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Crystal structures and decomposing of
B-P compounds under pressure*
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We have systematically studied the structures, electronic properties, and lattice dynamics of B—P compounds at high
pressures. BP and BgP are found to be thermodynamically stable below 100 GPa, and other stoichiometries are decompos-
able under pressure. The predicted structures of F-43m BP and R-3m BgP are in good agreement with the experimental
results by comparing the powder diffraction file (PDF) standard cards with our simulated x-ray diffractions. The bonding
properties of BP and BgP have also been analyzed by electronic localization functions, charge density difference, and Bader
charge analysis. Our results show that BP and BgP decompose into B and P under high pressure, which is proven to be
dominated by the volumes of them. Furthermore, the infrared and Raman spectra of F-43m and R-3m are investigated at
selected pressures and will provide useful information for future experimental studies about B-P compounds.
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1. Introduction

In the past few decades, the study of binary compounds
under high pressure has attracted significant attention from sci-
entists and researchers thanks to their potential excellent prop-
erties, such as high-temperature superconductivity, extreme
hardness, and antimetallization.!!-8! Boride has been widely
studied and applied in recent years. The cubic boron nitride
(c-BN) shows excellent hardness, which is considered to be a
promising superhard material in both technological and indus-
trial applications.!”) A superconducting (SC) critical tempera-
ture 7; of 39 K has been observed in MgB,.!!%! Additionally,
Fe,;B consisting of 99.97 wt% pure iron was found to pro-
vide excellent hardness and fracture toughness.!'!! Titanium
diboride has been applied in many fields due to some interest-
ing properties, such as high melting point, excellent electrical
conductivity, and thermal conductivity.!'?!

Boron is a fascinating and complex element with only
three valence electrons in the valence orbital, which is more
likely to lose electrons and then become a common cation. In
a room environment, pure boron and most of its compounds
can be classified as insulators and semiconductors. Pressure
can remarkably change the physical properties of materials
and induce some unexpected and interesting physical phenom-
ena. In the last few years, B has been widely investigated and
was proposed to possess several fascinating structures, such as
a-Byy (space group R-3m), 3-Bag (space group Pnnm), and
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13.14] The phase of ®-Bi, icosa-

a-Ga (space group Cmca).l
hedron is close to 3-Bjgg in terms of energy at ambient con-
ditions, and becomes most competitive with pressure increas-
ing until a more stable structure y-B,g (28 atoms in the unit
cell) emerges at 19 GPa.l' The Y-Bog structure contains By,
icosahedron and B pairs, which can be considered as “an-
ions” and “cations”, respectively.!!*] A denser a-Ga phase of
poor metallicity appears at 89 GPa and undergoes pressure-
induced metal—insulator transitions above 300 GPa. More-
over, this phase is predicted to be superconductor with 7. value
of 6 K at 175 GPa.['3! Phosphorus, which has five valence
electrons per atom, shows a fascinating structural phase tran-
sition under pressure and exhibits some unique phases. Un-
der ambient conditions, black P with Cmca phase appears as
a semiconductor structure and transforms into a semimetallic
phase (R-3m) at 4.5 GPa. The R-3m phase undergoes a struc-
tural transition to a metallic SC phase (space group Pm3m) at
10 GPa and it is stable until 107 GPa.['®!7] Recently, super-
conductivity in the SC phase has been widely explored, and 7;
value reaches 4.5-13 K under high pressure; however, the de-
pendence of T, on pressure remains controversial.!'$1°1 Then
P transforms into the simple hexagonal phase of P6/mmm
at 132 GPa via an incommensurate modulation Crmmm,20-221
and at higher pressure, another Im-3m phase becomes the
most stable structure.!??! These interesting properties of B
and P have aroused strong curiosity about exploring boron—
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phosphorous under high pressure.

In recent decades, BP and B¢P have been investigated
theoretically and experimentally. BP with F-43m structure
can be synthesized experimentally from ambient environ-
ment to 110 GPa.[>3l A recent theoretical study predicted
that the zinc-blende structure transforms into rocksalt struc-
ture at 142 GPa.?*! The other theoretical result shows that the
zincblende transforms to the nickel arsenide at 133.26 GPa,
and then transforms to rocksalt at 211.99 GPa.[*>! However,
Zhang et al. reported that F-43m structure transforms to novel
C2/c structure at about 113 GPa and then changes to P4,/mnm
above 208 GPa.[2%1 As for BgP, a recent experiment on Raman
about B¢P shows that the R-3m structure transforms to a dis-
torted structure at 80 GPa.!?”! In this work, we use the evolu-
tionary local random structural prediction method along with
first-principles calculations to investigate structures and prop-
erties of B-P compounds in the pressure range of 0-200 GPa.
Only BP and B¢P compounds are thermodynamically stable
under high pressures. Electronic properties, electronic band
structures, bonding patterns, and dynamical stability of F-
43m BP and R-3m BgP are systematically investigated. Based
on the experimental x-ray diffractions and theoretical simu-
lations, we have proved the correctness of the structures we
proposed. The infrared (IR) and Raman spectroscopies will
provide reliable data for future scientific research about B—P
compounds. Meanwhile, the decomposing mechanism of BP
and BgP is deeply analyzed.

2. Calculation methods

The structure prediction for B-P compounds at high pres-
sures is performed by the in-house developed evolutional lo-
cal random (ELocR) code.[2839 The fully structural relax-
ation, electronic band structures, electronic localization func-
tions (ELF), charge density difference, and Bader charge anal-
ysis are carried out by the Vienna ab initio simulation package
(VASP).3!1 We choose the Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation (GGA) for the exchange—
correlation function. The projector augmented wave (PAW)
method is selected, s’p! and s?p’ are considered as valence
electrons for B and P, respectively. The plane-wave cutoff en-
ergy of 950 eV is adopted to ensure the convergence of total
energy calculations. The electronic self-consistent calculation
is stopped until the energy convergence is less than 107° eV.

Phonon calculations are carried out by a finite displace-
ment approach through the Phonopy code.*?! The zero-point
energy (ZPE) is obtained by

1
Ezpe = 5 ) haogy, ey
2%

where v indicates a phonon branch at wave vector q .

The Raman and IR spectra are calculated by Cambridge
serial total energy package (CASTEP) code.*3] We use the
PBE and GGA for the exchange—correlation function with
norm-conserving pseudopotentials in the code, and the Bril-
louin zone sampling grid with a spacing of 27x0.03 A~

To ensure the accuracy of our calculation, we have tested
the convergence of energy cut-off and grid density, as shown
in Fig. S1 in the Supplementary Material. The energy reaches
convergence when the cut-off energy and grid density are
950 eV and 27x0.03 A~! (i.e., the grid size of 16x16x16
in the BP at 50 GPa in Fig. S1), respectively.

3. Results and discussions

Variable-composition structure searches for a variety of
B-P stoichiometries are explored in the pressure range of 0—
200 GPa. Whether these structures of different stoichiometries
are thermodynamically stable depends on their formation en-
thalpies. The formation enthalpies AHy is determined by the
equation

AHz (B.Py) = [H (B.Py) —xH (B) —yH (P)] / (x+y), (2)

where AHr is the formation enthalpy per atom, and H is the
calculated enthalpy per chemical unit for each compound. The
AH; values of B-P compounds with respect to solid B and P
are shown in Fig. 1. BP and B¢P are thermodynamically stable
below 100 GPa, while other stoichiometries lie above the de-
composition line in the whole pressure range, indicating their
thermodynamic instability.
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Fig. 1. Calculated formation enthalpies of B-P system with respect to
B and P at selected pressures. Solid symbols (solid lines) represent the
thermodynamically stable stoichiometries at corresponding pressures,
and the open symbols (dashed lines) represent metastable ones.

The enthalpy—pressure curves of BP and BgP are calcu-
lated in the range of 0-200 GPa. According to the enthalpy
curves in Fig. 2(a), the cubic F-43m phase (Fig. 3(a)) is the
most stable structure below 85 GPa. And the predicted phase
is in good agreement with previous theoretical and experi-
mental results.3*-36] Tn a recent theoretical study, C2/m BP
is proposed a stable metallic phase with a superconducting
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critical temperature of 9.4 K-11.5 K at 113 GPa.!*®! Unfor-
tunately, C2/m BP would be decomposed into B and P above
85 GPa based on our calculation of formation enthalpies. The
enthalpy—pressure curves of several possible candidate struc-
tures of B¢P have also been explored. As shown in Fig. 2(b),
the trigonal structure of R-3m (Fig. 3(b)) which is proposed
by Guo et al,*") is stable below 81.4 GPa. The boron icosa-
hedron is discovered in the R-3m structure and connects with
P atoms. In the icosahedron, three B atoms are located in the
upper part, three B atoms are in the lower part, and the other
six equivalent B atoms form the middle part. The structural
information for F-43m and R-3m phases are summarized in
Table S1. Using the radiational wavelengths of 1.542 A and
1.789 A, the x-ray diffraction (XRD) patterns of the predicted
BP and BgP are simulated and compared with powder diffrac-
tion file (PDF) standard card at ambient pressure. As shown in
Fig. S2, the calculated XRD patterns agree well with the PDF
standard card.
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Fig. 2. Calculated enthalpies per atom as a function of pressure. The
formation enthalpies of (a) BP and (b) BgP are shown relative to the
decomposition to B+-P and 6B+P, respectively.

Fig. 3. Crystal structures of (a) F-43m BP and (b) R-3m BgP at 40 GPa.
Purple and green spheres depict P and B atoms, respectively.

The properties of decomposing B—P compounds were then ex-
plored by analyzing the formation enthalpies. The different
enthalpy curves of BgP, BP+5B, and 6B+P at 0-200 GPa are
displayed in Fig. 4. BgP is thermodynamically unstable and
decomposes into BP and B mixtures above 81.4 GPa, and BP
completely becomes B and P mixtures at 85 GPa. Generally,
BP and BgP are thermodynamically stable in lower pressure
range, and decompose into B and P at higher pressures. It is
necessary to consider the ZPE in B—P compounds due to the
lighter elements of B.[38! Considering the ZPEs of BP, B¢P, B,
and P with the harmonic approximation, the shift of decompo-
sition pressure to lower pressures can be found in Fig. S3, i.e.,
from 85 GPa to 82.8 GPa for BP and 81.4 GPa to 80.1 GPa for
BgP, respectively.
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Fig. 4. The formation enthalpies of B¢P and BP+5B relative to the de-
composition to 6B+P in the pressure range of 0-200 GPa. The inset
exhibits AH in the 50-100 GPa.

We then analyze the structural decomposing of BP and
BgP under high pressures. Enthalpy has two parts: the prod-
uct of pressure and volume PV, and the internal energy U. The
following formulas are adopted to quantify the difference of V
and U of BP and BgP relative to the decomposition products
B and P:

PAV(B.P) =PIV (B.P)—xV (B)—V(P),  (3)
AU (B,P) = [U (B,P) —xU (B) — U(P)], )

where x is 1 for BP and 6 for BgP. The calculated information
about decomposing of B—P compounds is shown in Figs. 5(a)
and 5(b). Meanwhile, the pressure dependence of crystal vol-
umes in BP, B¢P, B, and P is displayed in Figs. 5(c) and 5(d).
The volume change can be quantified by

AVgp =V (BP) -V (B) -V (P), &)
AVi,p =V (BgP) — 6V (B) — V (P). ©6)

As shown in Fig. 5 and Table 1, both BP and B¢P are ther-
modynamically stable below 14.4 GPa and 8.2 GPa, respec-
tively. And the volumes of them are much smaller than that
of the decomposition products of B and P. Although the vol-
umes of BP and B¢P decrease as the pressure increases, the
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AVgp and AVpp rise gradually and play a more important role
on stability than that in lower pressure range. At the inter-
section points—i.e., 14.4 GPa and 8.2 GPa in Figs. 5(c) and
5(d)—the compounds of BP and B¢P have the same volume
as the decomposition products of B and P. However, the com-
pounds of BP and B¢P are more stable than the decomposition
products of B and P because the internal energy contributes
more to thermodynamic stability than that of volume. After
the intersection points of pressures, the contribution of volume
gradually increases; meanwhile, the contribution from internal
energy decreases with pressure, see Table 1. Two competing
aspects of internal energy and volume are in equilibrium at the
pressures of 85 GPa for BP and 81.4 GPa for B4P, respectively,
and the decompositions from the compounds to B and P will
occur at the same pressures. Above equilibrium pressure, the

contribution from the volume is greater than that of internal
energy and results in the decompositions of compounds of BP
and B¢P, as shown in Table 1 and Fig. 5.

Meeting the mechanical stability is a fundamental con-
dition for a stable crystal structure, and the elastic constant
matrix should be positive depending on Boron—Huang me-
chanical stability.[*”! The calculated elastic constant matrix C; j
of BP and BgP at selected pressures are listed in Table S2.
For cubic structure of F-43m BP, it satisfies these inequali-
ties: Ci1 > 0, Cy4 > 0, Cqy >‘C|2 , and Cy1 +2Cy2 > 0, in-
dicating the mechanical stable property.!*’! For R-3m BgP,

it also satisfies the inequalities: Cy4 > 0, C1; >|Cj2|, and

(C11 +2C12)C33 > 2C123. Therefore, the F-43m BP and R-3m

BgP are mechanically stable at corresponding pressures. 0]

Table 1. The calculated contributions of AU and PAV to thermodynamic stability of BP and B¢P at different pressures.

0 GPa 20 GPa 40 GPa 60 GPa 80 GPa 100 GPa
BP (AU) 100.0% 80.0% 67.5% 58.5% 51.7% 46.3%

BP (PAV) 0.0% 20.0% 32.5% 41.5% 48.3% 53.7%
BeP (AU) 100.0% 79.6% 66.9% 57.9% 51.1% 46.1%
BeP (PAV) 0% 20.4% 33.1% 42.1% 48.9% 53.9%
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Fig. 5. The calculated product of pressure and volume PV and the internal energy U of BP and B¢P with respect to B and P as a function
of pressure. (a) The PAV and AU of BP; (b) the PAV and AU of B¢P; (c) and (d) the calculated volume per BP and BgP with respect to the

decomposition to B4+P and 6B+P at corresponding pressures.

We have also evaluated the hardness of BP and BgP with
the equation
H, =2 (sz)O.sss Y )

where k indicates a Pugh’s modulus ratio, and can be ex-

pressed as k = G/B.[4!]
The hardness of BgP is 42.3 GPa at ambient pressure,
and it is a potential superhard material with H, higher than

40 GPa. For BP, which is the same group boride as the c-BN,
it is also crystallized in cubic crystal; however, the H, of BP
is 36.1 GPa, which is smaller than the value of 40.9 GPa in
c-BN. The calculated Pugh’s ratios of BP and c-BN are 0.99
and 0.79, and the G values are 162.28 for BP and 315 for c-
BN, #?! respectively. The difference of Hy is attributed to the
shear modulus G.

To determine the dynamical stability of the crystal struc-
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ture, we have calculated the phonon band structure and pro-
jected phonon density of states (PHDOS) of BP and BgP at
selected pressures, as shown in Fig. 6. At 0 GPa and 40 GPa,
both structures demonstrate their dynamical stability with-
out negative frequency in the entire Brillouin zone. From
Figs. 6(a) and 6(b), we can see that the low frequency modes
mainly come from the vibrations of P atoms, and the higher
frequency modes are mainly associated with B atoms due to
the heavier atomic mass of P than that of B. Due to the higher
content of atoms of B than that of P in the unit cell of R-3m
B¢P, the contribution to vibration modes mainly comes from
B atoms (Figs. 6(c) and 6(d)). With the pressure increasing,
the phonon modes tend to harden in both F'-43m BP and R-3m
BgP.

Raman spectra, which provide important information in
the research of crystal structures and bonding properties, are
simulated and compared with experimental results for BP and
B¢P. For R-3m BgP phase, the Raman active frequency of our
theoretical calculation is in good agreement with previous ex-
perimental result at 0 GPa.?”) With the pressure increasing,
BgP shows an expected phenomenon of a hardening of al-
most all the Raman modes, and a Raman mode ascending to
a very high frequency of 1438.83 cm~! at 80 GPa. There is

0 0.10.2
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& 20F
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g | 1
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0 —P
w L G X WK PDOS/THz
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&= —B
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no Raman mode below 200 cm™!?7! till the decomposition
of BgP compound. For the F-43m BP, there is only a Ra-

man mode of 781.30 cm™!

at atmospheric pressure, which
is slightly lower than 794 cm™! and 823 cm~! by Vladimir
et al.l'% The relationship between Raman mode and pres-
sure is depicted in Fig. S4. The Raman peak of F-43m phase
tends to a higher frequency due to the shrinkage of B—P bond
as the pressure increases. Our calculation is consistent with
Vladimir’s experimental result on the evolution of Raman shift
with pressures.!'® Furthermore, the vibrational modes of IR
and Raman on the phases of F-43m BP and R-3m B¢P can be
classified by the irreducible representation of the point groups
Ty and D34, as shown in Table S3. There are two atoms in
the primitive cell of the F-43m structure; therefore, six vibra-
tional modes are produced including three optical modes 3T,
which are third-degree degeneration. So I'gpic = 3T2, and T
mode is both IR active and Raman active. In R-3m phase,
there are 14 atoms in the primitive cell, and therefore, there
are 42 vibrational modes including 39 optical modes, arrived
at l"opﬁc =2A 10 +4A5 + 12E, + 14Eg + 5A1g + 2A2g. The
Ay, and E, modes are IR active; E; and A, modes are Raman
active; Ajy and Ay, are silent; Ey and E, are second-degree

degeneration.
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Fig. 6. Phonon dispersions and projected phonon density of states for (a) F-43m BP at 0 GPa, (b) F-43m BP at 40 GPa, (c) R-3m BgP at 0 GPa,

and (d) R-3m BgP at 40 GPa.

In the meantime, the electronic properties of BP and BgP
are calculated. The band structures of BP and B¢P near Fermi
energy at high pressure are shown in Fig. S5. Obviously, BP
and BgP are indirect bandgap semiconductors, with the feature
that the maximum value of the valence band and the minimum
value of conduction band are not on the same high symmetry
point. The electron localization function and charge density

difference are calculated to investigate the bonding character-

istics and distribution of electrons in B—P compounds. The
ELF of 1 represents electron complete localization, the ELF of
0.5 reflects the probable electron-gas-like pairs, and the value
of 0 expresses non-electron localization. Figures S6(a) and
S6(b) disclose three dimensional ELFs for F-43m BP and R-
3m BgP at 40 GPa with an isosurface value of 0.75, respec-
tively. Apparently, a large number of valence electrons accu-

mulate in the interstitial regions of both crystals. According to
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Figs. S6(c) and S6(d), the valence electrons are localized be-
tween B and P atoms, indicating that B and P have strong co-
valent interaction for F-43m phase. Meanwhile, valence elec-
trons are found to localize between the neighbouring B atoms
and P atoms in R-3m. In R-3m phase, there are two kinds of
B-B bonds, one is located on the boron icosahedra surface (B—
B!) and the other connects the icosahedra (B—B2). The ELF
value of B-B! bond reaches 0.84, which is much smaller than
the value of 0.97 of the B-B2 bond. In addition, the ELF val-
ues of the B-P and P—P bond are 0.96 and 0.93, respectively.
The value of ELF around the outside of boron icosahedra is
much larger than that on the surface of boron icosahedra. The
relationship between the ELF values and pressure for all bonds
of B—P compounds is shown in Table S4. Additionally, in the
F-43m structure at 0 GPa, Bader charge analysis discloses the
charge transfer from B to P. Due to the variety of bonds in
R-3m BgP, the result based on Bader charge analysis becomes
complex. Although the total charge transfer from B to P can
be found in R-3m phase, the transfers of B—B and P—P are
also observed here, as shown in Table S5.

4. Conclusion

In summary, we have executed systematic searching for
crystal structures of B—P system in the pressure range of 0—
200 GPa by utilizing evolutionary structure searches. Two
stoichiometries of BP and BgP are discovered to be thermo-
dynamically stable below 85 GPa and 81.4 GPa, respectively.
The electronic energy band structures demonstrate that both
BP and B¢P are indirect bandgap semiconductors at corre-
sponding pressure interval. The analyses of ELF display the
complicated bonding characteristic of BP and B¢P. With fur-
ther investigation of IR and Raman spectra of BP and B¢P, we
have observed that BP and B¢P express a phenomenon with
a hardening of all the Raman modes. Accurate vibrational
modes are helpful in further experimental study about inter-
esting phenomena of B—P compounds at high pressures. The
analyses of decomposing mechanism of BP and BgP show that
the decomposing of BP and BgP is dominated by the volumes
of B, P, and corresponding B-P compounds. Less-packed BP
and BgP would be more likely to be thermodynamically un-
stable under high pressure. In addition, our conclusions will
provide a great push to research to explore the structures and
properties of other borides.
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