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ABSTRACT: Intense search for new nonlinear optical crystals for the
mid-infrared region is in progress, and Li-containing quaternary
chalcogenides are expected to improve transparency range, stability,
phase-matching conditions, and other parameters in comparison with
commercially available AgGaS,, AgGaSe,, and ZnGeP,. Single crystals
of Li)In,GeSes up to 8 mm in size were obtained by the Bridgman—
Stockbarger growth technique, and their high quality was confirmed by
exciton luminescence. A monoclinic structure and direct band-to-band
electronic transitions were established, and the thermal expansion was
shown to be virtually isotropic. Defect-related absorption and
luminescence were revealed, and the way to lower them was suggested.
The electronic structure, density of states, and some optical properties
were calculated from the first principles for Li,In,GeSes. The
calculated nonlinear coeflicients and rather large birefringence indicate
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a strong phase-matching ability. These investigations demonstrate that Li,In,GeSes is a promising mid-infrared nonlinear

optical crystal.

1. INTRODUCTION

Frequency conversion using nonlinear optical (NLO) crystals
is an effective way to generate coherent radiation in the mid-
and far-infrared (IR) regions. Such laser sources have many
important civil and military applications including atmospheric
monitoring, laser radar, and laser guidance. Since the 1970s,
the most widely used NLO crystals are the chalcopyrite-type
AgGaC, (C = S and Se) and ZnGeP, crystals." Although these
crystals have large NLO coefficients and a wide transparent
range in the IR range, they also possess serious disadvantages
in their properties. For example, all of these chalcopyrite-type
crystals are strongly anisotropic in their thermal expansion
coefficients, AgGaC, (C = S and Se) has a low laser damage
threshold, AgGaSe, is not phase-matchable at 1 ym, and
ZnGeP, exhibits strong two-photon absorption of the
conventional 1 ym (Nd:YAG) or 1.55 um (Yb:YAG) laser-
pumping sources.” Thus, the search for new IR NLO materials
with better overall properties is in progress.

Two ways can be used to overcome these drawbacks. One
way is to replace Ag with Li and to grow crystals of the LiBC,
family, where B = In and Ga and C = §, Se, and Te with an
orthorhombic structure (except tellurides). These crystals have
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significantly higher thermal conductivity, nearly isotropic
thermal expansion, and a large band gap up to 4 eV. As a
result, the optical damage thresholds of LiBC, crystals exceed
those of their Ag-containing analogues, although the nonlinear
susceptibility of Li compounds is slightly lower.”™> The other
way is to synthesize quaternary compounds. For example,
crystal AgGaGeS,, which is a solid solution of AgGa$, and
GeS,, demonstrates improved laser damage thresholds and an
extended range of phase-matching tuning in comparison with
its parent compounds."® In the last few years, there were
attempts to combine these two approaches and to create a
quaternary compound based on both LiGaS, and GeS,: fine-
grained powder of Li,Ga,GeS¢ was synthesized.” The next step
was LiGaGe,Ses.'” Both of these compounds crystallize in an
orthorhombic structure. Single crystals of LiGaGe,Ses were
grown and studied in detail.'"'” The advantages of
LiGaGe,Se, are higher nonlinear susceptibility (d;s = 18.6
pm/V and dy; = 12.8 pm/V'?) and lower melting temperature
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(710 °C): the corresponding parameters for LiGaSe, are d;; =
10 pm/V"™ and 915 °C."”" A decrease in the melting
temperature lowers the risk of incongruent evaporation when
crystal is being grown. A probable consequence of such
evaporation is a deviation from the stoichiometric composition
and appearance of inclusions of side phases. The latter results
in an increase in the light scattering and a decrease in the
optical damage threshold.

In the quaternary Li—Ga—Ge—Se compounds, the micro-
scopic NLO-active unit is the (Ga/Ge)Se, tetrahedron.
Considering that the heavier group III element, In, will
increase the NLO response and birefringence owing to the
larger polarization of the electrons, Li,In,GeSes powder was
synthesized.'* The preliminary experiments revealed that this
compound is crystallized in the noncentrosymmetric mono-
clinic space group Cc with a three-dimensional framework
composed of corner-sharing LiSe,, InSe,, and GeSe,
tetrahedra. The band gap was estimated to be 2.30 eV from
the reflection spectra, and the second harmonic generation
(SHG) signal at 2.090 ym pumping was found to be close to
that of AgGaSe,.'" Besides, this Li-containing selenide may be
a promising crystal for neutron detection.'”'® As for the
potential application, crystal growth habit, optical trans-
mittance, and thermal expansion are also crucial factors
directly influencing the performance, which, however, have
not been studied.

To shed light on the application prospect of Li)In,GeSey, in
the present work, we grew large single crystals of Li,In,GeSeq4
and redetermined its structure. The quality of the grown crystal
was evaluated by luminescence spectrum, and its optical
transmittance and thermal expansion behavior were studied.
Meanwhile, in combination with Raman spectrum, first-
principles calculation on the electronic structure, lattice
vibration property, and optical property was also performed
to clarify the structure—property relationship.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Growth of the Li,In,GeSe, Crystal.
When growing Li-containing compounds from elementary
starting reagents, it is necessary to take into account the high
chemical activity of metallic lithium and the high pressure of
selenium vapor. Because of these features, melting of
components can lead to the destruction of the crucible.
Moreover, the uniformity and stoichiometry of the synthesized
charge are considerably violated, which will necessarily lower
crystal quality.

Weighing and loading of elementary starting reagents were
carried out in a dry camera flushed by pure argon. Little
deviations from stoichiometry during synthesis resulting from
high Li activity and GeSe, volatility were corrected by adding a
surplus of some components. After loading the starting
reagents into a glassy carbon crucible, the latter was placed
inside a quartz ampule. Glassy carbon is the only available
material that is resistant to Li and its melted compounds at
temperatures up to 1000 °C. The glassy carbon crucible
excludes direct contact between reagents and quartz. The
quartz ampule was evacuated, filled with Ar, and sealed off.

To synthesize Li,In,GeSes the quartz ampule with the
glassy carbon crucible inside was located into a tubular
resistance furnace. Heating of the furnace up to the completion
of synthesis reaction was carried out in two stages. The first
stage was a rather slow heating to 300 °C at a rate of 5°/h, and
the second one was a fast heating to 800 °C at a rate of 20°/h.

Then, the ampule was kept at 800 °C for a day and cooled to
room temperature in a regime of switched off furnace.

We obtained tight fine-grained dark red ingots with a
content of the LiyIn,GeSe, phase close to 100% according to
X-ray diffraction (XRD) data. Splitting and loading of the
ingots were carried out in an Ar atmosphere. The ampule with
the charge was evacuated and sealed off. To grow Li,In,GeSeg
single crystals, we used the Bridgman—Stockbarger technique.
The growth ampule was located in a vertical resistance furnace.
The furnace of special design provides a high temperature
gradient of about 40 °C/cm on the crystallization front at
minimum overheating of the liquid phase: this is particularly
important when growing single crystals of multicomponent
compounds. This allowed us to minimize the stoichiometry
violation and provided the most favorable conditions on the
crystallization front. The growth rate was about 2 mm/day in
all of these experiments. After the crystal growth process, the
furnace was cooled at a rate of about 10 °C/h.

2.2. X-ray Diffraction. The powder diffraction data of
Li,In,GeSe; for Rietveld analysis were collected at room
temperature with a Bruker D8 ADVANCE powder diffrac-
tometer (Cu Ka radiation) and a linear VANTEC detector.
The average grain size in the Li)In,GeSes powder used for the
XRD experiments was 35 nm. The step size of 20 was 0.016°,
and the counting time was 1.5 s per step. A 20 range of 9-70°
was measured with a 0.6 mm divergence slit, but a 26 range of
70—140° was measured with a 2 mm divergence slit. Larger
slits allow a noticeable increase in the intensity of high-angle
peaks without loss of resolution because the high-angle peaks
are broad enough not to be affected by a bigger divergence
beam. The estimated standard deviations (esd’s) o(I;) of all
points on patterns were calculated using intensities I;: o(I;) =
I}?. The intensities and obtained esd’s were further
normalized: I, .., = I, X 0.6/(slit width) and o6,,.,(I,) =
o(I;) x 0.6/ (slit width), taking into account the actual value of
the divergence slit width, which was used to measure each
particular intensity I, and saved in a xye-type file. Therefore,
the transformed powder pattern has a typical view in the whole
20 range 9—140°, but all high-angle points have small esd’s.

2.3. Optical Properties. Transmission spectra were
recorded using a UV-2501 PC Shimadzu spectrometer in the
UV to near-IR region, whereas in the mid-IR region, we used a
Fourier transform spectrometer Infralum 801. We analyzed the
shape of the shortwave absorption edge and constructed Tauc
plots'” to establish the type of the band-to-band electronic
transitions for thin plates of Li,In,GeSe,. Band gap values were
calculated for different temperatures in the 80—350 K range.
Raman spectra were measured at 300 K using a HORIBA Jobin
Yvon LabRAM HR800 spectrometer with a 1024 pixel LN/
CCD detector at 532 nm excitation. The same spectrometer
was used to record photoluminescence (PL) spectra at 325 and
532 nm excitations from Cd—He and solid-state diode-
pumped Nd:YAG (second harmonic) lasers, respectively.

2.4. First-Principles Calculations. The first-principles
calculations are performed by the plane-wave pseudopotential
density functional theory (DFT)'®'’ implemented by the
CASTEP package.”” The generalized gradient approximation
(GGA) with a Perdew—Burke—Ernzerhof (PBE) functional*!
is adopted, and the ion—electron interactions are modeled by
the optimized normal-conserving pseudopotentials® for all
elements. A kinetic energy cutoff of 800 eV and Monkhorst—
Pack™ k-point meshes with a spanning grid less than 0.04/A3
in the Brillouin zone are chosen.
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Because of the discontinuity of exchange—correlation, the
GGA-predicted band gaps are always smaller than the
experimental values, and scissors operator’* was used to raise
the conduction bands (CBs) to match the calculated band gap
with the measured value. On the basis of the scissors-corrected
electron structures, the SHG coeflicients were calculated by the
formula developed by Lin et al. based on the gauge formalism
method:***¢

){ijk _ )(ijk(VE) +)(iik(VH) +;(’7k(two bands)

where y’*(VE) and y’*(VH) denote the contributions from
virtual-electron processes and virtual-hole processes, respec-
tively, and y(two bands) gives the contribution from two
band processes to )( ). The formulas for calculating ¥ K(VE),
7*(VH), and y7*(two bands) are as follows

e 32 /—P(zjk)lm[p ]

1 4 2
. o, o, o,

¥ (VE) =

3 3——‘
ii e d k .. i i
7" (VH) = 2h2m32 f 5 Pmlp ', Jp ]

1 + 2
ool olo,

vC cv

”k(two bands) = e_
h*m

di

——DP(ijk
% / = (ijk)
Imlp,'p'(p, "

@ N

vC

-p)]

Here, i, j, and k are Cartesian components, v and v’ denote
valence band (VB), and ¢ and ¢’ denote CB. P(ijk) denotes full
permutation. The absorption, that is, the imaginary part of the
dielectric function, can be calculated by the electronic
transition across the forbidden band. Therefore, using the
Kramers—Kronig transformation, the refractive index, that is,
the real part, can be determined.”” The vibrational properties
were calculated by linear response formalism,”® in which the
phonon frequencies were obtained by the second derivative of
the total energy with respect to a given perturbation.”

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. A Li,In,GeSes boule is shown in
Figure 1. The typical boule (Figure 1a) was 20 mm in diameter
and ~20 mm in length. Several transparent single crystal pieces
with a color varying from yellow to brown, up to 6 mm in size,
are given in the (b) section. Study of Li,In,GeSe,4 pieces shown
in Figure 1b in polarized light under a microscope showed that
they are all single crystals.

The reasons for the variation of color in Figure 1b are the
complicated shape of the Li,In,GeSes pieces and different
thicknesses of the samples. The color may be red for thick
plates (the same in the bulk of the boule in Figure 1a). Green

Figure 1. Boule of Li)In,GeSe, (a) and several single crystal pieces

(b).

color in some parts of the boule may be due to some side
phases on its boundary.

Rietveld refinement was performed by using TOPAS 4.2,
which accounts esd’s of each point by a special weight scheme.
All peaks were indexed by a monoclinic cell (Cc) with
parameters close to those of Li,In,GeSe,,"* and refinement was
stable and gave low R-factors (Table 1 and Figure 2a). The x

Table 1. Main Parameters of Processing and Refinement of
the Li,In,GeSes Sample

compound Li,In,GeSeg
space group Ce

a, A 12.7296(6)
b, A 7.4553(4)
o A 12.6798(8)
B, deg 109.839(3)
v, A 1131.9(1)
V4 4
26-interval, deg 9—-140
Ry % 3.97

R, % 329

Reg % 2.84

Ve 1.40

Ry, % 1.25

and z coordinates of Lil ion were fixed because the Cc space
group (m point group) has origin in the ¢ plane and this
requires fixing x and z coordinates of one ion. The coordinates
of atoms and main bond lengths are in Tables S1 and S2,
respectively. The crystal structure of Li,In,GeSeq is presented
in Figure 2b. Li,In,GeSeg crystallizes in the noncentrosym-
metric space group Cc of the monoclinic system. In the
asymmetric unit, there are two crystallographically independ-
ent Li atoms, two independent In atoms, one Ge atom, and six
Se atoms. All of the atoms are in general positions with 100%
occupancy, and there is no detectable disorder among Li, In, or
Ge atoms in the structure, although the possibility of such
disorder cannot be completely ruled out. As there are no Se—
Se bonds in the structures, the oxidation states of 1+, 3+, 4+,
and 2— can be assigned to Li, In, Ge, and Se, respectively. The
LiSe,, InSe,, and GeSe, tetrahedra are connected to each other
via corner-sharing to generate a three-dimensional framework.
In comparison, another relative quaternary compound
LiGaGe,Seg has some differences in the structure. LiGaGe,Seg
crystallizes in the orthorhombic space group Fdd2 with an
asymmetric unit containing one crystallographically independ-
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Figure 2. (a) Rietveld difference plot of Li,In,GeSes and (b) crystal structure of Li,In,GeSes.
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Figure 3. Thermal dependences of cell parameters a (a), b (b), ¢ (c), # (d), and cell volume V (e) of Li,In,GeSes.

ent Li atom at the Wyckoff position 16b with 50% occupancy,
one independent Ga atom at the Wyckoft position 8a, one
independent Ge atom at the Wyckoff position 16b, and three
independent Se atoms at the Wyckoff position 16b, leading to a
LiGaGe,Seg stoichiometry.'”'* LiGaGe,Seg also has a three-
dimensional framework built up from corner-sharing LiSe,,
GaSe,, and GeSe, tetrahedra, but the Li position is only half-
occupied in LiGaGe,Seq.

Selected bond distances are listed in Table S2. As for the two
selenides, the Li—Se distances of 2.62(6)—2.82(8) A are in
good agreement with those of 2.64(3)—2.83(3) A in
LiGaGe,Seg;'” the In—Se distances range from 2.52(7) to
2.64(12) A, which resemble those of 2.569 A in LilnSe,;”" and
the Ge—Se distances range from 2.28(6) to 2.34(9) A, which
are in good agreement with those in Ag,In,GeSes (2.313—
2.336 A).

To get information on the temperature dependence of the
unit cell parameters (Figure 3), 22 X-ray patterns in the range
20 from S5° to 120° were collected from 303 to 723 K spending
35 min on each pattern (Figure S1). One can see that all g, b,
and ¢ cell parameters and cell volume increase under heating,
and therefore the compound has no negative thermal
expansion behavior. This differs considerably from the
chalcopyrite-like structure (the cases of AgGa$S, and AgGaSe,),
where the thermal expansion parameters along and perpen-
dicular to the optical axis are of opposite sign (Table 2). In this
table, the average linear thermal expansion coefficients ¢ =
(1/L)dL/dT for AgGaSe,, LilnSe,, and Li,In,GeSe are given.

17416

Table 2. Average Linear Thermal Expansion Coeflicients a;,
= (1/L)dL/dT for AgGaSe,, LiInSe,, and Li,In,GeSe, in the
300—700 K Range (along Different Directions, 4, b, and c)

aEU“’ i aEUh, o agﬂ@ o
NN crystal X107° K X107° K X107° K references
1 AgGaSe, +28 +28 —-16 32
2 LilnSe, 11.5 204 8.9 33
3 Li,In,GeSeq 6.8 20 12 this paper

One can see that the @ values for LilnSe, and Li,In,GeSe4 are
rather close. The pretty small anisotropy of thermal expansion
in Li,In,GeSe is favorable for the crystal growth.

3.2. Transmission/Absorption Spectra. Transmission
spectra for Li)In,GeSeg recorded for 1 and 3 mm thick plates
at 300 K are given in Figure 4. The transparency range is 0.55—
18 ym for an ~1 mm thick plate (curves 1—2) and 0.55—15
um for a 3 mm thick plate (curve 3). The main features in the
transparency range are several absorption bands in the mid-IR
range, which are listed in Table 3. Li,In,GeSey crystals of
maximal transparency demonstrate two bands near 8.06 and
14.8 pm in their transmission spectra. Following Kokorina’s
Chalcogenide Glasses book,** these bands are associated with
Ge—O0 and Se—Se vibrations. The spectra of other Li,In,GeSeg
crystals contain well-pronounced bands near 2.98 and 6.17 um
associated with H,O and OH™ vibrations: these are stretching
and bending vibrations, respectively (curve 2 in Figure 4;
Table 3). Keeping the Li)In,GeSes sample in air results in a
considerable increase in water/OH™ absorption: the spectrum
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Figure 4. Transmission spectra for Li,In,GeSeg: for 1 mm thick (1, 2)
and 3 mm thick (3) samples. T = 300 K. Curve la shows the
transmission spectrum for a material transparent in the visible range:
this spectrum was simulated taking into account Rayleigh light
scattering.

Table 3. Interpretation of Absorption in the Mid-IR Region
Following Kokorina’s Chalcogenide Glasses:** Intrinsic and
Extrinsic Absorption Bands

wavenumber  wavelength
NN (em™ (um) interpretation assignment

1 3355 2.98 H,0 symmetric and
asymmetric stretch
modes (v, and v;)

2 2092 4.78 Se—H

3 1620 6.17 H,0 bending vibration, v,

4 1464 6.83 ?

S 1375 7.27 Se—H

6 1240 8.06 Ge—-0O

7 1077 9.28 ?

8 1033 9.68 ?

9 675 14.8 H,O, Se—Se L, libration of H,O

is shown in Figure 4 (curve 3). There are also other bands near
4.78,6.84,7.27,9.29, and 9.65 pm, and two of these lines (4.78
and 7.27 um) are associated with Se—H vibrations.”* The
experiments showed that the absorption in the mid-IR region
associated with H,O/OH~ and Se—H vibrations can be
restored if the sample is repolished or annealed at a
temperature about 300 °C for 2 h. Thus, it is necessary to
protect the element surface by a coating in order to keep the
transparency. This situation is typical of selenides, whereas the
surface of their S-containing analogues is considerably more
chemically stable.

One can see a rather low transmission of Li,In,GeSeq
samples, which does not exceed 45% even in the mid-IR
region. The reason is crystal polishing: we recorded spectra on
the cleaved plates of Li,In,GeSe,. Until now, we have not been
able to find a way to polish this material because of the
tendency to delaminate and high chemical activity of the
solvents used for polishing. On the other hand, transmission in
the envelope of the transmission spectrum monotonically
increases as the wavelength grows in the 0.6—12 ym range: this
is likely caused by the Rayleigh light scattering on inclusions in
Li,In,GeSeg.

To determine the type of electronic transitions responsible
for the fundamental absorption edge, we prepared a thin plate
of Li)In,GeSes, about 60 um thick. We constructed Tauc
plots.'” Analysis of the shape of the fundamental absorption
edge showed that linear approximation is possible for the
(ahv)? versus hv curves at both 300 and 80 K (Figure Sa).
This implies the case of directly allowed band-to-band
electronic transitions.'” Extrapolation of linear part to a(hv)
= 0 gives the E, values of 2.27 and 2.46 eV at 300 and 80 K,
respectively. As temperature increases from 80 to 300 K, the
band gap E; shifts by 0.19 eV to lower energies: such a shift is
rather typlcal of wide-gap dielectrics.”

For a thin plate cut from Li,In,GeSes, we recorded
transmission/absorption spectra at 16 different temperatures
in the 80—300 K range. For each temperature, the E, value was
estimated. The band gap temperature dependence 1s glven in
Figure 5b. The energies were fit with the Varshni equation,*®”
which is a common empirical fitting for the temperature
dependence of semiconductor band gap energy and is given as
follows:

E(T) = Ey — aT?/(T + )

where E,(0) is the band gap value at 0 K and a and 3 are the
Varshni fitting parameters characteristic of the given material.
For LiyIn,GeSe,, we estabhshed E,(0) = 2.47 eV, whereas the
parameters are @ = 4 X 107 eV/K and B =1700 K. In Table 4,
these fitting parameters are listed for germanium, gallium
arsenide, LilnSe,, LiGaSe, LiGaGe,Ses; (LGGSe), and
Li,In,GeSe, (LIGSe). Parameters for the latter are rather
close to those for other Li-containing chalcogenides.

Two possible variants of the E, temperature dependence are
known.” Some materials, such as the II-IV—V, compounds
(e.g., ZnGeAs, ), exhibit the standard behavior when the band
gap E; monotonically decreases with increasing temperature.

1,5x10°
<, a
(0]
o
£ 1,0x10°1
Dy
>
=
3
A
5,0x10* 1
E=227eV
2,0 22 2.4

Photon energy, eV

2,6
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Band gap Eg, eV
N
N

2,3

200 300

Temperature, K
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Figure S. (a) Tauc plot for the Li,In,GeSe,4 plate about 60 ym thick. The case of direct electronic transitions. The obtained E, values are 2.27 and
247 eV at 300 and 80 K, respectively. (b) Band gap vs temperature for Li,In,GeSe. Calculation result (line) and expenmental points. Fitting: E, =

Ey — a x T*/(T + B), where Ey = 2.47 ¢V, a = 4 X 107°

17417

eV/K, and = 1700 K.
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Table 4. Parameter Values for Modeling the Band Gap Energies

Ge*® GaAs™® LilnSe,"* LiGaSe,” LGGSe'? LIGSe
Egoy €V 0.7437 1.519 3.07 3.68 2.64 247
a, eV/K 477 x 107 541 x 107* 0.99 x 1073 228 X 1073 1.9 x 1073 4x1073
B K 235 204 245 700 280 1700

Other compounds, such as Cu and Ag chalcopyrites, show a
nonmonotonic temperature behavior with a maximum at low
temperatures followed by a decrease or an extended plateau at
low temperatures. Ab initio investigation showed that the
nonmonotonic behavior takes place in materials with d
electrons in the VB, whereas monotonic temperature depend-
ence of the energy gap corresponds to those without d
electrons (the case of Li,In,GeSes). The nonmonotonic
behavior is explained in the model of two Bose—Einstein
oscillators with weights of opposite sign leading to an increase
of the band gap at low temperatures and a decrease at higher
temperatures.40

We purposely investigated the tail of the edge of the
fundamental absorption. We have not found any temperature
dependence of the absorption spectrum when it is represented
in In a = f(hv) coordinates, as in the case of the Urbach rule
(the case of tails of the conduction and VBs due to disordering
in the structure).”’ Thus, we assume that the dominant
mechanism responsible for the slow rise of the Li,In,GeSeq
transmission with increasing wavelength A in the 0.65-to-1.0
um range (Figure 4) is Rayleigh light scattering on defects: in
this case, the cross section o of the light scattering is
proportional to (1/4%).*!

3.3. Raman Spectra. Raman spectra for two ternary
selenides LilnSe, and LiGaSe, (panel a) and for Li,In,GeSe
(b) are given in Figure 6. Spectra were recorded in the
backscattering geometry, in unpolarized light, at 300 K.
Ternary selenides are of orthorhombic symmetry (space
group Pna2,), whereas Li,In,GeSe is of monoclinic symmetry

(Co).
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3
©
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00 Aa e\ . A y 2
109 100 200
b . theor.
LiIn,GeSe,
3
20.5 g
0.0 T T T
0 100 200 300 400

Raman shift, cm”

Figure 6. Raman spectra for ternary LilnSe, and LiGaSe, (a) and for
Li,In,GeSe, quaternary chalcogenide (b). In panel (b), the black line
shows an experimental spectrum, whereas the red line corresponds to
a simulated one. The inset in (b) displays the vibration assignment of
the mode with maximum frequency. Li, In, Ge, and Se are shown in
the inset as green, violet, dark red, and red spheres, respectively.
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There are three main groups of lines in all of these spectra: A
(50—130 cm™!, low frequencies), B (160—240 cm™!, medium
frequencies), and C (290—330 cm™’, high frequencies). The
components of these groups for experimental Li,In,GeSe
spectrum are listed in Table S. Analysis of line position for

Table 5. Components in Experimental and Calculated
Raman Spectra for Li,In,GeSes”

experimental Raman spectrum

A 61.8,74,91, 114.6, and 1254 49.8, 59.6, 73.8, 84.7, 90.2, 112.0,
1216

171.9, 199.1,206.0, 234.0

calculated Raman spectrum

B 172,197, 215, and 234.4
cm™!

C 3029 and 318.5 cm™! 267.8, 291.9, 302.8, 315.8

“The most intense lines are shown bold above. The most intense lines
are additionally underlined.

compounds in the LiBC, family (where B = In and Ga and C =
S and Se) and line shift when replacing S with Se or In with Ga
allowed the authors* to assign medium frequency modes in
the 150—180 cm™! range to B™—Se vibrations, and those in
the 200—280 cm™' range to Li—Se vibrations. By analogy,
intense lines near 172 and 234 cm™" in the Raman spectrum of
Li,In,GeSe; (Figure 6b, black line) may be related to In—Se
and Ge—Se vibrations. One can notice a broad-band
background in the Raman spectra of quaternary Li,In,GeSeg
and LiGaGe,Seq crystals, in contrast to the cases of ternary
LilnSe, and LiGaSe,. This may indicate some disorder in
quaternary compounds. In the case of Li,In,GeSe,, one of the
reasons is the fact that Li atoms occupy two crystallo-
graphically nonequivalent Lil and Li2 in the LilSe, and Li2Se,
tetrahedra, respectively.

3.4. Luminescence Spectra. The luminescence spectrum
for Li,In,GeSe, recorded at 80 K is given in Figure 7 (curve 1).
PL was excited with 0.532 ym photons: this corresponds to
band-to-band excitation. The PL spectra demonstrate three
broad bands at 0.837, 0.737, and 0.6356 um (peaks 1-3,
respectively). PL is rather intense at 80 K, but its intensity
decreases by several orders of magnitude at room temperature.
The results of deconvolution of low-temperature PL spectra
into three Gaussians are given in Table 6. A narrow line at
0.5541 pm is related to the recombination of free excitons. The
exciton PL line in Li,In,GeSes samples means that these
crystals, shown in Figure 1, are of rather high optical quality.
Broad bands are associated with recombination in some point
defects supposedly in native defects such as vacancies and
cation antisite defects. Taking into account that ionic radii in
the tetrahedral coordination are 0.59, 0.62, and 0.39 A for Li",
In*, and Ge*, respectively,*’ we suppose that possible cation
antisite defects in Li,In,GeSe are Gey, and Gey; as well as Lij,
and Ing;.

Li,In,GeSes crystals demonstrate unusual spontaneous
emission in the 80—200 K range on heating or cooling the
sample (Figure 8). This spontaneous emission is called
pyroelectric luminescence (PEL) or pyroluminescence. Ten
classes of pyroelectric crystals with point groups 1, 2, m, mm2,
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Figure 7. Experimental PL spectrum for Li,In,GeSe4 at 0.532 um
excitation at 80 K (1) and result of its deconvolution (2) into
Gaussian components (2a, 2b, 2¢, and 2d). Curve (3) shows the
absorption spectrum at 300 K. The exc arrow shows the photon
energy of PL excitation.

3, 3m, 4, 4mm, 6, and 6mm demonstrate such an effect.
Li)In,GeSes with the Cc space group and m point group is
typical pyroelectric. Many of other NLO crystals are known to
show such pyroluminescence: KDP, triglycine sulfate
(NH,CH,COOH);-H,SO,, proustite Ag;AsS; and pyrargyrite
Ag;SbS;, beta barium borate BBO, lithium niobate LiNbO;,
iodate LilO;, and metagermanate Li,GeOs.** In the LiBC,
family with B = In and Ga and C = S and Se with an
orthorhombic structure, all members are pyroelectrics (point
group mm?2), whereas tellurides (C = Te) are not pyroelectrics:
they crystallize in the chalcopyrite structure of —42m
symmetry.”> All other known quaternary Li-containing
chalcogenides such as LiGagsIngsSey, ™ Li,Ga,GeSe,*” and
Li,Ga,GeSes* are also pyroelectrics with an orthorhombic
structure (mm2). PEL is observed commonly at low temper-
atures, whereas at higher temperatures, the electrical
conductivity of crystals increases and PEL disappears because

1,0

a.u.

0,51

A

100

0,0

hli
260

Temperature, K

T
150 250 300

Figure 8. Spontaneous emission in Li,In,GeSe4 on heating: PEL. The
sample was heated at a permanent rate of 40 K/min.

of charge leakage: in Li,In,GeSeq, this occurs at T > 200 K
(Figure 7a). On the other hand, the PEL intensity increases
considerably in the temperature ranges at which phase
transitions take place,"* but this is not our case.

The presence of PEL must be taken into account in SHG
experiments. Thus, in Li,In,GeSe,, at excitation of about 1.06
um, two-photon absorption enters the region of strong
absorption of this crystal (Figure 4). This means that the
crystal heats up strongly at the excitation point, and a strong
PEL signal is observed. In this case, it is difficult to register the
SHG signal because the SHG signal itself is also strongly
absorbed.

3.5. Calculated Electronic and Optical Results. To
elaborate the mechanism of experimentally observed optical
properties of Li,In,GeSeq, the electronic structure, phonon
spectrum, refractive index dispersion, and nonlinear suscept-
ibility are calculated by ab initio simulation based on the plane-
wave pseudopotential DFT. The calculated electronic structure
revealed that Li,In,GeSeg is a direct transition semiconductor
with both the VB maximum and CB minimum located at the
I'(0,0,0) point (Figure 9a), in good agreement with the result
obtained from the transmission spectrum (section 3.2). The
theoretical band gap (1.81 €V) smaller than the observed value
(2.46 V) is attributed to the discontinuity of the localized
form of PBE functionals. The partial density of states (PDOS)
projected onto the constituent atoms is plotted in Figure 9b,
and some characteristics can be deduced:

(1) The energy levels below —10 eV are mainly composed of
In Ss, Ge 4s, and Se 4s orbitals. These orbitals are
difficult to be excited by the perturbation of the external
photoelectric field and almost have nothing in common
with the optical properties related to the electron
transition across the forbidden bands. Moreover, these
orbitals strongly hybridize with each other, manifesting a
strong covalent interaction within InSe; and GeSe,
tetrahedra.

Table 6. Parameters of PL Features in Li,In,GeSe, (Deconvolution Results)

AW =

description
broad band 1
broad band 2
broad band 3

narrow line

max position

E, eV
1.48
1.68
1.95
2.237

A, ym
0.8375
0.7378
0.6356
0.5541

full width at half-maximum, eV
0.17
0.173
0.48
0.024
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assignment

recombination in point defects

exciton recombination
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Figure 9. (a) Calculated band structure along a highly symmetric path

in the Brillouin zone and (b) PDOS projected onto the constituent
atoms in Li,In,GeSe4. The band gap is highlighted by pink shadow in

(b).

(2) In Ss Sp, Ge 4s 4p and Se 4s 4p orbitals construct the
electron states at the top of the VB and at bottom of the
CB. Moreover, the orbitals of lithium almost contribute
nothing to any states, highlighting its strong ionicity.
This implies that the optical properties of LiyIn,GeSe4
are predominantly determined by the electronic
stimulation within InSe, and GeSe, tetrahedra.
The VB is formed by (s) and (p) states in Li,In,GeSe
(Figure 9b). This agrees well with the monotonic
temperature dependence of the band gap in Li)In,GeSeq4
(Figure 5a).40

The lattice vibrational behavior of LiyIn,GeSeq is also
calculated to shed light on the related experimental optical
property. As shown in Figure 10, no imaginary frequency is

)
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Figure 10. Phonon dispersion and density of states of Li,In,GeSes.

observed in the phonon spectrum, confirming the dynamical
stability of the crystal structure determined by Rietveld
refinement. The maximum frequency cutoff of the phonon
spectrum is located at around 330 cm™, in rather good
agreement with the highest frequency shift (318.5 cm™) in the
measured Raman spectrum and the IR cutoff (17 gm) in the
transmittance spectrum under the framework of two-phonon
absorption approximation. The whole phonon spectrum is
divided into two parts by a gap between 130 and 170 cm™". In
both parts, the phonon branch exhibits a relatively strong
dispersion, indicating the prominent coupling of the atomic
vibration and manifesting the relatively strong interaction
between the constituent atoms. Virtually, all constituent atoms
contribute to the phonon mode in both two parts, which agree
with the strong atomic interaction deduced from the phonon
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dispersion. It should be emphasized that the contribution of
lithium to the high-frequency part is more significant than that
to the low-frequency part, especially to the maximum-
frequency phonon mode. Moreover, the Raman spectrum
was also simulated, and clearly good agreement is achieved
between the calculated and measured results (Figure 8b).
According to the simulated vibration assignment, the
maximum-frequency phonon modes (318 and 325 cm™
the measured and simulated spectra) are mainly ascribed to the
translation vibration of lithium ions (the inset in Figure 8b).
This indicates that the light lithium element plays a key role in
determining the mid-IR absorption edge.

The first-principles calculations gave the following values of
second-order nonlinear susceptibility of LiIn,GeSeqs: d;; =
—-83 pm/V; ds = 6.1 pm/V; d, = 2.0 pm/V; d3 = 7.2 pm/V;
dyy = =5.8 pm/V; and dy3 = 1.7 pm/V. One can see that these
values are close to those for ternary Li-containing chalcoge-
nides: dy; = 7.2 pm/V, d3, = 5.7 pm/V for LilnS, and d;, =
10.4 pm/V, and dy, = 7.8 pm/V for LilnSe,." These values are
several times (~3.5) lower than the second-order nonlinear
susceptibility for AgGaSe, single crystal ds4 (at 9.2714 ym) =
39 pm/V." Thus, nonlinear susceptibility for AgGaSe, is about
3 times larger than that for Li)In,GeSe4. This differs from the
results in ref 14, where SHG signals were found to be close to
each other for powders of Li,In,GeSes and AgGaSe,. A
probable reason of such contradiction is that SHG signals were
measured on powders in ref 14, whereas the above given values
for Li,In,GeSes and AgGaSe, are related to bulk single crystals.
It is necessary to take into account that SHG signals depend
considerably on the grain size in the powder and this behavior
varies considerably for different compounds. For example, the
SHG signal grows by several times monotonically in AgGaS,
and PbGa,GeSes when the grain size increases from 30 to 200
um.* On the other hand, Ba,;GagSb,;S;; demonstrates an
opposite behavior: the SHG signal decreases by an order of
magnitude as the grain size increases in the same size range.so
Thus, it is necessary to estimate nonlinear susceptibilities for
bulk Li,In,GeSe4 crystals, and this work is in progress.

Additionally, the calculated dispersive refractive index
revealed that the birefringence (An) of LiIn,GeSe; is as
high as 0.043 near 1.064 ym (Figure 11), which exceeds the
value of AgGaSe, (An ~ 0.02) by two times' and indicates its
strong phase-matching ability.
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Figure 11. Calculated dispersion of the refractive indices n,, n,, and n,
of Li,In,GeSe.
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4. CONCLUSIONS

Large single Li,In,GeSeq4 crystals of optical quality were grown
by the Bridgman—Stockbarger technique, and the crystal
structure was established. The thermal expansion parameters
for Li,In,GeSe, were determined: their increase on heating was
found to be monotonic in contrast to commercial AgGa$, and
AgGaSe,. The transparency range is 0.55—17 um with a strong
absorption of water, Ge—O, and Se—Se complexes: water
absorption can be removed by repolishing or annealing. Tauc
analysis showed direct band-to-band electronic transitions and
band gap values of E; = 2.27 and 2.47 eV at 300 and 80 K,
respectively. The Raman spectrum demonstrates vibrations
within the 350 cm™ range with the main modes at 172, 215,
and 234.4 cm™': the two-phonon absorption determines the
long-wavelength edge of the transparency range near 17 pm.

Three broad bands near 0.837, 0.737, and 0.6356 um are
supposedly associated with cation antisite defects in the
luminescence spectra. A narrow line at 0.554 ym corresponds
to exciton recombination, and this confirms the high quality of
grown Li)In,GeSeq crystals.

Electronic structure, density of states, and some optical
properties were calculated from the first principles for
Li)In,GeSeq. Nonlinear coefficients are within 8.3 pm/V; a
birefringence of 0.043 at 1.064 um indicates the strong phase-
matching ability. On the basis of our systematic investigations,
we believe that Li,In,GeSeq4 is a promising NLO crystal that
can be used in the mid-IR region.
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