118.0°
Defect wurtzite Hexagonal P63mc a=b=5.80 A, c=4.87 A 0.35
Orthorhombic P12 a=6.40 A, b=5.80 A, c=485 A 0.56
y=122.3°
Monoclinic Pm a=4.86 A, b=295 A, =501 A 120
B=91.8°
Graphitic® Orthorhombic, AB Cmm?2 a=6.50 A, b=5.83 A, ¢=5.10 A 1.12
Hexagonal, ABC R3m a=b=5.75 A, ¢=1123 A 1.26
Hexagonal, AB Amm?2 a=7.52 A, b=576 A, c=998 A 129
Orthorhombic, AA Pmm?2 a=3.61 A, b=570 A, c=5.02 A 143
Structures low a P3lc a=b=821 A, ¢=577 A 1.39
in energy for C3N, © 8 P3 a=b=7.70 A, ¢=3.07 A 1.88
Cubic 143d a=b=c¢=6.90 A 3.20

4Structure refers to the initial geometry prior to optimization; geometry optimization was carried out without
symmetry constraints and resulted in significant changes in geometry and symmetry.
PPositions of carbon and group 15 element interchanged relative to the C3N, structure (as discussed in text).

“Optimized with symmetry constraints applied.

structures based on the orthorhombic unit cell and
~1.2 eV/f.u. for those based on the hexagonal unit cell. The
structure based on ABC stacking of the hexagonal unit cell
transformed to a low symmetry form of the pseudocubic
structure. This behavior indicates, as for PC, that structures
with sp? hybridized phosphorus atoms are unstable.

The a-, B-, and cubic-C3N, structures, which are low in
energy for carbon nitride, are high in energy for P,Cs;, when
they are optimized with symmetry constraints (Table III). In
carbon nitride, the carbon is four coordinated and nitrogen is
three coordinated with a high C-N-C bond angle (=115°).
Phosphorus, in contrast, prefers a low C-P-C bond angle,
which is difficult to achieve in these structures without caus-
ing significant strain and distortion, hence resulting in the
high energy of these structures for C3P,. When the symmetry
constraints are released, rearrangement of the structures oc-
curs and P-P bonds form, such that all of the phosphorus
adopts a pyramidal geometry and some is four coordinated
and hypervalent. The energies in this case are significantly
lower; for the o and S phases, the optimized structures are
highly disordered, but for the cubic structure the optimized
structure is relatively strain-free and the energy is lower than
that of the hexagonal defect wurtzite structure, which con-
tains three-coordinate phosphorus and four-coordinate car-
bon (Table IIT). Similarly low energies can be achieved by
swapping the carbon and phosphorus positions in the initial
C3Ny structures, such that phosphorus is four coordinated
and carbon is three coordinated, and then substituting some

carbon for phosphorus to restore the correct stoichiometry.
This again results in structures containing four-coordinate
hypervalent phosphorus, with some P-P bonds; for the S
phase, the optimized structure is almost as low in energy as
the defect zinc-blende structures [Fig. 4(d) and Table IIT].
The low energy of phosphorus carbide structures produced
by swapping the positions of carbon and the group 15 ele-
ment relative to carbon nitride structures has already been
noted for PC and this idea will be revisited for P;C, in Sec.
oI cC.

Overall, the lowest-energy P,C; structures are those that
contain phosphorus in a pyramidal geometry, as for PC and
PC;. However, in the relatively carbon-rich materials (e.g.,
PC and PC;), the lowest-energy structures contain four-
coordinate hypervalent phosphorus and sp* carbon. More
phosphorus-rich P,C; structures with three-coordinate car-
bon and four-coordinate phosphorus must also contain a sig-
nificant number of P-P bonds, which are energetically less
favorable than P—C bonds; although the low-energy structure
for PC contains some P-P bonds, the ratio of P-P to C-P
bonds is only 1:6, whereas it would have to be greater than
1:3 for all the phosphorus to be four coordinated in P,Cs.
Thus, for P,Cs, the lowest energy is attained for structures
with three-coordinate phosphorus (and a low C-P-C bond
angle) and four-coordinate carbon, with only C-P bonding.
The pseudocubic structure meets these criteria and also al-
lows a low C-P-C bond angle and strain-free C—P bonds, thus
giving the lowest energy of all structures investigated for
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FIG. 5. Possible vacancy orderings for the P,C5 graphitic struc-
tures considered in this study: (a) hexagonal unit cell following
Teter and Hemley (Ref. 1) and (b) orthorhombic unit cell following
Alves et al. (Ref. 44). Electrons are delocalized only within the
P5C; rings in the hexagonal structure, whereas they are delocalized
across the graphitelike sheets in the orthorhombic structure.

P,C;. However, changing the vacancy ordering in the
pseudocubic structure does not significantly change the en-
ergy. Consistent with results for PC, this suggests that the
products of attempts to synthesize these materials are likely
to contain a mixture of different structures, predominantly
based on defect zinc blende, but with disordered vacancies
and low symmetry. In addition, even for this relatively
phosphorus-rich stoichiometry, there are some structures
containing hypervalent phosphorus that are only marginally
higher in energy than the lowest-energy structures containing
only three-coordinate phosphorus.

As for PC versus CN, these results show that structures
low in energy for C;N, are high in energy for P,Cs. For
example, graphitic forms for P,C; are higher in energy than
diamondlike forms, while for CsN, the graphitic structures
are lowest in energy.! Of the diamondlike structures, the
lowest-energy nitride structures are the « and S phases, with
four-coordinate carbon and three-coordinate nitrogen in a
planar geometry. In contrast, the lowest-energy structure for
P,C;, the pseudocubic structure, in which the three-
coordinate phosphorus is able to adopt a pyramidal geometry
with a low C-P-C bond angle, is high in energy for C;N,.
These differences in the relative energies of the nitrogen and
phosphorus-containing structures are consistent with the
much stronger preference of phosphorus, compared with ni-
trogen, for sp° hybridization.

PHYSICAL REVIEW B 79, 134115 (2009)

(b)

FIG. 6. (Color online) An example of the rearrangement of
bonds that occurs for graphitic P,C3 structures: bonding pattern
after optimization of the P,C; structure based on AB stacking of the
hexagonal graphite sheets proposed by Alves et al. (Ref. 44): (a)
symmetry constrained during geometry optimization and (b) no
constraints applied during geometry optimization. The light gray
and the darker purple atoms are C and P, respectively, and the black
lines show the unit-cell boundaries.

Antisite defects have been investigated by exchanging a
carbon and phosphorus within a 2X2 X2 supercell of the
lowest-energy pseudocubic (P43m) structure, followed by
reoptimization. The resulting optimized structure is only 0.17
eV higher in energy than the starting pseudocubic structure.
This antisite-pair formation energy is much lower than for
silicon carbide (3.5 eV).*> The low energy of defect forma-
tion indicates that, just as there are various P,C; structures
with different vacancies orderings with similar energies,
there may also be a range of disordered structures with simi-
lar energies for P,C;. In the defect-free pseudocubic struc-
ture, the C-P-C bond angles for the three-coordinate phos-
phorus are low. When an antisite defect is introduced, the
carbon atom in the three-coordinated site is in a highly
strained geometry, because it is difficult for it to be planar in
this structure. This suggests that it is unfavorable to have
carbon in the three-coordinate sites in the pseudocubic struc-
ture. This has implications for using this structure as a can-
didate for P;C, by interchanging carbon and phosphorus, a
point to which we return when we discuss P;C, (Sec. III C).

The calculated bulk modulus of the pseudocubic phase of
P,C;, obtained by a fit of the calculated energy versus vol-
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TABLE IV. Calculated symmetries, cell parameters, and optimized energies (per f.u.) for different P¢Cg
structures. Energies are relative to the lowest-energy structure.

Space group Energy
Structure after optimization Cell parameters (eV)
B-InS-like Pm a=2.80 A, b=33.6 A, c=6.63 A 0
B-C3N,-like? P3 a=b=7.69 A, c=5.64 A 0.10
a-C3N -like? P3 a=b=781 A, ¢=5.53 A 0.75
Cubic-C3N,-like? P1 a=6.42 A, b=6.46 A, c=6.45 A 1.17
@=92.2°
B-C3N, P R3 a=b=7.78 A, ¢=871 A 0.55
a-C3Ny P P31c a=b=821 A, ¢=577 A 0.89
Cubic-C3N, © 143d a=b=c=6.73 A 1.54
Defect wurtzite, monoclinic Pm a=4.86 A, b=5.69 A, c=7.19 A 1.70
B=106.4°
Defect wurtzite, orthorhombic P21 a=5.68 A, b=5.11 A, c=5.61 A 3.05
B=95.0°
Defect zinc blende, tetragonal 142m a=b=4.11 A, c=837 A 3.48
Defect wurtzite, hexagonal P63mc a=b=5.82 A, c=4.79 A 4.15
Defect zinc blende, pseudocubic P43m a=b=c=4.09 A 5.04
Graphitic, hexagonal AB Amm?2 a=8.70 A, b=5.70 A, ¢=10.02 A 11.12

8Structure contains one C—C bond per P¢Cg f.u.
bStructure without C—C bonds.

ume curve to the Birch-Murnaghan equation of state,* is 158
GPa. This is somewhat lower than the estimate of Ding and
Feng*® (209 GPa), but as for PC it is similar to the typical
bulk moduli for the so-called hard materials.

DFT predicts P,Cs, in the low-energy pseudocubic struc-
ture, to be metallic, in agreement with previous results.!>40
This observation has been further studied by a periodic HF
calculation, and also a DFT calculation with the B3LYP hy-
brid functional, for the optimized pseudocubic C;P, structure
with CRYSTAL06.2® Calculations at both levels give band dia-
grams that are similar in shape, but HF predicts a direct band
gap of 3.9 eV at the I" point, while B3LYP indicates metallic
behavior. It is well known*’ that local-density approximation
(LDA) and GGA calculations underestimate the band gap,
while it is usually overestimated in HF theory. Thus we are
unable at this stage to draw firm conclusions about the band
gap of C;P,. However, the small, or nonexistent, band gap
for this material, where all phosphorus is three coordinated,
is consistent with those for the B-InS-related structures for
PC, where the structure with three-coordinate phosphorus
has a smaller band gap than the structure with three-
coordinate carbon.

We have also studied the electron distribution in C-P
bonds in pseudocubic P,C5 and compared it with that in C-N
bonds of the C3N, analog. The density along C-P(N) inter-
nuclear axis shows a distinct polarization of the density to-
ward C in the C-P bond, but N in the C—N bond. This is in
accordance with the relative electronegativities of C, P, and
N, and also with the Mulliken population results for the
pseudocubic phase, with values of —0.90e for C and +0.67¢
for P. For the graphitic phase, the bond is slightly more polar
(=0.99¢ for C and +0.74¢ for P on average), as would be

expected for the more electronegative sp? hybridized carbon.
These values are similar to those noted for PC.

C. P;C,

For both PC (as discussed above) and PCs,!! the lowest-
energy structures include some C—P double bonding, and the
phosphorus atoms are four coordinated and hypervalent,
while the carbon atoms have sp? character. The opposite is
true for the low-energy P,C; structures, with phosphorus
three coordinated and carbon four coordinated. Therefore,
we have formed possible structures for the P;C, stoichiom-
etry by interchanging the positions of the P and C atoms in
the P,C; structures.

In contrast to P,Cs, the 8-C3Ny, a-C5Ny, and cubic-C3Ny
structures are all lower in energy than the pseudocubic (de-
fect zinc-blende) and defect wurtzite structures for P;C,
(Table TIV). The energy ordering within the groups of the
defect zinc-blende and defect wurtzite structures is the oppo-
site of that for P,C;. For both P,C; and P;C,, the graphitic
structures are high in energy.

These results indicate that, overall, the energy ordering of
the diamondlike structures for P;C, is the reverse of the en-
ergy ordering found in the P,C; structures. In the P,C5 struc-
tures, the three-coordinate atom (phosphorus) prefers a pyra-
midal geometry, whereas in the P;C, structures the three-
coordinate atom is carbon, which prefers a planar geometry.

In these P;C, structures, the carbon atoms are sp? hybrid-
ized while the phosphorus atoms exhibit hypervalent bond-
ing and all bonds are P-C bonds with no C—C or P-P bonds.
Thus, we expect to form a network in which the bonds have
some double-bond character, and in which the sp2 carbon
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atoms have P-C-P angles of 120° and the phosphorus atoms
are tetrahedral with C-P-C bond angles of ~109°. Any dis-
tortion of this “ideal” network will result in a higher-energy
structure. Indeed, in the lowest-energy B-C;N, structure, the
C-P bond lengths are 1.73—1.74 A, while the average P-C-P
bond angle is 120°, with C-P-C angles in the range of
107.0°-112.0° (average 109.5°). These values suggest that
this is a strain-free bonding network for P;C,. Higher-energy
structures show considerable strain, particularly around the
sp? carbon atoms. In the a-C;N, structure, the carbon sites
have average P-C-P bond angles as low as 117.5°. Thus, the
relatively high energy of the a-C;N, may be related to the
low P-C-P bond angles, while the high energy of the cubic
structure may be associated with the higher density of this
phase and, thus, the shorter nonbonded interactions, particu-
larly the C*—C?% nonbonded interactions (2.79 A in the cu-
bic phase, compared with 2.85 A in the 8 phase).

The tetragonal and pseudocubic defect zinc-blende struc-
tures, as well as the hexagonal defect wurtzite structure, all
have low P-C-P bond angles (111°—115°) and correspond-
ingly high energies. The monoclinic and orthorhombic defect
wurtzite structures are lower in energy because the bond
lengths and angles are closer to the strain-free values; C—C
bonds are present in the optimized structures.

When the positions of carbon and phosphorus atoms in
the graphitic structures are swapped relative to those in P,Cj,
the valencies of the atoms are not satisfied (the carbon atoms
are two coordinated and the phosphorus atoms are three co-
ordinated, as shown in Fig. 5 but with the carbon and phos-
phorus positions interchanged), resulting in highly unstable
structures. Indeed, these structures were found to be high in
energy when the symmetry was constrained (Table IV),
while removing the symmetry constraint led to dramatic re-
constructions.

The P;C, formula unit contains an odd number of valence
electrons (31) and the band gaps of the optimized crystal
structures reveal metallic behavior. If the formula unit is in-
stead taken as P¢Cyg, the phosphorus and carbon atoms have
30 and 32 valence electrons available for bonding, respec-
tively, which implies that structures with insulating character
can be produced if each P4Cg formula unit contains one C—C
bond.

Indeed, the two low-energy highly disordered structures
derived from the wurtzite structure include, in addition to
P-C bonding, one C-C bond per P¢Cg unit (see previous
discussion), making these structures nonmetallic. Given that
these structures are relatively low in energy, we further in-
vestigated the lowest-energy metallic structures (a-, -, and
cubic C3N,) with one C—C bond per P¢Cg unit introduced by
displacement of the carbon atoms in the initial structures. For
this formally closed-shell structure, we have considered two
possible scenarios for the a- and B-C3N, structure geom-
etries and four different reconstructions for the cubic-C;Ny
case obtained by displacing different pairs of carbon atoms.
The lowest-energy form obtained starting from each of the
three structures is shown in Fig. 7, with the C—C bonds high-
lighted.

In all three cases, the structures with one C—C bond per
P¢Cg unit are lower in energy than the structures without
carbon bonds (Fig. 8). The energy decreases associated with
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FIG. 7. (Color online) P,C ¢ unit cells for calculated structures
structure: (a) and (b) are derived from the a-C3N, structure, with
and without one C-C bond per P¢Cjg unit, respectively, (c) and (d)
are derived from the 3-C3Ny structure with and without one C-C
bond per P4Cjy unit, respectively, and (e) and (f) are derived from
the cubic-C;Ny structure, with and without one C—C bond per P¢Cg
unit, respectively. The light gray and the darker purple atoms are C
and P, respectively, and the black lines show the unit-cell bound-
aries. Carbon atoms involved in the C—C bonds are shown in
yellow.
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FIG. 8. (Color online) Energy per P4Cg formula unit as a func-
tion of volume for the three lowest-energy crystal structures for
P3C, shown in Fig. 7 [structures are derived from B-C3N, (red
circles), a-C3Ny (blue squares), and cubic C3N, (green diamonds)].
Solid line: original structures without C—C bonds; dashed line:
structures with 1 C—C bond per PsCg unit. The lines show the fit of
the data to the Birch-Murnaghan equation of state (Ref. 39). Ener-
gies are relative to the lowest-energy structure.
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FIG. 9. (Color online) B-InS-like structure for P;Cy. (a) Struc-
tural motif for a single layer and (b) optimized structure. The light
gray and the darker purple atoms are C and P, respectively, and the
black lines show the unit-cell boundaries.

introducing a C—C bond in the structure are 0.14, 0.45, and
0.37 eV per Cg4P¢ formula unit for the a-, 8-, and cubic-C;Ny
structures, respectively. The «-C;Ny-related structure with a
C-C bond shows significant distortion from the ideal C
sp3-bonding environment and the P-C-P bond angle for sp?
carbon

(~117.0°) is even lower than in the structure without C-C
bonds (~117.5°), indicating that the C-C bond introduces
considerable strain. Structures derived from S- and
cubic-C3N, with C—C bonds are less strained and the energy
decrease accompanying the introduction of the C—C bond is
larger for both of these than for a-C;N, (Fig. 8).

We have seen that the lowest-energy structure for both PC
and PC; is a B-InS-like structure with sp? carbon, four-
coordinate hypervalent phosphorus, and P-P bonding. This
structure can be easily modified to a range of stoichiometries
by changing the sp? carbon concentration. Therefore, it was
thought that there may be a related structure that is low in
energy for P;C,. This was indeed found to be so, and a
B-InS-related structure (Fig. 9) is the lowest-energy structure
we have found for P;C, (Table IV). This is a relatively
strain-free structure, with an average P-C-P bond angle of
119.9°, average C-P-C/C-P-P bond angle of 109.3°-109.4°,
P-P interlayer bond lengths of 2.22-2.23 A and intralayer
C-P bond lengths of 1.70—1.72 108, indicating double-bond
character.

The bulk modulus, calculated from the energy versus vol-
ume curves (Fig. 8), is 236, 213, and 234 GPa for the a-, -,
and cubic-C;N,-like phases (for the low-energy structures
that contain C—C bonds), respectively. These are the highest
bulk moduli for any of the structures investigated in this
work. The bulk modulus of the B-InS-like structure, the
lowest-energy structure that we have found for P;Cy, is 126
GPa.

PHYSICAL REVIEW B 79, 134115 (2009)

Band structures have also been investigated briefly. As we
have seen, structures without C—C bonds are metallic. When
the valencies are satisfied by including one C-C bond per
P¢Cg formula unit for the a-, 8-, and cubic-C;N, structures,
the energy is lower and insulating behavior is predicted. The
band gap for the lowest-energy B-C;N, structure is 2.0 eV
with GGA and 3.0 eV with B3LYP. This indirect band gap is
larger than that calculated for more phosphorus-rich stoichi-
ometries, suggesting that increasing carbon content corre-
sponds to an increased band gap. These results, together with
the results for the B-InS-like structures of PC, also suggest
that the presence of hypervalent phosphorus corresponds to a
larger band gap relative to structures with three-coordinate
phosphorus, although further data are required to confirm
this trend.

D. Discussion: Properties of P,C, and general trends

1. Thermodynamic stability and cohesive energy

Formation energies have been calculated for the different
stoichiometries from black phosphorus and graphite and are
shown in Fig. 10(a). The structures are grouped into three
families: graphitelike structures (sp> carbon and phosphorus)
and pseudocubiclike structures (sp* carbon and phosphorus),
produced as discussed in previous publications,'®!® as well
as B-InS-like structures (sp® hypervalent phosphorus and sp?
carbon) with P-P interlayer bonds and varying amounts of
three-coordinate carbon between the phosphorus atoms. Data
from previous publications'™!® are included for additional
stoichiometries (PC3, P4C11, P4C19, P4C27, and P4C35). The
values for carbon (graphite) and phosphorus (black) used to
calculate these formation energies were —-156.17 and
—180.82 eV per atom, respectively.

It was noted previously'® that the pseudocubiclike struc-
tures become more stable than graphitelike structures at a
phosphorus mole fraction of ~0.4. However, with the inclu-
sion here of the B-InS-related structures, it can be seen that
these structures become more stable than the graphiticlike
structures at a lower phosphorus mole fraction of ~0.2. They
are more stable than the pseudocubiclike structures for all
compositions up to a phosphorus mole fraction of 0.5, above
which construction of SB-InS-like structures is not possible
due to the inclusion of a large number of weak P—P bonds.
There is a maximum in the formation energy of phosphorus
carbide at a phosphorus atomic fraction of ~0.3.

The energetic favorability of structures containing hyper-
valent phosphorus depends on the phosphorus content. For
PC, structures with hypervalent four-coordinate phosphorus
are approximately equal in energy to those with three-
coordinate phosphorus. When the P:C ratio is greater than 1,
the inclusion of hypervalent phosphorus will necessitate for-
mation of a significant number of P—P bonds, making hyper-
valent phosphorus unfavorable in this case; thus, the lowest-
energy structures at a phosphorus mole fraction >0.5 are
pseudocubiclike structures with three-coordinate phosphorus.
However, for a P:C ratio of less than 1, the presence of
hypervalent phosphorus will be favorable. Thus, for a phos-
phorus mole fraction <0.5 (and >0.2), B-InS-like structures
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FIG. 10. (Color online) (a) Energy of formation as a function of
phosphorus content for P,C,. The solid lines are parabolic fits to the
data points and serve to guide the eye. (b) Cohesive energy for C
(diamond), P (black P), and the most stable calculated P,C, struc-
tures; the dotted line connects the points for elemental C and P,
while the solid line is a parabolic fit to the data points and serves to
guide the eye.

with hypervalent phosphorus and sp?, rather than sp3, hy-
bridized carbon are lowest in energy.

These results indicate that it is possible to group together
structures with different compositions based on the local
bonding of carbon and phosphorus and then analyze trends in
the energies of these different groups of structures as a func-
tion of composition. This provides a systematic understand-
ing of the preferred local environments of both carbon and
phosphorus as a function of composition, from which it is
possible to predict, for any composition, the preferred bond-
ing environments for phosphorus and carbon and, hence,
structures that are likely to be low in energy.

Figure 10(b) shows that the cohesive energies for all P,C,
lie above the line connecting the values for pure P and pure
C, indicating that all compositions are thermodynamically
unstable with respect to the elements. Nevertheless, it may
be possible to produce P,C, if the products are under kinetic
control. In addition, significant density differences between
the reactant elements and the products should be able to be
exploited for the purposes of synthesis. For example, the

PHYSICAL REVIEW B 79, 134115 (2009)

volume of PC in the B-InS-like structure is 22.6 A3/f.u.,
compared with 9.23 A3 per atom for graphite (2.2 g/cm?)
(Ref. 48) and 20.6 A3 per atom for black phosphorus
(2.69 g/cm®).*® We estimate AV for the formation of PC
from graphite and black phosphorus to be ~5.6 A%/f.u. and
thus that the formation of PC is thermodynamically favor-
able at an applied pressure of ~10 GPa (ignoring entropic
contributions). The use of phosphorus as a catalyst for high-
temperature/high-pressure transformation of graphite to dia-
mond has been reported.**>° The diamond grown in this pro-
cess was blue in color, attributed to the phosphorus contained
in the diamond crystal. Our results indicate that high-
pressure synthesis may well be a possible route to crystalline
phosphorus carbide.

2. Bulk modulus

In general, the bulk modulus of phosphorus carbide in-
creases as the ratio of the number of four-coordinated atoms
to three-coordinated atoms increases, the carbon content in-
creases, and also as C—C bonds are introduced. In the
pseudocubic structure for P,Cs, the carbon is four coordi-
nated and the phosphorus is three coordinated, so the ratio of
four-coordinate to three-coordinate atoms is 0.75. In the
B-InS-like structure for PC, the ratio of four-coordinated to
three-coordinated atoms is 1. In P;C,4, in the a-, B-, and
cubic-C;Ny-like phases, all of the phosphorus and one car-
bon atom per P;C, unit are four coordinated, so the ratio of
four coordinated to three-coordinated atoms is 1.33. In ac-
cordance with these observations as well as the carbon con-
tent, these structures in order of increasing bulk modulus are
P,C; <PC<P;C,. However, there is no simple linear depen-
dence between bulk modulus and the ratio of the number of
four-coordinated to three-coordinated atoms, but it also de-
pends on the local environment of carbon and phosphorus.
For example, the bulk modulus of pseudocubic P,C5 is simi-
lar to that of PC in the B-InS-like structure with P—P inter-
layer bonds, despite having a lower ratio of four-coordinated
to three-coordinated atoms and a lower carbon content.
There is some double-bonding character in the PC structure,
while there are only P-C single bonds in P,Cs, and the car-
bon atoms are sp? rather than sp* hybridized, but there are
also relatively weak P-P bonds. For PC, the bulk modulus
increases as the P—P interlayer bonds are replaced with P-C
bonds and increases further with C—C interlayer bonds; in all
cases, the ratio of four-coordinated to three-coordinated at-
oms and the carbon content are the same. Finally, the bulk
modulus of P;C, in the a-, B-, and cubic-C;Ny-like phases is
approximately the same as that of PC with C—C interlayer
bonds, despite having a higher ratio of four-coordinated to
three-coordinated atoms and a higher carbon content; three
out of four carbon atoms are sp” hybridized in the P;C,
structures (all carbon atoms are sp hybridized in the PC
structure with C-C interlayer bonds), but there are signifi-
cantly fewer C-C bonds. The bulk modulus of the
B-InS-related structure for P;C, is low (only ~126 GPa),
despite having a relatively high carbon content, consistent
with the low ratio of four-coordinate to three-coordinate at-
oms (0.43). This structure also contains relatively weak P-P
bonds. These results are in accordance with a similar asser-
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tion of Mattesini and Matar®!' for the C,N, system that the
bulk modulus of C, N, is higher than C3N,, showing an
increase in bulk modulus as the ratio of the number of four-
coordinate atoms to three-coordinate atoms increases and as
C—C bonds are introduced into the structure.

IV. CONCLUSIONS

Crystalline structures have been predicted for a range of
phosphorus carbide stoichiometries. The trends in preferred
local environments for phosphorus and carbon as a function
of composition have been analyzed, making it possible to
predict, for any composition, the most likely bonding envi-
ronments that will be found in low-energy structures. When
the phosphorus atomic fraction is >0.2, the structures with
the lowest energies are always those that allow phosphorus
to adopt a pyramidal geometry. When the phosphorus con-
tent is relatively high (e.g., P,C3), a combination of three-
coordinate phosphorus and four-coordinate carbon is the
most favorable arrangement, since this provides a structure
that contains only C—P bonds. Thus, for P,Cs, the lowest-
energy structures are defect zinc blende, although the energy
is relatively insensitive to the vacancy ordering. As the car-
bon content is increased, the lowest-energy structures are
those that contain hypervalent four-coordinated phosphorus
and sp2 carbon, since with an increased carbon content this
can be achieved without the necessity for the structure to
contain a significant number of energetically unfavorable
P-P bonds. Thus, for PC, PC;, and P;C,, the lowest-energy
structures are related to B-InS and contain sp? carbon and
hypervalent four-coordinate phosphorus.

For all phosphorus carbide stoichiometries except P;C,,
there is a set of related low-energy structures that are all
close in energy. Attempts to synthesize phosphorus carbide
are likely to result in production of a mixture of structures.
All structures studied have positive formation energies with
respect to the elements at ambient pressure, but these are
predicted to decrease markedly at relatively modest pres-
sures. The stoichiometries with the lowest formation energies
are PC and very carbon-rich graphitic structures (with phos-
phorus atomic fractions <0.15).

PHYSICAL REVIEW B 79, 134115 (2009)

The solid-state chemistry of P,C, is markedly different
from the C,N, analogs. The low-energy structures for C5N,
(e.g., - and B-C;N,) are high in energy for P,C; because
the planar geometry adopted by nitrogen in these structures
is energetically unfavorable for phosphorus. Similarly, the
pseudocubic structure, high in energy for C3Ny, is the most
stable for P,C;. Additionally, graphitic structures, lowest in
energy for carbon nitride, have high energies for phosphorus
carbide (except for structures that are very rich in carbon'®)
because a planar geometry and low coordination is unstable
for phosphorus. Of the diamond-related structures, the struc-
tures lowest in energy for phosphorus carbide are often the
same as the low-energy structures of carbon nitride, but with
the positions of the carbon and group 15 element inter-
changed. This is the case for CN/PC, C3;N,/P;C,, and
C3N/PCs.

We have briefly examined the bulk modulus and band
gaps of the lowest-energy structures. The bulk modulus gen-
erally increases as the ratio of the number of four-
coordinated atoms to three-coordinated atoms increases, but
it also depends on the local bonding environments. The band
gap increases as the carbon content increases and is higher
for structures with four-coordinate hypervalent phosphorus,
relative to structures with three-coordinate phosphorus.
These results suggest that at least some compositions and
structures of phosphorus carbide may have useful electronic
properties, such as wide-band-gap semiconductivity. We
hope that our comprehensive study of P,C, structures will
encourage and assist in the synthesis of these potentially use-
ful materials.
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