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In this study, we investigate the electronic and optical properties of rare gas solids Kr and Ar in de-
tail using the first principle calculation. A full potential linearized augmented plane wave method has
been employed in conjunction with the Tran Blaha modified Becke-Johnson potential plus local density
approximation and the generalized gradient approximation exchange correlation potentials. We have
found that the studied rare gas solids have insulator nature with large gap energy of order of 10.523 eV
and 13.673 eV for Kr and Ar, respectively. The obtained electronic results are in good agreement
with the available experimental and theoretical data. The optical properties, including the reflectiv-
ity R(w), the absorption coeflicient a(w), the energy loss function L(w), the refractive index n(w) and
the extinction coefficient k(w) are deduced from real and imaginary parts of the calculated dielectric
function within the modified Becke—Johnson plus local density approximation and generalized gradient
approximation exchange correlation potentials. We have found a direct band gap for the two rare gas
solids, good refractive index, large absorption band between 10 and 20 eV. This is the first quantitative
theoretical prediction of the optical properties for the two rare gas solids that requires experimental

confirmation. The obtained results can be exploited for the application in optoelectronics.
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1. Introduction

In the last few years, a great attention of scien-
tific researchers has been attracted to investigate
theoretically and experimentally the physical prop-
erties of atomic clusters and their industrial ap-
plications in optoelectronics, lithography, medicine,
lasers, chemical inert atmosphere, used also to make
excimer lasers, when doping with fluorine, used
in microlithography and micro fabrication of inte-
grated circuits, argon lasers, laser pumping, and
laser surgery. The rare gas clusters are also used
as a source of energetic particles when they are ir-
radiated by intense femtosecond lasers [1, 2].

Theoretical studies have become fundamental in
the development of new materials and new devices
for industrial applications. Several groups have in-
vestigated experimentally and theoretically optical
spectra and electronic properties of rare gas solids,
employing a variety of approximations [3-5]. Their
importance lies in the simplicity of their crystal
structure. Their energy gap are underestimated
by local density approximation (LDA) and over-
estimated with generalized gradient approximation
(GGA) in comparison with the experimental values.
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The electronic structure calculations in solids are
done using the Kohn-Sham equations with the lo-
cal density approximation LDA or GGA for the ex-
change correlation energy and potential. The main
reason is that these approximations yield to an ac-
curate result which helps to interpret experimental
results [6-10|. However, modified Becke—Johnson
(mBJ) method is employed to correct the band gap
and evaluate the density of state [11]. This parame-
terizations yields band gap in good agreement with
experiments. The rare gas solids Kr and Ar have
a large energy gap and a face centred cubic (fcc)
structure. For their importance in industrial appli-
cations, we study the electronic and optical proper-
ties of these rare gas solids to clarify their physical
properties.

In this paper, we use the Tran—Blaha mod-
ified Becke-Johnson (TB-mBJ) exchange poten-
tial [6, 12] with LDA and GGA exchange correla-
tion potentials to investigate the electronic and op-
tical properties of rare gas solids Kr and Ar using
the full potential linearized augmented plane wave
method (FP-LAPW) [13] implemented in Wien2k
code [14, 15]. The paper is organized as follows:
The calculation method and the computational
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Fig. 1. Crystal structures of rare gas solids: (a)
Kr and (b) Ar.

details are briefly described in Sect. 2. The results
and discussion of electronic and optical properties
and the comparison with available experimental and
theoretical results are presented in Sect. 3. Finally,
conclusion is given in Sect. 4.

2. Computational method

In the present calculation, the electronic struc-
ture and optical properties of rare gas solids Kr
and Ar are studied. The exchange correlation
contribution is described within the TB-mBJ ex-
change potential plus LDA and GGA(96) based on
the Perdew—Burke-Ernzerhof (GGA-PBE) [10] ex-
change correlation potentials. The energy separa-
tion between the valence and core states is —7.0 Ry.
The valence wave function inside the muffin-tin
spheres are expanded in terms of spherical harmon-
ics to I = 10. We set the R,,;Kax to 8, where
R,,.; is the smallest atomic muffin-tin sphere radius
and K.y is the magnitude of the largest K-vector.
The charge density and the potential were Fourier
expanded up to Gpax = 12 Ry%. The crystal struc-
tures of rare gas solids Kr and Ar are shown in
Fig. 1la, b. Special k-points were taken in the ir-
reducible Brillouin zone (IBZ). For optical calcu-
lation, dens meshes are used to take account of
the weak transitions.

We perform our study using the FP-LAPW
method  within  density  functional theory
(DFT) [8, 16-19] as implemented in Wien2k
package that has been proved to yield reliable
results for electronic, optical, and structural prop-
erties of various solids [14, 20-25]. We use TB-mBJ
approximation [6, 26] as the exchange potential
plus LDA and GGA-PBE(96) exchange correlation
potentials to do calculation. The self consistent
calculations are considered to be converged when
the difference in the total energy of the crystal is
less than 0.0001 Ry.

3. Results and discussion

3.1. Electronic properties

In order to study the electronic properties, cal-
culated band structure of rare gas solids Ar and
Kr clusters are represented in Fig. 2a, b. One can
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Fig. 2. Calculated band structures of rare gas
solids (a) Kr and (b) Ar by using TB-mBJ approx-
imation plus LDA exchange correlation potential.

TABLE I

The band gap energies for solid rare gas Kr and
Ar rare gas solids obtained in the present work
are compared with experimental and theoretical re-
sults. The approaches, ie., TB-mBJ(LDA), TB-
mBJ(GGA(96)), E5*®, considered in this work pro-
vide to the same final results.

Kr Ar
this work 10.523 13.673
11.59 [3] at 30 K | 14.15 [3] at 7T K
experimental 11.396 [27] 13.804 [27]
11.6 [6] 14.20 [6, 29]
theoretical 10.83 [6] 13.91 [6]
13.1 [28]

see there the insulator behavior of the two clusters.
The maximum of the valence band and minimum of
the conduction band are situated at the same high
symmetry I' point, indicating that the two rare gas
solids have a direct band gap.

The band gap of rare gas solids Kr and Ar
calculated with TB-mBJ (LDA) and TB-mBJ
(GGA(96)) are summarized in Table I, and com-
pared with experimental and theoretical results. To
obtain the average values in this work we applied
the following formula:

Kavg = % (XTB-mBI(LDA) + XTB-mBI(GGA(96))) -

(1)
It can be seen from Table I that the wval-
ues obtained within TB-mBJ(LDA) are in good
agreement with previous theoretical results calcu-
lated within mBJ(LDA) [6]. These results are
in good agreement with the available experimen-
tal and theoretical data [3, 6, 27—29]. The devi-
ation percentage in obtained average energy gaps
is about 1.01% and 3.48% from experimental val-
ues for rare gas solids Kr and Ar, respectively.
Then, we can see that TB-mBJ (LDA and GGA-
PBE) schemes give a good agreement with available
experimental results.
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Fig. 3. Total density of states of (a) Kr and (b)
Ar rare gas solids by using TB-mBJ approximation
plus LDA exchange correlation potential.

Figure 3a, b shows the total density of states of
the rare gas solids Kr and Ar, respectively within
TB-mBJ (LDA) calculus. One can notice that
the maximum of the valence band and the minimum
of the conduction band are separated by the forbid-
den band.

The energy gaps are equal to 10.523 eV and
13.673 eV for Kr and Ar rare gas solids, respec-
tively. The two rare gas solids have large band
gap, and the calculated band gap energy within
the two approximations describes correctly exper-
imental results.

3.2. Optical properties

The optical properties of the studied rare gas
solids (Ar and Kr) are determined by frequency
dependent of the dielectric function (w) given by

e(w) = e1(w) + iea(w), (2)
where e1(w) is the real part of the dielectric
function which can be derived from the imaginary
part e2(w) by the Kramers—Kronig relations,
g2(w) can be obtained from the electronic structure
calculation using the joint density of states and
optical matrix elements. The real and imaginary
parts of the dielectric function are given by [30-32]:

/

2

!/ /d !
e(w) =1+ 2 ea(w)w' dw
7r

/2 ’ (3)

w2 — w?
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where p is the momentum operator between states
of n and n’, e is the electron charge, m is the mass
of the electron, w is the photon frequency, V is the
volume, f(kn) is the Fermi distribution function
and |kn) is the eigenfunction with eigenvalue Fg,,.
The refractive index n(w) and the extinction
coefficient k(w) are given by [33, 34]:

2 )

(5)

F(w) = \/ 1 (w) + Eg(w) - sl(w)- ©)

The reflectivity R(w), the absorption coefficient
a(w) and the energy loss function L(w) are defined
by the following relations [33, 35]:

(n(w) = 1) + k(w)

= ) ¥ 07 () "
_ 2wk(w)  ex(w)w

a(w) = e " n(wye (8)

D) = 2 )

ef(w) +e3(w)’
In the limit, at zero frequency, we get the following
relation for the static refractive index:

n(0) = \/e1(0) (10)
The real and imaginary parts dependence of energy
are shown in Fig. 4a, b for Kr and Fig. 4c, d for Ar
rare gas solids respectively within TB-mBJ (LDA)
and TB-mBJ (GGA(96)). From Fig. 4a, ¢, and at
0 eV, e1(w) starts from 2.066 for Kr and from 1.627
for Ar within TB-mBJ(LDA) calculus. The static
values of the real part of the dielectric function are
given in Table II.
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Fig. 4. Real (a) Kr (¢) Ar and imaginary (b) Kr,
(d) Ar parts of the dielectric function as a func-
tion of energy by using TB-mBJ approximation plus
LDA and GGA(96) exchange correlation potentials.
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TABLE II

The calculated static dielectric constant £1(0) and
plasma frequency from the position of plasma peaks
appearing in energy loss function L(w).

Static dielectric constant

TB-mBJ(LDA) | TB-mBJ(GGA(96)) | =275(0)
Kr 2.066 1.544 1.805
Ar 1.627 1.299 1.208

Plasma frequency w, [eV]

TB-mBJ(LDA) | TB-mBJ(GGA(96)) | wi*®
Kr 23.015 21.060 22.037
Ar 23.033 21.829 22,431

In Table II, we can see that the static values of the
real part of the dielectric function have substantial
differences at lower energy 0-7 eV between TB-mBJ
(LDA) and TB-mBJ (GGA(96)) for the two rare gas
solids. The studied material have a large band gap,
e1(w) should decrease with increasing band gaps,
then the low frequency optical dielectric constants
are small.

The maximum of the peaks obtained within TB-
mBJ(LDA) are more important than those obtained
within TB-mBJ(GGA(96)). The maximum values
of the real part of the dielectric function within
TB-mBJ (LDA) are small compared with those
obtained within TB-mBJ(GGA(96)), for the two
rare gas solids, corresponding to transitions from
the valence to conduction bands. After this maxi-
mum, €1 (w) decreases and becomes negative within
the two approximations for Kr and Ar rare gas
solids, respectively, and the electromagnetic waves
are reflected and there is no propagation in the
medium [21, 36]. From these results, we can see that
there is a slightly difference between calculations
within TB-mBJ (LDA) and TB-mBJ (GGA(96)).
In fact, in the regions 0-10 eV and 0-12 eV also
23-35 eV for Kr and Ar rare gas solids within the
two approximations, eo(w) is zero and &1 (w) is pos-
itive, we can see that the extinction coefficient is
zero and then we get the following relation for the
refractive index:

n(w) = y/e1(w). (11)
When the energy is smaller than 1 eV, the TB-mBJ
(LDA) values of e1(w) are slightly greater than
those with TB-mBJ (GGA(96)).

The values of the maximum peaks of the imagi-
nary part of the dielectric function, represented in
Fig. 4b—d, for Kr and Ar rare gas solids within TB-
mBJ (LDA) are greater than those within TB-mBJ
(GGA(96)). These maximum values of the peaks
of e3(w) are usually referred to the direct optical
transitions between the top valence and the bottom
conduction bands. At high energy the difference
becomes small. After 21 eV e3(w) becomes zero.

The reflectivity R(w) and absorption coefficient
a(w) as a function of energy are illustrated in
Fig. 5a—d, the same small values were found in the
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TABLE IIT

The calculated static refractive index n(0) and the
maximum values of reflectivity R(w).

Refractive index

TB-mBJ(LDA) | TB-mBJ(GGA(96)) | n*"%(0)
Kr 1.436 1.239 1.337
Ar 1.280 1.136 1.208

Maximum values of R(w)

TB-mBJ(LDA) [ TB-mBJ(GGA(96)) | R**(w)
Kr 0.857 0.718 0.787
Ar 0.888 0.814 0.851

n
X
3

1 (a) [—TemautoA)
—— TB-mBJ(GGA)

Reflectivity R (w)
Absorb. coefficient (10Ycm)

S s o

2 a B

g & g

o
3

7(b) —— TB-mBJ(LDA)

30

10 20
‘( d ) —— TB-mBJ(LDA)
—— TB-mBJ(GGA)

10 20 30

1 (¢)—TB-mBU(LDA)
——TB-mBJ(GGA)
08

Reflectivity R (w)
Absorp. coefficient (10%cm)

20
Energy (eV)

10 20 10

Energy (eV)

Fig. 5. Reflectivity (a) Kr, (¢) Ar and absorp-
tion coefficient, (b) Kr, (d) Ar as a function
of energy by using TB-mBJ(LDA and GGA(96))

approximations.

spectral band 0-7 eV, indicating that the two rare
gas solids are transparent in infrared, visible and
ultraviolet. The maximum values of R(w) are sum-
marized in Table III.

The energy variation of the absorption coeflicient
a(w) for both rare gas solids are shown in Fig. 5c¢, d.
In the spectral band 0-7 eV, the absorption co-
efficient has insignificant values for both rare gas
solids. The strongest peaks of a(w) occurs at
15.365 eV and 20.389 eV for rare gas solids Kr and
Ar, respectively within TB-mBJ (LDA). However,
the maximum values of the absorption coefficient
are in the spectral bands 14-20 eV and 19-20 €V,
with the strongest peaks occurs at 18.178 eV and
20.389 eV within TB-mBJ (GGA(96)) for Kr and
Ar, respectively. From these results, we can see
that we have a small absorption in infrared, visi-
ble, and ultraviolet ranges (0-7 €V), also we have
found that the reflectivity coeflicient R(w) is small
in this spectral region, within the two approxima-
tions. These results indicate that the two rare gas
solids are transparent in the infrared, visible, and
ultraviolet bands (0-7 V), which suggests that these
rare gas solids could be candidate for applications
in optoelectronic devices.
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Fig. 6. Energy loss function as a function of energy
by using TB-mBJ(LDA and GGA(96)) approxima-
tions for rare gas solids (a) Kr and (b) Ar.

The energy loss function L(w), which describes
the loss energy during the inelastic interaction of
fast electrons with the medium, as a function of
energy for rare gas solids Kr and Ar is shown
in Fig. 6a, b. We have found the same behavior
for the two studied rare gas solids within the two
approximations. In the spectral region 0-20 eV for
Kr and Ar rare gas solids, L(w) has very low val-
ues, but it increases rapidly and reaches its max-
imum, 40.452 and 37.889 within TB-mBJ (LDA),
and 23.859 and 21.668 within TB-mBJ (GGA(96))
for Kr and Ar rare gas solids, respectively. The po-
sitions of these maximum values of the two peaks
determine the plasma frequency of the material.
The values of the plasma frequency for the two rare
gas solids Kr and Ar within TB-mBJ (GGA(96))
and TB-mBJ (LDA) schemes and their average val-
ues are summarized in Table II.

The refractive index n(w), which is an impor-
tant factor in the optical applications for optoelec-
tronic devices, and extinction coefficient k(w) as
a function of energy are illustrated in Fig. 7a—d.
The refractive index represents the propagation be-
havior of light in materials. The static values of
n(w) at 0 €V and their average values n,y, for both
rare gas solids and both approximations are given
in Table III.

In Table III, we can see that the static values
within TB-mBJ (LDA) are slightly greater than
those within TB-mBJ (GGA(96)), because the re-
fractive index is inversely proportional to the energy
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Fig. 7. Refractive index (a) Kr, (c¢) Ar and extinc-
tion coefficient (b) Kr, (d) Ar as a function of en-
ergy within TB-mBJ approximation plus LDA and
GGA(96) exchange correlation potentials.

gap [37-39]. The maximum values of n(w), which
are related to the electron transitions from valence
to conduction bands, within TB-mBJ (LDA), are
greater than those within TB-mBJ (GGA(96)) for
the two rare gas solids.

The maximum values of the extinction coefficient
k(w), represented in Fig. 7Tb—d, are 1.612 and 1.520,
also 1.365 and 1.450 within TB-mBJ (LDA) and
TB-mBJ (GA(96)), for the two rare gas solids Kr
and Ar, respectively. At the interval 23-30 eV,
k(w) becomes very small for the two rare gas solids
within the two approximations.

4. Conclusion

In this study, we have investigated the electronic
and optical properties of rare gas solids Kr and Ar
using the FP-LAPW method based on DFT within
TB-mBJ (LDA and GGA(96)) exchange correlation
potentials. The calculations provide a good descrip-
tion of the band structures and optical properties of
the studied rare gas solids. The electronic proper-
ties are in good agreement with available theoretical
and experimental results.

The use of TB-mBJ approach with LDA and
GGA(96) exchange correlation potentials in the cal-
culation of the electronic properties leads to a good
results, the calculated band gap are much improved
with TB-mBJ(LDA and GGA(96)) than other cal-
culated band gap of the studied rare gas solids.
We have found a direct band gap for the two rare gas
solids located at the I' point. We have found that
the optical properties depend strongly on the ap-
proximation used to calculate the band gap energy.
The obtained results for the real and imaginary
parts of the dielectric function and the other optical
constants, within the two approximations, have the
same behaviors for the two rare gas solids (Kr and
Ar) with some differences in their values. The real
part of the dielectric function decreases with in-



creasing band gap.
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It has been noticed that the

two rare gas solids have a small absorption, a high
transparency and small reflectivity in the infrared,

visible, and ultraviolet ranges.

For the present

study, there is no available experimental or theo-
retical data for optical properties for the two rare
gas solids to be compared with our results, it serves
as a prediction for future studies.
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