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Infrared and Raman spectra of S-BC,N from first principles calculations
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We present the study on the infrared and nonresonant Raman spectra of S-BC,N within the framework of ab
initio pseudopotential density functional perturbation theory in a four-atom orthorhombic unit cell. The Raman
tensors are calculated from the second-order response of the electronic density matrix with respect to a uniform
electric field. Comparison between experiments and calculations for cubic BN is presented to test our method
in reproducing all the measured features quantitatively. The LO/TO splitting is well imposed by adding the
nonanalytical part deduced from the Born effective charge and macroscopic dielectric constant. Finally, dif-
ferent Raman experiment configurations for S-BC,N are discussed.
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Much interest has been paid to the boron-carbon-nitrogen
(B-C-N) compounds, since the theoretical studies showed
that B-C;N; should have a hardness comparable to
diamond.! With excellent mechanical performances®> and
electronic properties,> the B-C-N compounds may lead to
many potential applications. Among these compounds, the
cubic phases have gained special attention, because they are
expected to be stabler than diamond in chemistry and ther-
mology, and harder than cubic BN (c-BN). Some cubic BCN
materials have been successfully synthesized*> since the re-
port by Badzian.® On the other hand, density functional
theory (DFT) has been extensively used to study the struc-
tural, electronic, mechanical, and linear optical properties of
the B-C-N compounds.’"!° Infrared (IR) and Raman spec-
troscopies are two standard, sensitive and widely used tech-
niques in materials science to detect the occurrence of new
phases or structural changes. Although some IR and Raman
studies of the B-C-N compounds have been reported,'!
theoretical prediction of IR and Raman spectra is still of
great importance and interesting.

Raman peak position can be predicted by the first-order
response, because it depends on the frequency w of the op-
tical phonon at the Brillouin-zone center (I' point).'3!# Peak
intensity of the nonresonant Stokes Raman spectrum can be
calculated under the Placzek approximation as [
x|é;Aé*w  (u+1), where u=[exp(hw/kgT)—1]""."5 Here
¢;(é,) is the polarization of the incident (scattered) radiation,
T the temperature and A the Raman susceptibility tensor with
the elements A;;. A;; can be computed from various ways,
including the second derivative of the electronic density
matrix,' the finite differences of the dielectric tensor,'® and
the dynamical autocorrelation functions of the polarizability
tensor in a molecular dynamics run.!” Here we follow the
first approach based on the well-known 2n+ 1 theorem. Most
of calculations are performed with PWSCF code!® within the
framework of ab initio pseudopotential density functional
perturbation theory (DFPT).!>!* Norm-conserving pseudopo-
tentials with generalized gradient approximation (GGA) in
Troullier-Martins type are employed. Nonlinear core correc-
tion (NLCC)' is used, since GGA pseudopotentials with
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Perdew-Burke-Ernzerhof (PBE) parametrization are utilized
for exchange correlation. It is well known that, there is no
direct relationship between GGA and NLCC. Because the
gradient-corrected functionals tend to be ill-behaved when
p(r)— 0 at large or small r, which may lead to the instability
in the generation procedure for pseudopotentials or the oc-
currence of an unpleasant “spike” at r— 0 in pseudopoten-
tials. Such a problem can be avoided with the core
correction.?? In our calculations, all the structures are relaxed
before the calculation of the total energy. A 75 Ry plane
wave cutoff energy and 8 X 8 X 8 Monkhorst-Pack mesh of
points in the Brillouin-zone integration are used. The esti-
mated energy error in self-consistency is less than
1078 (a.u.). The relaxations are performed until the total en-
ergy changes less than 10~ (a.u.) between two consecutive
self-consistent-field (SCF) steps and all the components of
forces are smaller than 107> (a.u.).

To test our method, we investigated the IR and Raman
spectra of c-BN. We first calculated the optimized cell pa-
rameters, macroscopic dielectric constant £, Born effective
charge Z" and optical phonon modes w (at I' point) for c-BN,
as listed in Table I. It can be found that the cell parameters
from GGA are larger than those from LDA, and our GGA
results are much closer to the measured values* than our
LDA ones and other theoretical results.”?! Because of the
cubic symmetry, the three principal values of Z* and &£ are
identical and can be described by one single scalar. Our cal-
culation values, Z°=1.90 and £*=4.56, are in good agree-
ment with those reported values of Z"=1.89 (Ref. 24) and
=1.93, and £*=4.54 (Refs. 24 and 25) and 4.50,% respec-
tively.

For the Raman modes, as well known, the LO mode is
different from the TO mode that the dipole moment origi-
nated from the former could induce a macroscopic electric
field parallel to the wave vector, which results in the TO/LO
splitting.'>23 The splitting depends mainly on Z* and &, and
can be determined by adding a nonanalytical part into the
dynamical matrix.'? To give the further evidence, we make a
comparison between our calculated IR and Raman spectra
and the experimental results for c-BN, as depicted in Fig. 1.
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TABLE 1. Optimized cell parameters, macroscopic dielectric
constant £*, Born effective charge tensor Z and optical phonon
modes w for c-BN, compared with the calculated and experimental
values in the literature.

a (A) e” A » (cm™)
GGA 3.612 4.56 1.90 (1033, 1270)

3.5962 4544 1.894 (1062,1295)4
LDA 3.548 451 1.86 (1099, 1326)

3.572P 1.93¢ 1040,1285)°
Expt. 3.617° 4.50f 1056, 1304)

1055,1304)8

(
(
(
(1056,1303)"

4Reference 21.
PReference 7.

‘Reference 4.

dReference 24.
®Reference 25.
fReference 26.
gReference 22.
hReference 27.

Our IR transmittance (Expt-1) measured from a commercial
¢-BN sample (fineness number 80-100) dispersed in KBr
slice, an absorption valley at ~1058 cm~! is observed, the
sharp spikes above 1400 cm™' may come from the water
vapor or the other noises. Another result (Expt-2) measured
from the c-BN thin film in Ref. 11 has a strong absorption
valley at ~1065 cm~'. Our Raman measurement excited by
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FIG. 1. (Color online) Calculated IR and Raman spectra of

¢-BN, experimental results are also plotted for comparison (Expt-1
is by ourselves and Expt-2 is from Refs. 11 and 22).
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FIG. 2. (Color online) Structure of B-BC,N, the redefined
orthorhombic unit cell is shown by the thick lines while thin dash
lines represent the conventional cell.

the 488 nm Ar™ laser line shows the TO and LO modes to be
at 1056 and 1304 cm™' (Expt-1), respectively, which are in
well agreement with 1055 and 1304 cm™' (Expt-2) of the
Raman experiment excited by the 244 nm laser line.?> Our
calculated modes are at 1033 and 1270 cm™" with GGA, and
at 1099 and 1326 cm™! with LDA. Such differences originate
mainly from the different lattice constants and bond lengths
optimized by the two kinds of pseudopotentials. The Raman
intensities calculated from GGA are stronger than those from
LDA, but the relative magnitudes are almost unchange that
agrees with both experimental measurements.

We now devote to the first-principles calculations of the
IR and Raman spectra for 8-BC,N, which is expected to be
the most stable one among the seven topologically different
phases for cubic BC,N.”%2! We know that the cubic BC,N
structures including the B phase were predicted from the
zinc-blende ¢-BN with eight-atoms cell, by replacing two B
atoms and two N atoms by C atoms. It become monoclinic
after relaxation. Therefore 8-BC,N is in general defined as a
monoclinic cell composed of eight atoms (as shown by the
thin dashed lines in Fig. 2) in the previous works.”$2! In this
monoclinic cell, the bond angle 8 have only a very small
deviation from right angle. (8=90.63° from our GGA, S
=90.54° from our LDA and =89.32° in Ref. 21.) We find
that it is more proper to define the lattice with a four-atoms
orthorhombic unit cell (as shown by the thick solid lines in
Fig. 2) when the symmetry restriction (Pmm?2) is imposed in
the process of optimizing the structure. This four-atoms
orthorhombic cell is the simplest cell with the least atoms,
which is more convenient in calculations. Moreover, we also
check that the total energy per formula for these two kinds of
lattices are very close (—49.5168 Ry/formula for the four at-
oms cell and —49.5144 Ry/formula for the eight-atoms cell).

For B-BC,N, the optimized cell parameters for the eight-
atoms and four-atoms cells calculated with GGA and LDA
are listed in Table II, together with some other theoretical
and experimental results. Our results are close to the previ-
ous theoretical prediction.?! The lattice constants from GGA
are larger than that from LDA. Because it is difficult to ob-
tain a pure sample, the experimental values in Refs. 4 and 5
from cubic BC,N or Cy5(BN)ys are not exact for
B-BC,N phase. However, those measured values are still
close to our results.
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TABLE II. Optimized cell parameters for S-BC,N, compared
with the calculated and experimental results in the literature (values
measured in Refs. 4 and 5 are for cubic BC,N, but not pure 8
-BC,N).

GGA LDA

Mono a=c=3.595, b=3.631 a=c=3.532, b=3.570
(a=y=90°, 8=90.63°) (a=y=90°, B=90.54°)
Orth  a=2.556, b=2.528, c=3.631 a=2.510, b=2.486, c=3.570

(@=B=y=90") (@=B=y=90")
Calc.? a=b=3.579, c=3.612

(a@=B=90°,y=89.32°)
Calc.b a=3.577

(¢=89.38", B=y=90.62")
Expt.© a=3.602
Expt.d a=3.642

4Reference 21.
PReference 7.
“Reference 4.
dReference 5.

As shown in Table III, for the four-atoms unit cell, the
macroscopic dielectric constant &, and the Born effective

charge Z,, are indeed diagonal tensors. The principal

TABLE III. Calculated macroscopic dielectric constant, Born
effective charge and optical phonon modes for 8-BC,N with GGA.
The irreducible representations are also listed. I and R denotes the
IR- and Raman-active modes (cm™!), respectively.

Eorth [5.98 0.00 0.00
0.00 5.37 0.00
[0.00 0.00 5.76

P [5.68 0.00 -0.30

0.00 5.75 0.00
1—0.30 0.00 5.68

[1.12 0.00 0.00] [-1.30 0.00 0.00 ]
0.00 1.37 0.00||0.00 -0.94 0.00
10.00 0.00 1.53Jg[ 0.00 000 -1.14]c

[1.79 0.00 0.00] [-1.53 0.00 0.00 ]
0.00 0.98 0.00|]0.00 -1.41 0.00
10.00 0.00 1.16)c[ 0.00 0.00 -1.55]y

Zpono 123 0.00 0.12] [-1.15 0.00 0.19 ]
0.00 1.53 0.00(|0.00 -1.14 0.00
[0.12 0.00 1.23 5[ 0.19  0.00 -1.15]c

[1.39 000 -0.397[-1.47 0.00 0.08
0.00 1.16 0.00 0.00 -1.55 0.00
1-0.39 0.00 1.39 |c[ 0.08 0.00 -1.47 ]y

Oorth 660(B,,R/1), 705(B,,R/I), 740(B,,R/I),
945(B,,R/1), 1055(A,,R/1), 1147(A,,R/1),
1203(B;,R/1), 1219(B,,R/1), 1245(A,,R/I)
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FIG. 3. (Color online) Calculated IR transmittance spectrum (a)
and Raman spectra in three different configurations for S-BC,N.

elements of &2, are [5.98, 5.37, 5.76], and those of Z,
for the four nonequivalent atoms (B, C, C, and N) are
[1.12, 1.37, 1.53], [-1.30,-0.94,-1.14], [1.79, 0.98, 1.16],
and [-1.53,-1.41,-1.55], respectively. For the eight-atoms
cell, however, e and Z,  are symmetric tensors with
nonzero nondiagonal elements, due to the monoclinic lattice.
After performing the diagonalization for & and Z,  we
find that the diagonalized tensors are almost the same as €,
and Z, ., respectively. This is also an evidence that the sim-
plification from the eight-atoms cell to the four-atoms cell is
reasonable.

Inasmuch as the orthorhombic unit cell of 8-BC,N con-
taining four atoms, there should be 12 phonon modes at I'
point, including three acoustic modes and nine optical
modes. By the symmetry analysis for the structure of ortho-
rhombic B-BC,N (Pmm2, C,,, Z=1) and with the aid of the
table of irreducible representations,’® the nine optical modes
at I" point (34,+3B;+3B,) are simultaneously IR and Ra-
man active, as listed in Table III. The six TO modes are at
660, 705, 740, 945, 1203, and 1219 cm™'. The three LO
modes are at 1055, 1147, and 1245 cm™!, they are located at
1028, 1141, and 1181 cm™ before imposing the LO/TO
splitting, respectively.

To give an intuitive picture, we calculated the IR trans-
mittance for the orthorhombic unit cell of 8-BC;N, as shown
in Fig. 3(a). It can be found that there are four strong absorp-
tion modes (at 660, 1203, 1219, and 1245 cm™), two rela-
tively weak absorption modes (at 945 and 1055 cm™), two
very weak absorption modes (at 740 and 1147 cm™') and the
absorption mode at 705 cm™! is too weak to be observed. To
observe all nine Raman modes experimentally, we also pre-
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sented the Raman spectra for three typically experimental
configurations below, respectively, as plotted in Fig. 3(b).
(i) The x(zx)y configuration. For the incident radiation,

its wave vector is along the x axis (12,:[1,0,0]) and its
polarization is in the z direction (é;=[0,0,1]). For the
scattered radiation, its wave vector is in the y direction
(IQS:[O,l,O]) and its polarization is parallel to the x axis
(é,=[1,0,0]). Due to the requirement of the moment conser-
vation, the phonon vector should be in the direction of
é —[1/\2 —1/42,0]. The five Raman modes could be de-
tected at 660, 705, 740, 1203, and 1245 cm™'. However, the
Raman modes at 705 and 740 cm™! are too weak.

(ii) The x(zy)z configuration. We have 12,:[1,0,0],
¢,=[0,0,1], k,=[0,0,1], and é,=[0,1,0]. The phonon pro-
vides the exchanged ~momentum, which  means
é _[1/\,2 0 —1/\2] We find three Raman modes at 705
945 and 1219 cm™!, respectively; the mode at 1219 cm™! is
very weak.

(iii) The x(zz)y configuration. In this case, there are

k=[1,0,0], k£,=[0,1,0], and e—e ,=[0,0,1]. The momen-
tum of phonon should be é,=[1/ \2,-1/42,0]. There should
be three Raman modes, in Wthh two Raman peaks at 1055
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and 1203 cm™! are strong, the residual at 1147 cm™' is too
weak to be distinguished.

In summary, we study the IR and Raman spectra of
B-BC,N with a four-atoms orthorhombic unit cell. Symme-
try analysis shows that all the optical phonon modes at the
Brillouin zone center are both IR and Raman active. Macro-
scopic dielectric tensors and Born effective charge tensors
for the four-atoms orthorhombic and eight-atoms monoclinic
cells are studied and found to be very similar, showing that
our simplification is viable. The present results are based on
the ordered structure of B-BC,N. In experiment, however,
most ternary B-C-N samples prepared by the high-pressure
and high-temperature method are powder or tiny crystals
composed by many different kinds of phases. For the fact
that the single crystalline 8-BC,N is difficult to synthesize,
one should be very careful to compare our results directly
with experimental values.
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