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Band structures, density of states, chemical bonding properties, and frequency-dependent linear and nonlinear

optical properties have been investigated in terms of the density functional theory and an anharmonic oscillator model
for HgGasSs (HGS) and Hgo.5Cdg.5GasS4 (HCGS) crystals. The results obtained show that the top valence bands
(VBs) are contributions from Ga—S bonding states and the bottom conduction bands (CBs) are mostly due to Ga—
S antibonding states for the HGS crystal, and the top VBs mostly originates from the S-3p states and the bottom
CBs are mainly composed of the Ga—S antibonding states for the crystal HCGS. The population analysis shows that

both crystals have mixed ionic-covalent bonds. The interactions between Ga and S atoms mostly appear as covalent

character, and the Hg—S and Cd—S bonds have substantially ionic characters in HGS and HCGS crystals, respectively.

The calculated refractive indices of HGS are compared with the experimental ones, and are found to be in agreement

with the experiment data in the low-energy region. It is also found that the band gap of HGS is smaller than that of
HCGS, and that the second-order susceptibilities of HGS are larger than those of HCGS.
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1. Introduction

Mercury thiogallate HgGasSs (HGS) has been
of considerable interest because of its nonlinear op-
tical properties in the mid-infrared (mid-IR) spectral
range, and the HGS crystal has a wide transparency
range (from 0.5 to 13pm), high nonlinear suscepti-
bility, and fairly good birefringence.['=4 High values
of laser damage threshold and conversion efficiency
allow using the HGS crystal as frequency doubling
and optical parametric oscillator (OPO)/ optical para-
metric amplifier (OPA) in the wavelength range from
1.0 to 10 pm.%! For mid-IR OPO with Nd:YAG-laser
pumping, the crystal HGS is optimal because it has
favourable parameters, such as the value of effective

nonlinear susceptibility, the transparent region and

the value of absorption coefficient, the type of variance
of principal values of refractive indices, potential op-
tical quality and resistance to laser radiation.[®/ Good
nonlinear properties and optical quality of HGS al-
low this material to compete with AgGaSsy, AgGaSes,
ZnGeP, and GaSe crystals, in spite of the considerable
difficulty in growing big size crystals.l’) A HGS-based
OPA pumped at 1kHz by a Cr:forsterite regenerative
amplifier tuned to 1.25pum can be used to achieve a
broad mid-IR tenability (5-9um) of the idler.[] The
conversion efficiency of HGS is two times higher than
that of argentum thiogallate (AgGaS,) crystal.[fl Tn
the literature, on the basis of chalcogenide crystals
of AgGaSy, HGS and Hg; ,Cd,GasS,, the creation
of powerful tunable mid- and far IR sources of light

pulses is most practical.l®! It should be pointed out

*Project supported by the National Natural Science Foundation of China (Grant Nos 20373073 and 90201015), the Science
Foundation of the Fujian Province, China (Grant Nos E0210028 and 2002F010), and the Foundation of State Key Laboratory

of Structural Chemistry (Grant No 030060).
TE-mail: huangshp@fjirsm.ac.cn

http://www.iop.org/journals/cp



1632 Huang Shu-Ping et al

Vol. 14

that in HGS and Hg;_,Cd,GasS4 crystals the para-
metric oscillation with pumping by the radiation of
the second harmonic of the Nd:YAG-laser is pos-
sible because of specificity of refractive index vari-
ance in visible region.[*8] Petrov and Rotermund ex-
perimentally demonstrated the superior properties of
Hg, ,Cd,GasS, for frequency conversion of femtosec-
ond pulses.[g] The mixed crystal Hg; ,Cd,GasS4 can
be used to generate the tunable narrow band cw laser
radiation in the mid-IR for high-resolution and high-
sensitivity spectroscopy and tailor the group-velocity
mismatch to increase the interaction length for opera-
tion with ultrashort pulses in a nonlinear process, and
to optimize the band gap so that a phase-matchable
crystal can be pumped near 800 nm without the onset
of two-photon absorption.®]

In this paper, we will theoretically compare the
optical properties between HGS and HCGS crystals,
and describe an electronic origin of nonlinear optical
response. At the same time, band structures and bond

properties of these two crystals will be also discussed.
2.Computational procedures

HGS belongs to the defective chalcopyrite struc-
ture of AB2Cy type, as illustrated in Fig.1. Gallium
atoms occupy the positions of two different types. The
number of neighbouring atoms in the first atomic shell
of the sulfur atom is three in this structure. The space
group is 1(4)-S2, in which the sets of equivalent posi-
tions are: 2Hg (0 0 0); 2Ga! (0 0 0.5); 2GaZ (0 0.5
0.25); 8S(z y 2) (z=0.2718; y=0.2675; 2=0.1374).1%!
Crystallographic data from Ref.[3] are used to op-
timize the parameters using the BFGS schemell]
and Ultrasoft pseudopotentials'*12 in CASTEP com-
puter code.['314] And then the optimized structural
parameters are used to calculate the electronic band
structure and optical properties for HGS. The lat-
tice constants and atom—atom distances obtained from
Ref.[3] and the optimized structural parameters are
listed in Table 1.
structure and optical properties of Hgg5Cdg.5GasSy
(HCGS), we have chosen a 2x1x1 supercell which
contains 28 atoms and partially substituted the el-
ement Hg by Cd in the A position of the AB>Cy,
and thus obtain HCGS. The structural parameters

To calculate the electronic band

(lattice constants, bond angles, atomic coordinates
etc) are optimized using the same method as that
for HGS and the optimized structural parameters are

listed in Table 2. From the optimized structural pa-

rameters, we can see that due to the effect of the
substitution with Cd, the geometric structure is a
little distorted from tetragonal, and it can be ap-
proximately regarded as tetragonal for HCGS. The
periodic first-principles calculations presented here
are based on density functional theory (DFT) using
a plane-wave pseudopotential formalism and run by
CASTEP program.['5] Computations are performed
via nonlocal gradient-corrected functional designed by
Perdew-Burke-Ernzerhof functional (GGA-PBE).[16]
The norm-conserving pseudopotential developed by
Lin et all'™ and Leel'® was generated in the plane
wave basis set to calculate the properties. The practi-
cal tools for applying DFT are the Kohn—Sham (KS)
equations!’® in this study. Pseudo-atomic calcula-
tions are performed for S-3s23p*, Ga-3d!'%4s24p!, Hg-
5d1°6s? and for Cd-4d!%5s2.

places both the atomic nucleus and the core electrons,

A pseudopotential re-

i.e. a fixed effective potential that in a special sense
reproduces the effect of the nuclear potential and the
orthogonal requirement. The number of plane waves
included in the basis is determined by a cutoff en-
ergy FE. of 590eV for both HGS and HCGS crys-
tals. The convergent criterion of total energy is set to
be 2.0x10 %eV/atom. The Monkhorst—Pack k-point
grid can be specified in a k-point separation way, and

the separation is set to be 0.5nm ™! in the calculations.

Fig.1. Unit cell of HGS.
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Table 1. The lattice constants and atom—atom distances of HGS crystal.

a=>5/0.1nm ¢/0.1nm a=p=v/(°) Hg-S/0.1nm Gal-S/0.1nm Ga2-S/0.1nm
Exp.[s] 5.5106 10.2392 90 2.52894 2.28082 2.28344
Cal. 5.701976 10.468655 90 2.60685 2.31190 2.31777

Table 2. The optimized lattice constants, atom—atom distances and bond population of HCGS crystal.

Optimized lattice constants Bond Average Population Average Length/0.1nm
a 1.138181nm o 90.00005° Hg-S 0.435 2.60234
b 0.569090nm B 90.00022° Cd-S 0.465 2.57670
c 1.042286nm o’ 90.00036° Ga—S 0.579 2.31005

The calculations of linear optical properties are
made in terms of the complex dielectric function ¢ =
€1+ ies. The imaginary part of the dielectric function,

e2(w), is given byl

calw) =t(re/m)* Y [

v,c

522dk/(27m)3)e - Moy ()[?

X §(Ee(K) — Ey(K) — hw), (1)

where Z denotes the summation over the valence
bands (v) and conduction bands (c¢), and [ the in-
tegration over k vectors in Brillouin zone (BZ). The
e M., (k) is an electron transition moment between
the conduction and valence bands at k point, and
the argument of the § function is the energy dif-
ference between the conduction and valence bands
at the k point with absorption of a quantum hw,
(E.(K) — Ey(K) — hw). The calculation of e3(w) in-
cludes 24 conduction bands in this study. es(w) can
be considered as detailing the real transitions between
occupied and unoccupied electronic states. Since the
dielectric function describes a causal response, the real
and imaginary parts are linked by a Kramers—Kronig
transform. This transform is used to obtain the real
part of the dielectric function, &; (w).[!]

The first-order non-resonant susceptibility at low
frequency region is given by x(")(w)y; = [e(w)i;—1]/4n.
Furthermore, the second-order non-resonant suscepti-
bility can be expressed in terms of the first-order sus-

ceptibilities as follows:[22!

)

Xijh(—ws; w1, w2)
=P @ @), @)

where F(® = ma/(N%e*). Equation (2) is de-

rived from a classical anharmonic oscillator (AHO)

model,2? in which m and e are respectively electron
mass and charge; a is a parameter that characterizes
the nonlinearity of the response. The value of a can be
obtained from experimental or theoretical estimations.
It is noted that N is a density number of unit cells in

a crystal instead of the density number of atoms in a
classical AHO model.

3. Results and discussion
3.1. Band structures, density of states and

chemical bonding

In order to have a good match between the cal-
culated and experimental band gaps,??] we employ a
scissors operator!242%! to calculate the band structures
and density of states. The calculated band structures
with a scissors operator of shift energy 1.0eV in the
Brillouin zone are plotted in Figs.2(a) and (b) for HGS
and HCGS, respectively, in which the Fermi level is
set as energy reference. We expect that the band gap
of HCGS is larger than that of HGS because an el-
ement Hg is replaced by a lighter element Cd. The
electronic state energies at some k-points within the
lowest conduction band (LCB) and the highest valence
band (HVB) are listed in Table 3. The three numbers
within brackets represent k-points along the three axes
in reciprocal space. It is found that the lowest energy
of conduction bands (CBs) and the highest energy of
valence bands (VBs) for HGS and HCGS are both
localized at G point, and they are described as direct-
band-gap materials. The gaps are 2.55 and 2.80eV for
HGS and HCGS, respectively. It is observed that the
valence bands of both the crystals are flat while the

conduction bands are oscillatory.
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Fig.2. Energy band structures of (a) HGS, (b) HCGS.

Table 3. The state energies (eV) at some k-points of HGS and HCGS crystals.

Crystal k-point LCB HVB LCB-HVB
HGS Z(0.0, 0.0, 0.5) 3.473793 —0.25674 3.730533
A(0.5, 0.5, 0.5) 3.544484 —0.22891 3.773394
M (0.5, 0.5, 0.0) 3.219521 —0.11029 3.329811
G(0.0, 0.0, 0.0) 2.590018 0.040092 2.549926
HCGS 7(0.0, 0.0, 0.5) 3.526815 —0.13924 3.666055
F(0.0, 0.5, 0.0) 3.226484 —0.05890 3.285384
Q(0.0, 0.5, 0.5) 3.580602 -0.13924 3.719842
G(0.0, 0.0, 0.0) 2.845635 0.047879 2.797756
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Fig.3. Total and partial density of states of crystals (a) HGS and (b) HCGS.
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The bands can be assigned according to total and
partial density of states (DOS), as plotted in Figs.3(a)
and (b). The bands of both HGS and HCGS crystals
lying around -15.0eV are mostly derived from the Ga-
3d with a small mixing of S-3s states. The VBs rang-
ing from —13.0 to —11.0eV mostly originate from S-3s
for HGS and HCGS. Around -8.0eV, there are some
bands derived from the Cd-4d, S-3s and S-3p states
for HCGS. The Hg-5d, S-3p and Ga-4s states have
contributions to the VBs between —7.0 and —5.0eV for
both crystals. The top of VBs largely originates from
the S-3p states with a small mixing of Hg-5d and Ga-
4p states, and the bottom of CBs is mainly composed
of S-3p and Ga-4s states with a small mixing of Hg-
6s states for HGS. While for HCGS, the top of VBs
mostly originates from the S-3p states and the bottom
of CBs is mainly due to the Ga—S antibonding states.

Now, we elucidate the feature of chemical bonding
from the nature of total DOS and angular momentum
projected DOS (partial DOS). For the HGS crystal,
we observe that the DOS, ranging from about -5.0
to 0.0eV, is larger for S-3p states (12.9electrons/eV)
than for Ga-4p states (2.5electrons/eV) and for Hg-6s
states (1.3electrons/eV), by comparing the total DOS
with the angular momentum projected DOS of Hg-
6s, Ga-4p and S-3p states as shown in Fig.3. These
results show that some electrons from Hg-6s and Ga-
4p states transfer into the VBs and take part in the
substantial covalence interactions between Ga and S
atoms and weak covalence interactions between Hg
For the HCGS crystal, it is found
that the DOS ranging from -5.0 to 0.0eV is larger for
S-3p states (25.6electrons/eV) than for Ga-4p states
(4.6electrons/eV), Cd-5s states (0.8electrons/eV) and
Hg-6s states (1.4electrons/eV). This means that some

and S atoms.

z-polarization of HGS (a)

T T T T T

z-polarization of HGS

Dielectric function &(w)
—
o

0 5 10 15 20 25

Frequency/eV

electrons from Hg-6s, Cd-5s and Ga-4p states have
transferred into the VBs and taken part in the weak
covalence interactions between Hg and S atoms and
between Cd and S atoms, and the substantial cova-
lence interactions between Ga and S atoms, respec-
tively. Here we note an interesting fact that the DOS
of Ga and S atoms in HCGS is about two times that
of the corresponding DOS of Ga and S atoms in HGS.
The reason for this is that the supercell approach is
used for the HCGS crystal in the calculations. The
chemical bonding properties are also evidenced from
the population analysis. The calculated bond orders
for Hg-S and Ga'-S, Ga%-S bonds are 0.41, 0.53 and
0.56e in a unit cell of HGS respectively, and the Hg—
S, Cd-S, Ga—S bonds lie in ranges from 0.43 to 0.44e,
from 0.46 to 0.47e, from 0.56 to 0.60e respectively (the
average bond population listed in Table 2) in a unit
cell of HCGS (covalent single bond order is generally
1.0e). All the Hg—S and the Cd-S bonds in these two
crystals are basically of ionic character, and the Ga—S
bonds are of covalent character. Accordingly, we can
also say that the covalent strength of Ga—S bonds is
stronger than that of Hg—-S (or Cd-S) bonds in both
HGS and HCGS crystals.

3.2. Linear and nonlinear optical properties

The calculated imaginary es(w) and real e;(w)
parts of the dielectric function are shown respectively
in Figs.4(a) and (b) for HGS and HCGS. The calcu-
lated imaginary part e3(w) can be used to describe
the real transitions between the occupied and unoccu-
pied bands. It is found from dispersion of the e5(w)
spectra that the strongest absorption peak and cutoff
edge of UV absorption are anisotropic. For HGS, the

strongest absorption peaks are located at about

z-polarization of HCGS

(b) |

T T T T

y-polarization of HCGS

T T T T

z-polarization of HCGS

Dielectric function &(w)
'S

T T

0 5 10 15 20 25

Frequency/eV

Fig.4. The calculated dielectric functions for (a) HGS, and (b) HCGS.
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163.85nm (7.58eV) and 183.19nm (6.78eV) for a (a =
b) and c axes, respectively. For HCGS, the strongest
peaks are located at about 179.48nm (6.92eV) and
188.47nm (6.59¢V) for a (a
tively.

~
~

b) and c axes, respec-
We can find that the absorption peaks and
cutoff edges of UV absorption have a tendency to red-
shift along a (or b) and c¢ axial directions when some
Hg atoms are replaced by Cd atoms in HGS. The real
part €1 (w) can be used to describe the linear refractive
index of the material at transmission region according
to the relation n?(w) = e(w) = €;(w)+iez(w), because
eo(w) is nearly zero in the low-frequency zone. With
a scissors operator of shift energy 1.0eV, the calcu-
lated refractive indices are in agreement with the ex-
perimental data for HGS2¢! as shown in Fig.5. The
calculated linear refractive indices from wavelengths
of 1.0 to 8.0um are plotted respectively in Figs.6(a)
and (b) for HGS and HCGS. We can see that n” is
nearly equal to n¥ for HCGS and it can be regarded
The re-

fractive index n° is an ordinary refractive index which

~
~

as a quasi-uniaxial crystal (n® = n¥ = n°).
describes the refraction of light polarized perpendicu-
lar to the plane containing the propagation vector k

and optic axis. The refractive index n°® is an extraor-

Linear refractive index n;

TP PR R S TP PO R S S P S

e
S O 0 o e o s e s

1000 3000 5000 7000

Wavelength/nm

Linear refractive index n;

dinary refractive index which describes the refraction
of light polarized in the plane containing k and optic
axis. It is found from Fig.6 that n° is less than n° for
HGS and HCGS, and so HGS and HCGS are negative
uniaxial crystals. The difference between n°® and n® for
HGS is larger than that for HCGS. It is known that
the knowledge of refractive index of a material is nec-
essary to predict its frequency-conversion properties
in a device such as an optical parametric oscillator or
a second-harmonic generator. Careful control of the
refractive indices is required to establish the phase-

matching condition for frequency-conversion devices.

2.70 T T T T

Refractive index

N0 C MW o o S T e ]
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M T T T
0 2000 4000 6000 8000
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Fig.5. Calculated and experimental dispersion curves
of the refractive indices of HGS.
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Fig.6. The calculated linear refractive indices of HGS (a) and HCGS (b).

The frequency-dependent second-order suscepti-
bilities ¥ (—2w, w, w)s1z and X (=2w, w, w)sny
are calculated using Eq.(2), and plotted in Fig.7 for
HGS and HCGS. It is found that the susceptibilities
X (—2w, w, w)s12 and x?(—2w, w, w)s1; of HGS
and HCGS are not significantly changed at above an
incident wavelength of 2.5um or below an input en-
ergy of 0.5eV. The calculated results for HGS crys-
tal with a scissors operator of shift energy 1.0eV are
in much closer agreement with the measured nonlin-

ear optical constants dsg [x? (—2w, w, w)s12 = 2dsg]

and d31[X(2)(—2w, w, w)s11 = 2ds;1] at the incident
wavelengths of 1.064um,?” and 5.3um.[?®] The mea-
sured values of dsg and ds; at an input wavelength
of 1.064um are d3s=(35.2+£5.3)pm/V, ds;=(11.7 £
1.8)pm/V[27] and the measured values of dsg and ds;
at the input wavelength of 5.3um are dsg = 22.9pm/V,
ds31=7.6pm/V.[?®] Comparing Fig.7(a) with Fig.7(b),
we find that dsg is larger than d3; by one order of
magnitude for HGS. From Fig.7, we also see that the
second-order susceptibility of HGS is larger than that
of HCGS. This is due to the increase of the band
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gap of the solid solution HCGS. Table 4 lists the
second-order nonlinear optical parameters for HGS
and HCGS crystals, and the calculated values of dsg

and dz; show good agreement with the measured
ones?"28] for HGS.

. . . . . . 5.0 . , . . . T
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Fig.7. The calculated frequency-dependent second-order optical susceptibilities.
Table 4. The second-order optical parameters of HGS and HCGS crystals at an input
wavelength of 1.064pm.
Crystal F(2) /10~ besu x3® /10~ 7esu* d;; of cal./(pm/V) d;; of expt./(pm/V)
HGS Flpy=1.91 =151 d36=31.6 d36=35.2 + 5.3[27]
Flp0=0.639 x$2, =0.506 d31=10.6 d31=11.7 + 1.8
2
HCGS Flay=191 x$2,=0.604 dsg=12.7
2
Fr00=0.639 X2, =0.202 d31=4.23

* x = 2d, and multiplying x by 4.189%x10~4 to obtain d in units of pm/V.

We can make three points by comparing the cal-
culated and discussed results for HGS with those for
HCGS: (A) the band gap of HGS is smaller than
that of HCGS; (B) the optical susceptibilities of HGS
are larger than those of HCGS; and (C) the refrac-
tive index of o-polarization is larger than that of e-
polarization for both HGS and HCGS, and both are
negative uniaxial crystals. We can explain point (A)
by the partial substitution of the heavier element Hg
by Cd. We note that Hg, a heavier element, has lower
s-like states than Cd, and thus the replacement of Hg
by Cd will make the gap larger.[??3% As for point (B),

we can explain it by the crystal lattice distortion and
band structure variation. It is known that the sus-
ceptibility is proportional to the transition moments,
and inversely proportional to the transition energies
between VB and CB at a given k-point. The HGS
and HCGS crystals both have the defective chalcopy-
rite structures, and there is not a very large difference
between their transition moments which depend on
geometric structure and charge. Accordingly, the dif-
ference between their susceptibilities depends on the
energy band gap. It is shown from point (A) that
the transition energy difference between CB and VB
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is smaller for HGS than for HCGS. That is the reason
why the HGS crystal has larger susceptibilities. For
point (C), we have found that the sign of bond order
difference ép (6p = pac — pc) determines the sign
of a uniaxial crystal of chalcopyrite type. Here, the
bond order of Hg—S or Cd-S is lower than that of Ga—
S in the HGS and HCGS crystals and the bond order
difference dp (0p = prg—s — PGa—s < 0.0) is negative.
Moreover, an origin of linear and nonlinear optical ef-
fects can be assigned in terms of band structure and
DOS. As mentioned above, for HGS the top of VBs
mostly originates from the S-3p states with a small
mixing of Hg-5d and Ga-4p states, and the bottom of
CBs is mainly due to the antibonding states between
S-3p and Ga-4p orbitals. While for HCGS, the top of
VBs mostly originates from the S-3p states and the
bottom of CBs is mainly composed of the Ga—S an-
tibonding states. Accordingly, charge transfer from
S2- to Ga®t makes most contributions to optical ef-
fects for HGS and HCGS, and there are some influ-
ences upon linear and nonlinear optical responses by
replacing Hg?t by Cd2* ions in HGS.

4. Conclusion

In summary, we have presented the electronic
structures and optical properties of the HGS and
HCGS crystals in terms of the calculated results using
CASTEP code based on DFT. The atomic states con-

tributing to the band structures have been assigned
according to the total and partial DOS, and it has
been shown that the top VBs are contributions from
the Ga-S bonding states with small mixings of Hg-S
bonding states, and the bottom of CBs mainly origi-
nates from S-3p and Ga-4s states with a small mixing
of Hg-6s states for HGS. For the HCGS crystal, the
top of VBs mostly originates from the S-3p states and
the bottom of CBs is mainly due to the Ga—S anti-
bonding states. By an analysis of bond charge distri-
butions, all of the Hg—S and the Cd-S bonds in these
two crystals are substantially of ionic character, and
the Ga—S bonds are substantially of covalent charac-
ter. Frequency-dependent first- and second-order op-
tical properties have been discussed in terms of the
calculated results by DFT combined with an anhar-
It has been found that the
refractive index of o-polarization is larger than that of
e-polarization for both the HGS and HCGS crystals,
and the birefringence dn (dn = n® — n°) of HGS is
larger than that of HCGS. The band gap of HGS is
smaller than that of HCGS and the second-order sus-
ceptibilities of HGS are larger than those of HCGS. An

electronic origin of linear and nonlinear optical effects

monic oscillator model.

mostly originates from the charge transfer from S2—
to Ga3t for the HGS and HCGS crystals, and there
are some influences on the susceptibilities by replacing
Hg by Cd atoms in HGS crystal.
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