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The electronic and the optical properties of the cubic zinc-blende (ZB) BeS under high pressure have been in-

vestigated by using ab initio plane-wave pseudopotential density functional theory method in the generalised gradient

approximation (GGA) for exchange-correlation interaction. The electronic band structure and the pressure dependence

of the total and partial densities of state under pressure are successfully described. Our calculations show that the ZB

BeS has large and indirect band gaps associated with (I" — X) transitions in ambient conditions. The results obtained

are consistent with the experimental data available and other calculations. The optical properties, including dielectric

function, energy-loss function, complex refractive index, reflection and absorption spectra, are investigated and analysed

at different external pressures. The results suggest that the optical absorption appears mostly in the ultra-violet region

and the curve of refractive index shift toward high energies (blue shift) with pressure increasing.
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1. Introduction

Recently, the wide band-gap II-VI compounds
have received considerable attention because of their
possible applications in optoelectronic devices.[!=14]
Among the II-VI semiconducting AX compounds (A
= Be, Mg, Ca, Sr, Ba; X = O, S, Se, Te), the
beryllium chalcogenides BeX (X = O, S, Se, Te)
have a much high degree of covalent binding, and
are characterised by their small ionic radius ratios as
compared with other wide-gap II-VI semiconductors.
They may be applied to blue—green laser diodes and
laser-emitting diodes, and they can be grown on vari-
ous substrates by molecular beam epitaxy (MBE).[!3]
It is found that these compounds are partially ionic
semiconductors with large and indirect band gaps
(I' = X).

As a semiconductor compound, the zinc-blend
(ZB) BeS in an ambient condition has a high value
of the bulk modulus, which leads hardness and sta-

bility to increase. These interesting properties make

them potential materials used in the optoelectronic

devices. Recently, several investigations were made

on BeS. Kalpana et al['!] investigated the structural
and electronic properties of BeX (X = O, S, Se, Te)
compounds by using the tight-binding linear muffin-
tin orbitals method (TB-LMTO). Benosman et al,?!
Okoye,'?! El Hadj Hassen and Akbarzedeh['?) re-
ported on the electronic and the optical properties of
these compounds. In addition, Rached et all*¥ ob-
tained the ground state properties and the structural
phase transformation of these BeX compounds by us-
ing the full-potential linear muffin-tin orbital method
(FP-LMTO). More recently, Chang et al®! investi-
gated the elastic and thermodynamic properties of the
ZB BeS under high pressures and temperatures.
Presently, many calculations of the band struc-
tures have been reported for these compounds in am-
bient condition, but there are few reports on the band
structures of BeX under high pressure. Especially, to
our knowledge, there is no study of the effect of pres-
sure on their optical properties. Therefore, the aim
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of this work is to give a detailed description of the
behaviour of electronic and optical properties of the
ZB BeS under high pressure. In Section 2, we outline
the theoretical framework within which all the calcu-
lations have been performed, a detailed description
and analysis of our results are displayed in Section 3.
Finally, a conclusion of the present study is given in
Section 4.

2. Theoretical method

In the electronic structure calculations, the
non-local ultrasoft pseudopotentials introduced by
Vanderbilt[!9] have been employed for all the ion-
electron interactions, together with generalised gra-
dient approximation (GGA) for exchange-correlation
functional in the scheme of Perdew—Bueke-Ernzerhof
(PBE).[*] Pseudo-atom calculations are performed for
S 3523p* and Be 2s2. The self-consistent convergence
of the total energy is 5.0x10~¢ eV/atom. To confirm
the convergence of our calculations, we carefully in-
vestigate the dependences of the total energy on the
cutoff energy and the k-point set mesh according to
the Monkhorst—Pack grid. Considering the compu-
tational cost, a plane-wave basis set with an energy
cut-off of 450 eV is applied, and an 8x8x8& k-point
Monkhorst—Pack mesh is used for the Brillouin-zone
(BZ) k-point sampling. It is found that these param-
eters are sufficient for leading to well converged total
energy.

For the calculation of the optical properties, an
appropriate number of k-points in the Brillouin zone
(BZ) are required when the optical matrix elements
are calculated. Hence, the Brillouin zone integration
is performed by using the tetrahedron method with
many points more than k-points in the irreducible part
of the Brillouin zone without broadening. Thus, to in-
vestigate the properties accurately, sufficiently dense
k-meshes, which consist of 6x6x6 k-meshes for the ZB
BeS, are used. The non-local ultrasoft pseudopoten-
tials introduced by Vanderbilt['5! are adopted all the
same. Meanwhile, the number of conduction bands,
which determines the energy range covered and the
accuracy of the Kramers—Kronig transform, is also
In the
present study, in addition to the occupied bands, 12

an important parameter in the calculation.

empty bands are included, and the electronic struc-
ture and optical properties are all studied by using the
Cambridge Serial Total Energy Package (CASTEP)

code.[17:18]

3. Results and discussion

3.1. Electronic structures of ZB BeS un-
der pressure

BeS is a cubic crystal with space group F4-3M,
where Be atom occupies the 4a (0, 0, 0) site and S
atom occupies the 4c (0.25, 0.25, 0.25) site. Firstly,
we set a series of different values of lattice constants a
to calculate the total energy E and the corresponding
primitive cell volume V for the ZB BeS at 0 GPa and
0 K, and then fit the calculated E-V data to the nat-
ural strain equation of state (EOS).['”) We obtained
the pressure dependence of lattice constants at 0 K.
The equilibrium lattice constant a (4.888 A, 1 A =
0.1 nm), bulk modulus By (90.04 GPa) and its pres-
sure derivative B() (3.7365) are in satisfactory agree-
ment with the experimental data and other theoretical
results.[38-11:20 On the basis of these results, we fur-
ther extend our investigation to the electronic band
structures and the total density of states (TDOS)
along various symmetry lines at 0 GPa and 100 GPa
separately. The results obtained are shown in Fig.1,
where the top of the valence band is taken as zero
energy level. The different symmetry points consid-
ered in the BZ are W (from (0.5, 0.25, 0.75) to (0.5,
0.5, 0.5)), I' (from (0.0, 0.0, 0.0) to (0.5, 0.0, 0.5)),
X (from (0.5, 0.0, 0.5) to (0.5, 0.25, 0.75)), K (from
(0.5, 0.5, 0.5) to (0.375, 0.375, 0.75)) and L (from
(0.5, 0.5, 0.5) to (0.0, 0.0, 0.0)). The overall band
profiles are in good agreement with other theoretical
results.[1:2:20-23] From Figs.1(a) and 1(b), we can see
that the top of valence band (VB) is at I'-symmetry
point and the bottom of conduction band (CB) is at
X-symmetry point, which suggests that the ZB BeS
has an indirect gap occurring between I" and X points.
Figure 1(a) shows that at 0 GPa, the indirect band
gap (I''sy — X1¢) occurs at 3.23 eV, and the min-
imum direct gap (I'15v — [1¢) occurs at 5.514 eV.
The direct and the indirect band gaps together with
other theoretical results are present in Table 1. In ad-
dition, by comparing the TDOS diagram of Fig.1(a)
with that of Fig.1(b), we can find that the TDOS at
the edges of the band gap becomes small with pres-
sure increasing, and the valence band of the ZB BeS
shifts upwards while the conduction shifts downwards.
The peaks descend with the pressure increasing but
the bandwidths become broad, which implies that the
electrons in those states are active under pressure.
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Fig.1. Curves for band structure and total density of states (TDOS) for the ZB BeS at 0 K for (a) 0 GPa and (b)
100 GPa.
Table 1. Important features of band structures for ZB BeS at 0 K and 0 GPa.
minimum gaps/eV
indirect direct valence band width/eV
present work 3.23 (I'sy — X1¢) 5514 (I'sy — I'e) 13.395
GGAll 3.11 (I'sy — X1¢) 551 (Isy — o)
FP-LAPWE  2.847(I'sy — X10)  5.503 (I'isy — o) 13.80766
LDA[20] 2.75 (I'sy — X10) 5.51 (I'sy — I'c) 14.07
LDA[23] 2.816 (I'sy — X1c) 5.397 (I'sy — o)
opw/(24] 4.17 (I'sy — X1¢)
APWI[25] 6.10 (at 0 K)
expt.[26] > 5.5
\
It is not difficult to find that our results at for the ZB BeS at different pressures. It is clear

0 K and 0 GPa are very close to those obtained by
Yim et al,2% Yadav et alll and Benosman,? who
performed their calculations by means of the self-
consistent full-potential linear-augmented-plane wave
method (FP-LAPW) in the local-spin density approx-
imation (LSDA) and a self-consistent manner by using
the ABINIT code in the generalized gradient approx-
imation (GGA). The valence bandwidth is equal to
13.395 eV, which is in very good agreement with the
value obtained by Yim et al.?®) From the TDOS dia-
gram, we can see that the TDOS at the edges of the
band gap is small, the minimum density of the states
occurs at —11.653 eV, which is similar to those in ear-
lier studies.["? The large peak at 6.716 ¢V comes pri-
marily from the onset of the second conduction band
at the point L.

To investigate the effects of pressure on the elec-
tronic structure for the ZB BeS, we also investigate the
band structures, the total density of states (TDOS)
and the partial densities of states (PDOS) at 0 GPa
and 100 GPa, separately. In Table 2, we present
the main band gaps and the valence band widths

that the indirect gaps (I'15v — X1¢) and (Lsy — X1¢)
and the direct gaps (I'sy — I'¢) decrease with pres-
sure increasing from 0 to 100 GPa, while the indirect
gap (I'1s5y — Li¢) increases with pressure increasing
except from 60 GPa to 100 GPa.
(Lsy — Lic) increases with the pressure except at
80 GPa, the direct gap (X5 — Xi¢) increases with
pressure increasing, but at 60 GPa and 80 GPa the

The direct gap

gaps are almost the same. Namely, the prominent di-
rect gaps (I'15v — I'¢) and indirect gaps (I'5y — X1¢)
decrease with pressure increasing. Moreover, the va-
lence bandwidth is generally enhanced as pressure in-
creases from 0 to 100 GPa.
above, it is found that there is an abnormal phe-

From the description

nomenon at about 60 GPa.

The partial density of states (PDOS) of the ZB
BeS at 0 GPa and 100 GPa have been plotted in
Figs.2(a) and 2(b), respectively, where the Fermi level
It is seen that at 0 GPa the
peaks of PDOS decrease and extend to flat, which
suggests that large hole effective masses and some un-

is set to be 0 point.

usual transport properties may be expected for the
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Table 2. Main band gaps (eV), valence band widths (eV) for the ZB BeS at different

pressures (GPa).

P
energy gaps
0 20 40 60 80 100
L3y — Lic 6.40 7.245 7.544 7.656 7.595 7.613
direct gaps I'sy — I'e 5.514 5.413 5.207 5.063 4.899 4.671
Xsv — Xic 5.864 5.928 6.113 6.267 6.268 6.420
I'sy — Lic 5.381 5.99 6.195 6.02 5.825 5.689
indirect gaps I'1s5v — Xi¢ 3.230 2.748 2.521 2.233 1.884 1.636
L3y — X1¢ 4.249 4.003 3.87 3.869 3.654 3.560
valence band widths 13.395 14.654 15478 16.414 16.918 17.654
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Fig.2. Curves for partial density of states (PDOS) of ZB BeS for Be-2s, S-3p, and S-3s at 0 K for (a) 0 GPa

and (b) 100 GPa.

p-type semiconductor. For the PDOS at 100 GPa, it
is found that the peaks of Be 2s and S 3p increase and
extend to high energies, but the S 3s decreases. This
can be understood as that the S 3p and the Be 2s elec-
trons in those states are active under pressure because
of the increasing of overlap between the bonds and the
changed hybridization. In addition, the valence band
is mainly composed of p electron while the conduction
band is composed of the hybrid s and p electrons.

3.2. Optical properties of ZB BeS under
pressure

To further understand the ZB BeS under pres-
sure, we also investigate the optical properties,
which include many physical parameters, such as
the frequency-dependent complex dielectric constant
€ (w), the electron energy loss function L(w), the re-
fractive index n (w), the absorption coefficient I (w),
the reflectivity coefficient R, the extinction coefficient

k (w), the optical conductivity o, and so on. All of

these parameters are connected with each other and
can be derived from the real part £; (w) and the imag-
inary part eo(w) of the dielectric function, which is
known to describe the optical response of the medium
at all photon energies F = hw, by using the formalism
of Ehrenreich and Cohen.27 All the optical constants
obtained are shown in Fig.3. Furthermore, the imagi-
nary part e (w) in the long wavelength limit has been
obtained directly from the electronic structure calcu-
lation, also it can be obtained from the momentum
matrix elements between the occupied and the unoc-
cupied wave functions within the selection rules, to-
gether with the Kramer—Kronig relationship.

In Fig.3(a), we display the dielectric function
curves for the photon energy ranging from 0 eV to
30 eV at 0 GPa and 100 GPa separately. It can be
seen that in a high-energy area (frequency larger than
20 V), the values of the imaginary part are very small,
while the real part changes very little for the ZB BeS.
In real part curve at 0 GPa, there is an obvious peak at
5.808 eV, it is due to the direct interband transitions
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Fig.3. Optical properties of the ZB BeS. The instrumental smearing for Gaussian broadening is specified by an

identical value 0.5. Panel (a) is for dielectric function, panel (b) for loss function, panel (c) for reflectivity, and panel

(d) for absorption spectra.

which originate from the top of the valence band at the
L-point to the lowest conduction band. Subsequently,
a sharp reduction comes. However, the highest peak
in real part curve decreases with pressure increasing.
For the imaginary part of the dielectric function, there
also exists such a similar descent, that is, the highest
peak in imaginary part curve also decreases with pres-
sure increasing. Many direct or indirect transitions
may be found in the band structure with an energy
corresponding to the same peak. Thus, the peak in
imaginary part e2(w) does not correspond to a single
interband transition. The electron energy-loss func-
tion L(w), which is an important factor describing the
energy loss of a fast electron traversing in the mate-
rial, is displayed in Fig.3(b) for the ZB BeS at 0 GPa
and 100 GPa. It can be seen that the prominent peak
of L (w) decreases and shifts towards the high ener-
gies with pressure increasing, and it corresponds to
the trailing edges of the reflection spectra shown in
Fig.3(c) when the reflectivity reduces sharply. A com-
parison between Fig.3(c) and Fig.3(d) indicates that
the relationships corresponding to reflection and ab-
sorption spectra are similar to each other. That means
if a kind of material can absorb light in some range

strongly, it can also effectively reflect the light in the
same range. The absorption spectrum has an absorp-
tion band in a low energy range, and the strong optical
absorption appears mostly in the ultra-violet region
which corresponds to the interband transitions. How-
ever, the absorption decreases with the photon energy
in a high energy range, where the electron is hard to
respond.

Finally, we study the influence of pressure on the
complex refractive index among optical properties for
the ZB BeS. In Fig.4, both the real and the imaginary
parts of complex refractive index at different pressures
are illustrated. It is clearly seen that in a high-energy
area, where the frequency of photons is correspond-
ing to the energy larger than 20 eV, the values of the
imaginary part are very small, while the values of the
real part change very little for the ZB BeS. This means
that the absorption of the high frequency electromag-
netic wave is very weak and the refractive index is
almost constant in the high frequency area. In a low
energy area, where the photon energy is less than 5 eV,
the imaginary part is almost zero and the real part is
almost constant, which suggests that the optical ab-
sorption appears mostly in the ultra-violet region, and
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there are sharp peaks in the low energy area at about
6.948 eV and 8.6 eV, separately. By comparison, it
can be seen that the pressure has little effect on the
shape of the refractive index curve, but the positions
of the peaks shift toward higher energies as shown by
the arrows in Fig.4.

6.0 5 — 0 GPa
4.5+ i Re part  -_. 20 gPa
~~~~~ 40 GPa

%0 3.0 L8 Bly, 0 - 60 GPa
g --=- 80 GPa
B o15r 0 owy
<]
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~
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Frequency/eV

Fig.4. Curves for refractive index of ZB BeS at different
external pressures.

4. Conclusions

We use the ab initio plane-wave pseudopoten-
tial density functional theory method in the gener-
alized gradient approximation (GGA) for exchange-
correlation interaction to study the structure, the elec-
tronic and the optical properties of ZB BeS. Our re-
sults are in good agreement with the available experi-
mental data and other theoretical results. An indirect
band gap induced by the (I" — X) transition is pre-
sented, with its value being 3.230 eV. The band cal-
culations are comparable to available measurements
very well. In addition, we reveal different behaviours
of TDOS and PDOS of the ZB BeS under high pres-
sure. The obtained optical parameters, including the
dielectric constant, the electron energy loss function,
the refractive and the absorption indexes, suggest that
the strong absorption spectrum appears mostly in
the ultra-violet region, and the optical absorption de-
creases with photon energy in the high energy range.
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