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ABSTRACT

The linear and nonlinear optical susceptibilities of bilayer pristine graphene (BLPG) and H,S single molecule
adsorbed at three different sites on a single graphene sheet of BLPG are calculated to obtain further insight
into the electronic properties. Calculations show that the adsorption of H,S on the bridge and top sites open
a gap around the Fermi level, while adsorption of H,S on the hollow site closes the energy gap, resulting
in significant changes in the linear and nonlinear optical susceptibilities. This is attributed to the fact that the
adsorbed H,S onto a single graphene sheet of BLPG cause significant changes in the electronic structure.
The calculated linear optical susceptibilities show a huge anisotropy confirming that the graphene has unusual
and interesting optical properties. We find that the absorption spectrum of graphene is quite flat extending
from 300-2500 nm with an absorption peak in the UV region (~270 nm), which is in excellent agreement
with the experimental data. The pristine graphene shows a strong saturable absorption because of a large
absorption and Pauli blocking. We have calculated the nonlinear optical susceptibilities of BLPG and the three
configurations and found that they possess a huge second harmonic generation. We have also calculated the
microscopic hyperpolarizability, B, for BLPG.
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1. INTRODUCTION

Because of its exceptional physical properties, graphene
has attracted the attention of many research workers.
The outstanding mechanical,!") electrical® and physical
properties® of graphene warrants its use in a variety
of areas such as hydrogen technology,® electronics,®
sensing® and drug delivery,®” among many others.
Graphene is a honeycomb two dimensional lattice of
a monolayer of carbon atoms.®® Graphene consists of
a single atomic layer of sp? hybridized carbon atoms
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resulting in a hexagonal packed structure with two atoms
per unit cell. Around each carbon atom, three strong o
bonds are established with the other three surrounding car-
bon atoms.('?

The band structure of graphene consists of six Dirac
cones in the hexagonal Brillouin zone.(''? The zero
band gap of the graphene sheets renders the construction
of graphene based field effect transistors very difficult.
Therefore, several groups have proposed different meth-
ods to open a band gap in graphene.('*?> Denis et al.(’¥
found that when graphene is doped with sulfur a band
gap is opened depending on the sulfur concentration.!'>
It is found that graphene is more accessible to doping
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and chemical modification at the same time is more sus-
ceptible to structural defects and impurities. Graphene is
considered the most promising material for the adsorp-
tion of gases.?*?®) Recently a density functional theory
(DFT) calculation was employed to investigate the use of
transition metal doped carbon nanotubes for chemical gas
sensing in pure and modified carbon structures.*” Kozlov
et al.(?% using DFT based Vienna ab-inito simulation
package (VASP) calculation reported that by physisorb-
ing molecules on graphene its electronic structure can be
modified and band gaps can be induced. Moreover, the
conditions for such band gap opening are well defined,
and the size and character of the band gaps are tunable by
varying the adsorbed molecule, its coverage, proximity to
the graphene layer and by chemically changing the molec-
ular electronic structure. Casolo et al.®) have studied the
effects substitutional defects such nitrogen and boron on
the graphene electronic structure when they are period-
ically arranged to form some superlattices. Using group
theoretical arguments and both tight binding (TB) and
DFT calculations, they have shown that defects can either
preserve the Dirac cones or open a band gap, depend-
ing on the superlattice symmetry (D6h and D3h, respec-
tively). Specifically, honeycomb-shaped superlattices of
boron or nitrogen atoms give rise to p- and n-doped
graphene, respectively, preserving the Dirac cones. Janthon
et al.®? studied the accuracy of several DFT methods
using van der Waals functional or dispersive forces cor-
rections when describing the attachment of graphene on
Ni(111). They found that the predictions made by dif-
ferent methodologies differ significantly and optB86b-
vdW functional and Grimme dispersion correction seem
to provide the best balanced description of stability of
physisorption and chemisorption states. The attachment
strength of the latter on Ni(111) surface, the graphene-
Ni(111) separation, and the band structure of chemisorbed
graphene was reported. Sharma and Verma®® exploited
the adsorption potential of pure and doped graphene for
H,S molecule using DFT modeling. Boron, aluminium
and gallium atoms (group IIIB) are used as dopants. For
each pure and doped graphene system optimum position
of adsorbed H,S molecule is determined and adsorption
energies were calculated.

The electrons propagating through the graphene have
a linear relation between energy and momentum and
behave as massless Dirac fermions.!+3*35 Thus it enables
ultra wide-band tunability. Therefore, graphene shows very
good optical transparency, and it can be optically visu-
alized despite being only a single atom thick.G% As
a consequence of Pauli blocking, caused by the linear
dispersion of the Dirac electrons in graphene, a broad-
band saturable absorption in graphene was observed.
Thus graphene became suitable for applications in ultra-
fast mode locked lasers.®’*") Mikhailov*" reported that
the massless energy spectrum of electrons and holes in
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graphene leads to the strongly nonlinear electromagnetic
response of this system. Thus the author predicts that the
graphene layer, irradiated by electromagnetic waves, emits
radiation at higher frequency harmonics and can work as
a frequency multiplier. The operating frequency of the
graphene frequency multiplier can be in a broad range
from microwaves to the infrared. Hong et al.“? report
strong third-harmonic generation in monolayer graphene
grown by chemical vapor deposition (CVD) and trans-
ferred to an amorphous silica (glass) substrate. The photon
energy is a three photon resonance with the exciton-shifted
van Hove singularity at the M point of graphene. The
polarization selection rules are derived and experimen-
tally verified. Obraztsov et al.*» reported that a strong
and broadband light absorption in graphene allows one to
achieve high carrier densities essential for observation of
nonlinear optical (NLO) phenomena. They proposed and
experimentally verified that a novel all-optical technique
to induce the ultrafast photocurrents in unbiased graphene.
The technique is solely based on photon-drag phenomena
and provides full and non-contact control of the direction,
amplitude as well as temporal profile of the photocur-
rent in graphene. This opens a very exciting opportunity
to generate electromagnetic signals of prescribed wave-
form utilizing hot carrier dynamics and momentum relax-
ation in graphene. Wu et al.*Y propose a new scheme
based on bilayer graphene (BLG) as a nonlinear opti-
cal material with an extremely large second order optical
susceptibility x. (@) ~ 105 pm/V. They found that this
enhancement arises from two different types of quantum
enhanced mechanisms, unique to the electronic structure
of BLG. Their calculation shows an excellent electrical
tunability of the optical nonlinearity in both intensity and
wavelength compared to conventional nonlinear crystals.
Recently some experiments*7) show that the nonlinear
generation could be detected even through single layer
graphene. Klekachev et al.“*® have performed an analy-
sis of pristine graphene samples and compared the out-
come with the response of CVD transferred graphene.
In both type of samples, similar emission intensity is
observed from single to bilayer/multilayers regions. They
benchmark transferred CVD graphene towards exfoliated
graphene by 2PF microscopy. On the other hand, for the
second-harmonic signals, no effect is observed for CVD
transferred graphene, while a different polarization pat-
tern is observed for pristine samples. Gu et al.*? per-
form first-principles calculations to study the high-order
harmonic generation (HHG) induced in graphene nano-
structures by the laser field. They presented a theoreti-
cal approach to investigate the HHG in the nano-graphene
molecules. Bykov et al.®” perform nonlinear optics (NLO)
studies and NLO microscopy of multilayer graphene films
deposited by CVD technique on glass and silicon sub-
strates. Two characteristic spatial scales of several microns
and hundreds of nanometers are observed, which are asso-
ciated with flat graphene crystal domains and with the
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cross section of the wrinkles that separate the domains.
The second harmonic imaging microscopy (SHIM) show
that the second-order nonlinear response originates primar-
ily from the wrinkles and is probably due to local sym-
metry breaking associated with mechanical stress, charge,
and thickness inhomogeneities. Dean and Driel®) have
measured the second-harmonic generation (SHG) from
graphene and other graphitic films, from two layers to bulk
graphite, at room temperature. Optical SHG of 800 nm,
150 fs fundamental pulses is observed from exfoliated
graphene and multilayer graphitic films mounted on an
oxidized silicon (001) substrate. The SHG anisotropy was
observed as the sample rotated about the surface normal.
For p-polarized fundamental and SHG light, the isotropic
SHG from a graphene layer only slightly interferes with
the fourfold symmetric response of the underlying sub-
strate, while other samples show a threefold symmetry
characteristic of significant SHG in the multilayer graphitic
films. The dominance of the threefold anisotropy was
maintained from bilayer graphene to bulk graphite.

It is worth exploring which atomic sites favor a good
adsorption of H,S on graphene sheet. Thus in this paper
we study the adsorption of H,S molecule on bilayer pris-
tine graphene (BLPG), and the three possible adsorption
sites of H,S single molecule on single sheet of BLPG
(top, bridge, and hollow) by using the density-functional
theory (DFT) in an effort to calculate the different proper-
ties that might get changed after the adsorption. Also we
investigate whether pristine graphene is a good adsorbent
material for H,S molecule or not, in order to use it as
a novel generation of small gas molecules sensors. This
motivated us to perform comprehensive calculation for the
linear and nonlinear optical susceptibilities of BLPG, using
the all electron full potential linearized augmented plane
wave method. Although there exist many calculations of
the electronic properties of graphene, there is dearth of the
calculated optical properties of the BLPG. Since graphene
is nearly transparent to visible light, it may possess inter-
esting optical properties. Therefore we have addressed
ourselves to calculate the linear and the nonlinear optical
susceptibilities of BLPG.

2. STRUCTURAL PROPERTIES AND
COMPUTATIONAL DETAILS

In order to investigate the linear and nonlinear optical
susceptibilities of BLPG (Fig. 1(a)), and the resulting
structure of adsorbed H,S molecule onto a single sheet
of BLPG at different sites (top, bridge, and hollow—
Figs. 1(b)—(e)), the all-electron full potential linearized
augmented plane wave (FP-LAPW) method was used to
solve the Kohn Sham DFT equations within the framework
of the WIEN2k code.®" The exchange and correlation
energy treated through a general gradient approximation
by Perdew-Burke-Ernzerhof (GGA-PBE) approach.®? It is
well-known that the pristine graphene is centrosymmetric
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(@ (b)
(© (d)
Top view show H,S adsor bed
onto bridge site, the bridge between Top view show H,S adsor bed
two C atoms on the top of one C atom
(e)

Top view show H,S adsor bed onto hollow site
the center of the hexagon

Fig. 1. Schematic view of; (a) BLPG; (b) Three different adsorption
sites of H,S on graphene; (c) H,S adsorbed onto bridge site of single
sheet of BLPG; (d) H, S adsorbed onto top site of single sheet of BLPG;
(e) H,S adsorbed onto hollow site of single sheet of BLPG. The top
view image shows the location of H,S molecule with respect to the
hexagon of the graphene sheet for the three different adsorption sites
of H,S on graphene sheet.

materials, has inversion symmetry and hence the second
harmonic generation is symmetry-forbidden. We should
emphasize that the inversion center in a crystalline struc-
ture is linked to parity as a conserved quantity.®? Usu-
ally breaking of parity conservation in the atomic scale
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structure can be achieved by external perturbations or by
fabrication of specific structures at the atomic level.*¥
Here we break the parity conservation in the atomic scale
structure by fabrication of specific structures (adsorbing
H,S) at the atomic level (see Figs. 1(a)—(e)).

In order to achieve the self-consistency the muffin-tin
radius (Ryy) was taken to be 1.33 a.u for C at pristine
graphene (4 x 4) sheet, 1.27, 1.55, and 0.83 a.u for C,
S and H atoms respectively for the top-, bridge-, and
hollow-H,S adsorbed on single sheet of BLPG. These
values were chosen in such a way that the spheres did
not overlap. In order to achieve sufficient energy conver-
gence, the wave-functions in the interstitial regions were
expanded in plane waves with a cutoff K, = 7.0/Ryy,
where Ry denotes the smallest atomic sphere radius and
K, .. gives the magnitude of the largest K vector in the
plane wave basis expansion. The maximum value of [ was
taken as I, = 10, while the charge density was Fourier
expanded up to G,,,, = 20 (a.u)~!. For calculating the lin-
ear and nonlinear optical susceptibilities a denser mesh
of 800 k-points was used. The self-consistent calcula-
tions were considered to be converged when the total
energy of the system is stable within 10~> Ry. We should
emphasize that the most stable adsorption configuration
is the one with the lowest total energy and the highest
adsorption energy among other adsorption sites.®> Thus
the top site (total energy Eror = —3238.87878541 Ryd)
is the most stable configuration in comparison to hol-
low (Eror = —3238.1058284 Ryd) and bridge (Eror =
—3238.79501144 Ryd).

Since the honeycomb two dimensional lattice of a mono-
layer carbon atoms has hexagonal symmetry, we need two
dielectric tensor component to completely characterize the
linear optical properties. These are &; (w) and &5(w) the
imaginary part of the frequency dependent complex dielec-
tric functions, corresponding to electric vector E parallel
or perpendicular to the ¢ axis. We have performed calcu-
lations of the imaginary part of the inter-band frequency
dependent dielectric function using the expressions®®

. |PZ, (k)2 S,

£)(0) = mwz /Z P (1)

6 k)|? k dsS
8?(“’)=wfgzz,[| (>|V;|n/,(12)( F1as

The above expressions are written in atomic units with
e?=1/m=2 and h= 1. Where hw is the photon energy.
PX (k) and PZ (k) are the X and Z component of the
dipolar matrix elements between initial |nk) and final |n'k)
states with their eigenvalues E,(k) and E, (k), respec-
tively. w, (k) is the inter-band energy difference

nn’

@, (k) = E, (k) — E, (k) €)
and S, is a constant energy surface.
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Sy = {k; w,,,(k) = w}. The integral is over the first
Brillouin zone.

The real parts &, (w) of the frequency dependent dielec-
tric function can be derived from the imaginary part using
the Kramers—Kronig relations.®” The reflectivity R(w),
the absorption coefficient I (w), refractive index n(w), and
extinction coefficient k(w) are related to the reflectivity at
normal incidence by®”

Rlw) = Z:Il;i )
I(0) = V20[/&,(0)? + &, () —&,(w)]">  (5)
k(w) = I((D)/Zw (6)

@) = (VDo @ Fes@ 4 @] ()

The complex second-order nonlinear optical sus-
ceptibility tensor )(i(ji) (—2w; w; w) can be generally
written as:(8-61

ik
Xlll{ner( 2(0, w, w)

dk r 2fum
Z/ rnm{ mlrln} {(w f

nml 4 (wln ml) mn (U)
fml fln }
+ + 8)
(wml - (1)) (wln - 6())
3
ijk _. -k
Xlljl[rd( 2(1), w, (U) hz 477_; I:lenm nm ;11”111}

x { fnl o flm }
w%n(wln_w) %n[(wml _w)

nm {A
_8i M
Z w2 (@, —20)
nm { rl }(w’"l — (1)1,1)
2 nm n 9
+ %:[ w,znn(wmn —2(1)) ( )
3 -
» e dk S
20,0,0) = o5 | 5| 2
X mod ( W, 0 w) 2h2 ) 443 I:%; mn(wmn - (1))

X{wnlrlm{rmn nl} wlm n[{r[m mn}}

_ Z nWl nm{ mn )n)‘l}] (10)

nm mn(wmn - (1))

From these formulae we can notice that there are three
major contributions to )(i(ji) (—2w; w; w): the inter-band
transitions x"* (—2w; @, ), the intra-band transitions
Xita(—2; @, ®) and the modulation of inter-band terms
by intra-band terms x’\ (—2w; , ®), where n # m # .
Here n denotes the valence states, m the conduction
states and [ denotes all states (I # m,n). There are
two kinds of transitions take place one of them wvcc/,
involves one valence band (v) and two conduction bands
(c and ¢’), and the second transition vv'c, involves two
valence bands (v and v') and one conduction band (c).

The symbols are defined as nm(k) ,m(k) mm(k)
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with 5,’;,7, being the i component of the electron veloc-
(172)(ri, (k)rl, (k) +ri (k)ri,(k)). The position matrix

m nm
elements between band states n and m, r! (k), are cal-
using

culated from the momentum matrix element P!

the relation:® ri (k) = Pi (k)/(imw,,(k)), with the
energy difference between the states n and m given by
ho,,, = v, —o,). f.=f,—f. is the difference of
the Fermi distribution functions. It has been demonstrated
by Aspnes(®® that only the one-electron virtual transitions
(transitions between one valence band state and two con-
duction band states) give a significant contribution to the
second-order tensor. We ignore the virtual-hole contribu-
tion (transitions between two valence band states and one
conduction band state) because it was found to be nega-
tive and more than an order of magnitude smaller than the
virtual-electron contribution for this compound. For sim-
plicity we denote )(i(ji) (—2w; w; w) by )(i(ji) (w). The sub-
scripts i, j, and k are Cartesian indices.

3. RESULTS AND DISCUSSION

3.1. Electronic Band Structures

The electronic band structure’s dispersion of BLPG and
the three possible adsorption sites of H,S single molecule
on single sheet of BLPG (top, bridge, and hollow) in
k-space along the high symmetry directions in the irre-
ducible Brillouin zone (IBZ) are shown in Figure 2. In
bridge site the H,S single molecule is adsorbed in the mid-
dle of two carbon atoms, top site the H,S adsorbed onto
one C atom, while in the hollow site H,S adsorbed at the
center of a carbon hexagon (see Fig. 1(b)).

Following Figure 2, it is clear that the BLPG is zero
gap semiconductor due to valence and conduction bands
crossing at K point of BZ (Fig. 2(a)). However when we
adsorb H,S onto bridge site of single sheet of BPLG a
dramatic changes occur in the dispersion of the electronic
band structure resulting in opening a small direct energy
gap of about 0.1 eV around Fermi energy (E) at M point
of BZ (Fig. 2(b)). This is attributed to the fact that the
adsortion of H,S on bridge site causes strong hybridiza-
tion between C-p and H-s, S-s/p states at the valence band
maximum (VBM) and hence strong covalent bonds, while
at the conduction band minimum (CBM) the hybridiza-
tion is weaker and the bonds too. In adsorbed H,S on
the top site of single sheet of BPLG causes to push the
conduction band minimum (CBM) further towards higher
energies resulting in a bigger direct energy band gap of
about 0.3 eV around K point of BZ (Fig. 2(c)). Adsorbing
H,S on top site causes very strong hybridization between
C-p and H-s, S-s/p states at the VBM resulting in very
strong covalent bonds, while at the CBM the hybridiza-
tion is much weaker which leads to weak bonds. The
upper valence band (Figs. 2(a)-(d)) shows a very flat
k-dispersion. This reflects the low mobility of the holes.
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When H,S is adsorbed on the hollow site of single sheet of
BPLG we noticed that both of the CBM and VBM move
towards each other and overlap around Ej.

3.2. Linear Optical Susceptibilities
The inter-band transitions of the dielectric function &(w)
are usually presented as a superposition of direct and indi-
rect transitions. We can neglect the indirect inter-band
transitions formed by electron—phonon interactions that
are expected to give a small contribution to &(w).*Y To
calculate the direct inter-band contributions to the imagi-
nary part of the dielectric function &,(w), it is necessary
to perform summation over all possible transitions from
occupied to unoccupied band states taking the appropriate
inter-band transition matrix elements into account.
Figures 3(a)—(d), display the variation of the imaginary
(responsible for absorption) part of the electronic dielec-
tric function, &,(w) and &5 (w) for BLPG, bridge, top and
hollow sites configurations of BLPG, respectively. For the
calculation of the linear optical susceptibilities the half-
width broadening (due to electron—phonon interactions) is
taken to be 0.1 eV which is typical of the experimen-
tal accuracy.® To the best of our knowledge, there is a
dearth experimental data and theoretical calculations for
the optical properties of the BLPG, bridge, top and hollow
sites configurations of BLPG to compare with our results.
But we can refer to our previous work®':%-7% in which we
compared our calculated optical properties with the mea-
sured one to justify the reliability of the DFT methodol-
ogy for the calculation of dielectric functions. Following
Figures 3(a)—(d), one can notice that the &5 (w) component
of BLPG, bridge, top and hollow sites configurations of
BLPG show three major structures. For simplicity we call
them as A, B, and C. The component &,(w) shows only
one structure which we call it as D. Figure 3(a) illustrates
the huge anisotropy between &; (w) and &5(w) confirming
that BLPG possessing an interesting optical properties.
Figure 3(b) shows the influence of adsorbing H,S onto
a single sheet of BPLG at bridge site which leads to a
change in the optical properties due to the changes in the
band structure and dipole matrix elements. As a results
one can see that;
(i) All the structures are shifted towards higher energies
by around 0.1 eV (~ E,) with respect to Figure 3(a).
(ii) Doubling of the amplitude of the structure A.
(iii) Reduction of the amplitude of the B structure and
becoming wide with more peaks.
(iv) Reduction in the amplitude of D structure to overlap
with C structure showing isotropic behavior.

When we adsorbed H,S on top site of single sheet of
BPLG (Fig. 3(c)) we notice that:

(i) All the structures are shifted towards higher energies
by around 0.3 eV (~ E,) with respect to Figure 3(a).

(i) The A structure becomes sharp with amplitude three
times higher than that in Figure 3(a).
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BLPG
@

H,S absorbed on top site
(©

H,S absorbed on bridge site
(b)

H,S absorbed on hollow site

(d)

Fig. 2. Calculated electronic band structure; (a) BLPG; (b) H,S adsorbed onto bridge site of single sheet of BLPG; (c) H,S adsorbed onto top site
of single sheet of BLPG; (d) H,S adsorbed onto hollow site of single sheet of BLPG.

(iii) The B structure merges with the valley between struc-
ture A and B to show continuous wide structure.
(iv) The D structure shifts towards lower energies, two
insignificant humps are observed at low energies.

Mater. Express, Vol. 4, 2014

Finally when H,S adsorbed on hollow site of single sheet

of BPLG (Fig. 3(d));

(i) A sharp rise appear below 1.0 eV due to intra band

transitions.
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Fig. 3. Continued.
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(M)

0
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Fig. 3. Calculated &, (w) and &5 (w) (a) BLPG; (b) H,S adsorbed onto bridge site of single sheet of BLPG; (c) H,S adsorbed onto top site of single
sheet of BLPG; (d) H,S adsorbed onto hollow site of single sheet of BLPG; Calculated &, (w) and &;(w) (¢) BLPG; (f) H,S adsorbed onto bridge
site of single sheet of BLPG; (g) H,S adsorbed onto top site of single sheet of BLPG; (h) H,S adsorbed onto hollow site of single sheet of BLPG;
Calculated /(w) x 10* cm™" as a function of the wavelengths for; (i) BLPG; (j) H,S adsorbed onto bridge site of single sheet of BLPG; (k) H,S
adsorbed onto top site of single sheet of BLPG; (m) H,S adsorbed onto hollow site of single sheet of BLPG; (n) Calculated An(w) for pristine
graphene, H,S adsorbed onto bridge site of single sheet of BLPG, H,S adsorbed onto top site of single sheet of BLPG, H,S adsorbed onto hollow

site of single sheet of BLPG.

(ii) Doubling of the amplitude of structure A with respect
to Figure 3(a).

(iii) The amplitude of B structure is increased and a small
hump appears on the right hand side of structure B.

(iv) The two small humps of &;(w) which appears in
Figure 3(c) are merged and the D structure shifted towards
lower energies by around 0.5 eV.

Mater. Express, Vol. 4, 2014

In general the changes in the optical properties when
one moves from BPLG to bridge, top and hollow sites of
adsorbing H,S onto single sheet of BPLG, is attributed to
the fact that adsorbed H,S on different sites onto single
sheet of BPLG causes changes in the electronic structure
(see Figs. 2(a)—(d)). The significant effect on the mag-
nitude, peaks positions and the spectral structure of the
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optical properties is according to the dipolar selection rule
which allows only transitions corresponding to a change
in the angular momentum quantum number / by unity.

Figures 3(e)—(h) illustrate the real parts &|(w) and
e (w) of the frequency dependent dielectric functions.
Again it shows huge anisotropy between the two polariza-
tions confirming that BLPG is possesses interesting optical
properties. The values of &/(0) and &{(0) are listed in
Table I.

It was observed experimentally that the optical absorp-
tion of graphene sheets to be proportional to the num-
ber of sheets, each absorbing can be expressed by
A~ 1—T~ma~2.3% over the visible spectrum.””7¥
The absorption spectrum of graphene sheet is quite flat
extended from 300 nm to 2500 nm with absorption peak
in the UV region (~270 nm), which is due to exciton-
shifted van Hove singularity in the graphene density of
states.’'=7*) Theoretically by using the FPLAPW method
we have obtained the same observation as illustrated in
Figures 3(i)-(m). For BLPG strong saturable absorption
have been found because of large absorption and Pauli
blocking.?% 4!

Graphene exhibits a variety of transport phenomena
that are characteristic of 2D Dirac fermions, such as a
minimum conductivity of ~4e?/h even when the carrier
concentration tends to zero,®* and Shubnikov-de Haas
oscillations with a 7 phase shift due to Berry’s phase.*

In additional we have calculated the refractive index dis-
persions n(w). The calculated values of 7"(0) and n*(0)
are listed at Table I. The refractive indices show a consid-
erable anisotropy which is important for second harmonic
generation (SHG) and optical parametric oscillation (OPO)
as it is defined by the phase-matching condition. The bire-
fringence can be calculated from the linear response func-
tions from which the anisotropy of the index of refraction
is determined. The birefringence is the difference between
the extraordinary and ordinary refraction indices, An(w) =
n,(w)—n,(w), where n,(w) is the index of refraction for
an electric field oriented along the c-axis and n,(w) is
the index of refraction for an electric field perpendicular
to the c-axis. Figure 3(n) shows the birefringence An(w)
dispersion for pristine graphene, bridge, top and hollow
respectively. It is clear that the birefringence is important
only in the non-absorbing spectral range, which is below

Table I. Calculated &/(0), &{(0), n"(0), n-(0), An(0), R"(0),
and R+(0).

Component Pristine Bridge Top Hollow
£/(0) 1.50 2.0 1.9 -
£7(0) 6.10 16.65 10.0 -
n"(0) 1.19 1.21 1.31 1.30
n*(0) 2.85 3.95 3.15 4.10
An(0) —1.69 —2.74 —2.81 —1.83
R"(0) 0.01 0.01 0.02 0.02
R*(0) 0.23 0.36 0.27 0.37
516

the energy gap. We find that BLPG, bridge, top and hollow
possesses negative birefringence at the static limit, these
values are listed in Table 1.

3.3. Nonlinear Optical Susceptibilities

The tensor )(i(ji) describes the second-order nonlinear opti-
cal effect. This is a third rank tensor, in the electric dipole
approximation; contain nonvanishing elements only for
noncentrosymmetric crystalline structure. The third order
nonlinear optical effects are described by the tensors )(S()l
and vy, and no symmetry requirements are imposed on
these effects to occur.”’> The BLPG, and H,S adsorbed at
bridge, top and hollow sites of the single sheet of BLPG
processes several nonzero component. Thus we will con-
centrate only on the major components namely; 111, 121,
122, 211 for BLPG, and 131, 311, and 333 for bridge,
top and hollow sites, (1, 2, and 3 refer to the x, y and
z axes, respectively).® We should emphasize that 121
is the dominant component for BLPG, 311 for both of
bridge and hollow sites and 131 for top site. These compo-
nents show the highest value of | )(i(]i)(a))| at both of static
limit and at A = 1064 nm among the others as illustrated
in Figures 4(a)—(d) and listed in Table II. The calculated
X5 (0)] and |x (@)] at A = 1064 nm for BLPG, and H,S
adsorbed onto bridge, top and hollow sites of the BLPG
are evaluated and listed in Table II. The static values of
the second order susceptibility tensor are very important
and can be used to estimate the relative SHG efficiency.

To the best of our knowledge there is no experimen-
tal data for NLO susceptibilities of BLPG and H,S single
molecule adsorbed at three different sites onto a single
graphene sheet of BPLG to compare with our theoreti-
cal results. We would like to mention here that in our
previous works©67:68.70.77-79) e have calculated the lin-
ear and nonlinear optical susceptibilities using FPLAPW
method of several systems whose linear and nonlinear opti-
cal susceptibilities are known experimentally. In these pre-
vious calculations we found very good agreement with the
experimental data. Thus, we believe that our calculations
reported in this paper would produce very accurate and
reliable results.

From the calculated )(i(]i)(a)) dispersion we have
obtained the microscopic first hyperpolarizability, 3, the
vector components along the dipole moment direction.
The microscopic first hyperpolarizability terms cumula-
tively yields a bulk observable second order suscepti-
bility term, ,\/iﬁ)(w), which in turn is responsible for
the high SHG response.(¢0:67-68.70.76-80) For the dominant
component | X,%)(wﬂ we have calculated B, at the static
limit and atA = 1064 nm, using the expression give in
Ref. [76].

Xi(ji)

Bijk = Nf? (1)
where (N) is the number of molecules/cm® which about
(0.125 x 10%) and (f) is the local field factor, the value
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(b)

(d)

Fig. 4. Calculated | )(,(jk)(w)|; (a) BLPG; (b) H,S adsorbed onto bridge site of single sheet of BLPG; (c) H,S adsorbed onto top site of single sheet

of BLPG; (d) H,S adsorbed onto hollow site of single sheet of BLPG.

of (f) is 1.3, and x|} is the value of the SHG (67.0 x
1077 esu) at the static limit. Using this information we can
estimate the value of first hyperpolarizability tensor S,;.
Following Eq. (12), the value of B,,, for BLPG is listed
in Table II. Unfortunately we do not aware the values of
the density for H,S adsorbed onto bridge, top and hollow
sites of graphene sheet of BLPG, in order to calculate the
hyperpolarizability tensor 3.

Table I Calculated |y} ()| in (pm/V) for BLPG, H,S adsorbed onto

bridge, top and hollow site of single sheet of BLPG along with the calcu-
lated values of first hyperpolarizability, 8,,, in (esu) for pristine graphene.
The bold numbers are the values of the dominate components.

Component Pristine Bridge Top Hollow
X3 ()] 43.0 0.0 0.0 0.0
i) (@)] 67.0 0.0 0.0 0.0
X2 ()] 15.0 0.0 0.0 0.0
i (@)] 23.0 0.0 0.0 0.0
X2 (o) 0.0 175 17.6 25.0
i (@)] 0.0 35 3.6 41.9
Ixin (@) 0.0 0.6 0.7 038
:Bifk 18121 18131 18131 13311

243.24 x 107

Mater. Express, Vol. 4, 2014

4. CONCLUSION

DFT calculations based on all-electron full potential lin-
earized augmented plane wave method are used to inves-
tigate the linear and nonlinear optical properties of BLPG
and H,S adsorbed at three different sites onto single
sheet of BLPG are calculated. The calculation show that
adsorbed H,S onto single graphene sheet of BLPG cause
significant changes in the electronic structures and hence
significant changes in the linear and nonlinear optical
susceptibilities. The calculated linear optical properties
show a huge anisotropy confirming that the BLPG pos-
sess unusual and interesting optical properties. We should
emphasize that the anisotropy in the linear optical sus-
ceptibilities favors an enhanced phase matching conditions
necessary for observation of the second harmonic gen-
eration and optical parametric oscillation. We find that
the absorption spectrum of graphene sheet is quite flat
extended from 300-2.500 nm with absorption peak in
the UV region (~270 nm), which is in excellent agree-
ment with the experimental data. The pristine graphene
possesses a strong saturable absorption because of large
absorption and Pauli blocking. We have calculated the
nonlinear optical susceptibilities of BLPG and the three
configurations and found that they possess a huge sec-
ond harmonic generation. Also we have obtained the
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microscopic hyperpolarizability, 3, for BLPG. We would
like to mention here that in our previous works we have
calculated the linear and nonlinear optical susceptibilities
using FPLAPW method on several systems whose linear
and nonlinear optical susceptibilities are known experi-
mentally. In those previous calculations we found very
good agreement with the experimental data. Thus, we
believe that our calculations reported in this paper would
produce very accurate and reliable results.
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