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Two excellent phase-matchable infrared nonlinear
optical materials based on 3D diamond-like
frameworks: RbGaSn2Se6 and RbInSn2Se6†

Hua Lin,a,b Hong Chen,a,b Yu-Jun Zheng,a,b,c Ju-Song Yu,a,b,c Xin-Tao Wua and
Li-Ming Wu *a,b

Mid- and far-infrared (MFIR) nonlinear optical (NLO) crystals with excellent performances are critical to

laser frequency-conversion technology. However, the current commercial MFIR NLO crystals, including

AgGaS2 (AGS), AgGaSe2 and ZnGeP2, suffer from certain intrinsic drawbacks and cannot achieve a good

balance between large second-harmonic generation (SHG) efficiency and high laser-induced damage

thresholds (LIDTs). Herein, we report two new phase-matchable MFIR NLO chalcogenides, specifically

RbXSn2Se6 (X = Ga, In), which were successfully synthesized by high-temperature solid-state reactions.

The remarkable structural feature of these materials was their 3D diamond-like framework (DLF) stacked

by M3Se9 (M = X/Sn) asymmetric building units of vertex-sharing MSe4 tetrahedra along the c axis.

Significantly, both of the materials showed the excellent NLO performances with the desired balance

between their large SHG efficiencies (4.2 and 4.8 × benchmark AGS) and large LIDTs (8.9 and 8.1 ×

benchmark AGS), demonstrating that the title compounds meet the crucial conditions as promising MFIR

NLO candidates. Furthermore, the crystal structures, synthesis, and theoretical analysis, as well as optical

properties are presented herein.

Introduction

In solid-state laser frequency-conversion techniques, second-
order nonlinear optical (NLO) crystals are key optoelectronic
functional materials based on second-harmonic generation
(SHG). Moreover, they also have very important applications
in many fields, such as resource exploration, military com-
munications, space anti-missiles and electro-optical counter-
measures.1 In general, the state-of-the-art NLO materials can
be divided into four classes based on their working wavelength
ranges: deep-ultraviolet (DUV, below 200 nm), ultraviolet–

visible (UV–vis), near-infrared (IR) and mid-/far-infrared
(MFIR) materials. To date, numerous well-known NLO crystals
have been discovered that satisfy the practical requirements
in the UV–vis and near-IR regions, such as LiB3O5 (LBO),2

β-BaB2O4 (BBO),
3 KH2PO4 (KDP)

4 and KTiOPO4 (KTP).
5 In con-

trast, materials working in the other two regions are still extre-
mely rare. For example, KBe2BO3F2 (KBBF) is the only practi-
cally usable material in the DUV region, but it has a serious
layer growth habit and the constituent beryllium is highly
toxic, which limits its wide application.6 In addition, only a
few commercial NLO crystals, including AgGaS2 (AGS),
AgGaSe2 and ZnGeP2, are available in the MFIR region, but
unfortunately, they suffer from certain inherent drawbacks,
such as a low laser-induced damage threshold (LIDT) and the
two-photon absorption of 1 μm laser, which seriously hinders
their applications.7 Therefore, the search for new second-order
MFIR NLO materials with excellent performances is extremely
urgent. Usually, the desirable properties for an MFIR NLO
material include the following conditions: (1) large SHG
efficiency; (2) high LIDT; (3) moderate optical birefringence
(0.04 < Δn < 0.10); (4) broad MFIR transparency region; (5)
good physico-chemical properties and thermal stability.8

Metal chalcogenides are the most promising materials for
second-order NLO applications in the MFIR region due to their
fascinating structural features, large SHG efficiency and wide
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optical transparency, and consequently they have attracted
considerable research interest. A large number of non-centro-
symmetric (NCS) metal chalcogenides with large SHG efficien-
cies have been explored and discovered during the last few
decades.9–58 Among these, examples that have both a large
SHG efficiency (>1 × AGS) and a high LIDT are notably rare,
but include SnGa4Se7,

31 PbGa2GeSe6,
37 Na4MgGe2Se6,

42

Na2Hg3M2S8 (M = Si, Ge, Sn),45 [AX3][Ga3PS8] (A = K, Rb; X =
Cl, Br),48 Li4HgGe2S7

54 and NaGaIn2Se6
55 (a detailed compari-

son of the properties is displayed in Fig. 1). Moreover, research
has shown that macroscopic polarization can be maximized
only when the crystal structure belongs to one of the 10 polar
point groups.59 As a consequence, the design and synthesis of
novel NCS chalcogenides in the field of second-order MFIR
NLO materials with a polar structure and good balance
between a large SHG efficiency and high LIDT is a hot topic
and remains a great challenge.

In an earlier study, we carried out exploratory synthesis
on the quaternary alkali metals/transition metals/group
13 metals/chalcogenides (A/XII/XIII/Q) system and discovered a
series of novel AM9Q12 (M = XII/XIII) polar compounds with a
3D diamond-like framework (DLF).60–64 Through a comprehen-
sive analysis of the structure–property relationship, we found
that 3D DLF structures can provide an adjustable platform for
the rational and precise design and development of outstand-
ing MFIR NLO materials. Recently, two new DLF compounds
were discovered by our group, namely CsM3Se6 (M = Ga/Sn,
In/Sn). Interestingly, compared with the non-phase-matchable
(NPM) parent CsM9Se12, they exhibit the desired phase-match-
able (PM) behaviour and good NLO properties.65 In this study,
we extended the systematic exploratory synthesis to the substi-
tutional flexibility based on the 3D DLF and the other filled
alkali metals, resulting in the discovery of two new NCS
members in this family, namely RbXSn2Se6 (X = Ga and In).
Significantly, they showed excellent NLO performances with a
desired balance between their large SHG efficiencies (4.2 and
4.8 × benchmark AGS) and large LIDTs (8.9 and 8.1 × bench-
mark AGS), demonstrating that the title compounds meet the
crucial conditions as promising MFIR NLO candidates.

Furthermore, the crystal structures, synthesis and theoretical
analysis as well as optical properties are presented herein.

Experimental
Syntheses

The following reactant was used as purchased and stored in a
glovebox filled with purified Ar (where the moisture and
oxygen level was less than 0.1 ppm), and all the manipulations
were performed inside the glovebox. Pure phases of the title
compounds were synthesized by a solid-state reaction tech-
nique. Based on a large number of explorations on the experi-
mental conditions, including changing the annealing tempera-
ture, starting reactant and loading ratio, the optimal synthesis
route was determined as following: the mixture of RbCl (3 N),
X (X = Ga or In, 5 N), Sn (5 N) and Se (5 N) in the molar ratio of
2/1.5/1.625/6 was placed into fused-silica tubes under vacuum,
and annealed at 973 K for 50 h, and then kept at this tempera-
ture for 100 h, followed by slow cooling at 3 K h−1 to 473 K, at
which point the furnace was turned off. The raw products were
washed with distilled water and then dried with ethanol. Deep-
red crystals in the millimetre size were obtained (see Fig. S1 in
ESI†). Analyses of these compounds with an EDX-equipped
JSM6700F FESEM showed the presence of Rb, X, Sn and Se in
a ratio of 1 : 1 : 2 : 6, but no other elements (see Fig. S2 in the
ESI†). The homogeneous target products were then analyzed
using a Rigaku DMAX 2500 diffractometer with Cu-Kα radi-
ation (see Fig. 2). The title compounds were stable in air for
more than 5 months.

Property characterizations

The solid-state optical absorption spectra were obtained at
room temperature using a PerkinElmer Lambda 950 UV–Vis
spectrophotometer. The thermal stability analyses were
measured on a NETZSCH STA 449C simultaneous analyser.

Fig. 1 Comparison of the properties in a series of outstanding MFIR
NLO chalcogenides and AgGaS2 (AGS) as the reference.

Fig. 2 Experimental (red) and simulated (black) PXRD patterns of (a)
RbGaSn2Se6 and (b) RbInSn2Se6.
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Powder SHG measurements were performed on a modified
Kurtz-NLO system66 using 2.05 μm laser radiation and the par-
ticle size of the title compounds and AgGaS2 (as a reference)
ranged from 30–210 µm for the measurement, which was
carried out as described elsewhere.60–65 The single-pulse
measurement method was used to evaluate the powder LIDTs
of the polycrystalline title compounds with a AgGaS2 single
crystal as the reference (1 × 1 × 2 cm3 single crystals supplied
from the Anhui Institute of Optics and Fine Mechanics
Chinese Academy of Sciences). Each sample was sieved in the
size range of 150–210 µm, and packed into a plastic holder
(diameter: 8 mm) with a thickness of about 1 mm. After
irradiation by a high-power 1064 nm laser with a pulse width
τp of 8 ns, apparent changes of the sample were monitored
using an optical microscope. The power of the laser beam was
measured by a Nova II sensor with a PE50-DIF-C energy
sensor, and the size of the damage spot was measured by a
Vernier calliper.

Single-crystal X-ray diffraction (XRD)

Single-crystal XRD at room temperature was collected on a
Mercury 70 CCD diffractometer with Mo Kα radiation.
Absorption correction was carried out67 and the structures
were solved by direct methods and refined using the SHELX-97
software.68 The structural refinement was performed with a
similar method as that for the BaGa2SnSe6 compound,35 with
the difference that the X (X = Ga or In) and Sn atoms were con-
strained to share the same crystallographic site. During the
refinement, the occupancies were restricted by using “EXYZ”
and “EADP” commands in SHELX with a fixed X : Sn ratio of
1 : 2 to keep the charge balance. The X : Sn ratio was also sup-
ported by the EDX results. The good matching of the experi-
mental and simulated PXRD patterns together with the
observed strong SHG intensity substantiated that the R3 space
group was correct. The refinement data are listed in Tables 1
and S1–2.†

Computational sections

Theoretical studies were performed by DFT69a with the general-
ized gradient approximation (GGA)69b as implemented in the
VASP.69c The plane-wave basis set with projector augmented
wave (PAW),69d,e potentials was used to represent the core elec-
trons. The plane-wave cut-off energy of 600 eV was chosen for
all the calculations and denser κ-point grids of 0.02 Å−1 were
utilized in the optical property calculations. According to the
single-crystal structure refinement results, X and Sn atoms
share the 9b Wyckoff sites M with an X occupancy of about
1/3, and therefore, in total, 12 possible models were designed.70

The calculation model was built in the most energetically
favourable manner. For calculating the optical properties,
scissors operators were applied for the title compounds and
AgGaS2 (AGS). The second-order nonlinear susceptibility
χabc(−2ω,ω,ω) was calculated through the so-called length-
gauge formalism.71 The calculation model and specific para-
meter settings were as described in our previously reported
paper.65

Results and discussion
Crystal structure

The single-crystal XRD data revealed that the title compounds
are uniaxial crystals and crystallize in the NCS polar trigonal
space group R3 (no. 146, Person symbol hR10) with a = 10.4697(2)
Å, c = 9.476(2) Å and Z = 3 for RbGaSn2Se6, and a = 10.6044(8)
Å, c = 9.660(2) Å and Z = 3 for RbInSn2Se6, which belong to
the BaGa2SnSe6-structure type.35 In the asymmetric unit, there
is one crystallographic Rb atom (Wyckoff site, 3a) and one M
position (Wyckoff site, 9b) randomly occupied by both Ga/In
and Sn in the molar ratio of 1 : 2, and two Se atoms (Wyckoff
sites, 9b and 9b), as listed in Table S1.† The remarkable struc-
tures of the 3D diamond-like frameworks (DLFs) are formed by
the tri-nuclear secondary basic structure unit [M3Se9] (M =
X/Sn), which is constructed with three vertex-sharing [MSe4]
tetrahedra (see Fig. 3a and b). The normal M–Se distances of
2.4796(9)–2.5471(9) Å (see Table S2 in the ESI†) are consistent
with those of BaGa2SnSe6 (M–Se: 2.35570(7)–2.4501(7) Å),35

CsGaSn2Se6 (M–Se: 2.4812(6)–2.4949(8) Å)65 and CsInSn2Se6
(M–Se: 2.5408(7)–2.5493(8) Å).65 Furthermore, the Rb atom fills
with 3D DLFs (Fig. 3a) and centres the Se12 cuboctahedron
(Fig. 3c). The Rb–Se interatomic distances vary from 3.8290(9)
to 3.9462 (8) Å, which are a little longer than those observed in
related compounds, such as RbCd4Ga5Se12 (3.804(2)–3.864(9)
Å),61 RbCd4In5Se12 (3.872(2)–3.915(8) Å)61 and RbMn4In5Se12
(3.872(8)–3.901(2) Å).61 Besides, it should be emphasized that
the identity of the alkali metal on going from Rb+ to Cs+ does
not significantly affect the 3D DLF structures, but increases
the NLO property of this family of compounds, as discussed
below.

Optical properties and thermal stabilities

According to the solid-state diffuse-reflectance UV–vis/near-IR
spectra at room temperature, the results show that the poly-

Table 1 Crystallographic data and refinement details for RbXSn2Se6
(X = Ga and In)

Formula RbGaSn2Se6 RbInSn2Se6

fw 866.33 911.43
Crystal system Trigonal Trigonal
Crystal colour Deep-red Deep-red
Space group R3 (no. 146) R3 (no. 146)
a (Å) 10.4697(2) 10.6044(8)
c (Å) 9.476(2) 9.660(2)
V (Å3) 899.5(3) 940.7(2)
Z 3 3
Dc (g cm−3) 4.798 4.832
Rint 0.0349 0.0326
μ (mm−1) 28.54 26.98
GOOF on F2 1.025 1.015
R1, wR2 (I > 2σ(I))a 0.0228, 0.0400 0.0254, 0.0483
R1, wR2 (all data) 0.0244, 0.0402 0.0274, 0.0487
Largest diff. peak and hole (e Å−3) 0.807, −0.903 1.145, −1.010

a R1 = ∑||Fo| − |Fc||/∑|Fo|, wR2 = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2]1/2.
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crystalline title compounds possess semiconducting band
gaps of 1.80 eV (for RbGaSn2Se6) and 1.92 eV (for RbInSn2Se6),
which are consistent with their deep-red colours (Fig. 4). The
TG-DTA measurement results of the title compounds in nitro-
gen are shown in Fig. S3.† As can be seen, the thermal stabi-
lities of the title compounds can be up to 966 K (for
RbGaSn2Se6) and 951 K (for RbInSn2Se6), and furthermore,
the endothermic peak indicates that these compounds de-

compose after this temperature. This is in accordance with the
PXRD analysis (detailed information is given in Fig. S4†), and
such similar examples are also observed in the CsXSn2Se6 (X =
Ga, In) compounds.65

NLO properties and powder LIDTs

The NLO properties of the title compounds were studied due
to the NCS polar space group R3. The powder SHG of
RbGaSn2Se6 and RbGaSn2Se6 were investigated with a 2050 nm
Q-switch laser and using AgGaS2 as the ref. 66. The particle
size versus the SHG intensity curve is illustrated in Fig. 5a. The
SHG intensities of the title compounds increased with the
increasing particle size, with the peak realized at the particle
size of 150–210 μm indicating a PM nature.59 Remarkably, the
powder SHG intensities of RbGaSn2Se6 and RbGaSn2Se6 were
4.2 and 4.8 times that of the reference AgGaS2 at the same par-
ticle size, respectively (Fig. 5b, pink bar). More importantly,
RbInSn2Se6 represents the second strongest powder SHG
among the state-of-the-art PM chalcogenides reported to date.
Powder LIDT data of the title compounds and benchmark
AgGaS2 were collected using the single-pulse powder LIDT
method.28 As illustrated in Fig. 5b and Table 2, the title
compounds show high LIDTs at an incident laser of 1064 nm,
namely 12.82, 11.66 MW cm−2, which are estimated to be
8.9 and 8.1 times greater than that of the benchmark

Fig. 3 (a) 3D DLF structure of RbXSn2Se6 viewed down the b-direction
with the unit cell marked. (b) The tri-nuclear secondary basic structure
unit [M3Se9] (M = X/Sn), with the Se atom numbers marked, is outlined
by the green shadow in (a). (c) View of the Rb-centred Se12
cuboctahedron.

Fig. 4 Solid-state UV–vis optical absorption spectra of RbGaSn2Se6
and RbInSn2Se6.

Fig. 5 (a) Particle size vs. SHG intensity curves for the title compounds
and AgGaS2 (reference). (b) The relative SHG and LIDT intensities of the
title compounds and AgGaS2 in the particle size of 150–210 μm.
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AgGaS2, 1.44 MW cm−2. All of the above results distinguish
RbGaSn2Se6 (X = Ga, In) as one of the best MFIR NLO
materials known to date.

In the AInSn2Se6 (A = Rb, Cs) compounds, it is noteworthy
that the ionic nature of the alkali metal cations does not affect
the overall polarity of the structure but significantly affects the
SHG and LIDT performances. Taking AInSn2Se6 as an
example, the ionic radii only decrease about 8.5% from Cs+ to
Rb+ (rCs+ = 1.88 Å and rRb+ = 1.72 Å for CN = 12, respectively),
while the powder SHG intensity increase 20% (4.0 × AGS vs.
4.8 × AGS for CsInSn2Se6 and RbInSn2Se6, respectively) and
the LIDT decrease 14% (9.2 × AGS vs. 8.1 × AGS for CsInSn2Se6
and RbInSn2Se6, respectively). A similar trend has been seen
in some other alkali metal-containing chalcogenides, e.g.
A4GeP4Se12

25 and AM9Se12.
60–64

Theoretical studies

In order to understand the structure–property relationship of
the title compounds, the linear and nonlinear optical pro-
perties were studied with the aid of the ab initio calculations
performed by VASP software. The electronic band structures
indicated direct band gaps of 1.51 and 1.26 eV for
RbGaSn2Se6 and RbGaSn2Se6, respectively (Fig. S5 in ESI†).
Such a discrepancy was likely due to a common problem that
occurs with GGA calculations.72 As shown in Fig. 6a, the cal-
culated densities of states (DOSs) of the title compounds with
the main contributions are similar near the Fermi level. In
addition, the origin of the SHG response (Fig. S6 in the ESI†)
and the cut-off energy dependence of the largest second-
order tensor d15 were also investigated. Fig. 6b shows that in
the regions of VB-1 (dominated by the Se-4p and Sn-5p orbi-
tals) and CB-2 (dominated by the Se-4p, Sn-5s and Ga(In)-
ns/np orbitals), the d15 values are the most sharply increased,
which contributes mainly to the second-order NLO suscepti-
bility. In other words, the NLO activities of the title com-
pounds originate from the condensation of the MSe4 (M = Ga,
In) tetrahedral units that built the 3D DLF structures. The cal-
culated d15 values of RbGaSn2Se6 and RbGaSn2Se6 were 51.5
and 60.2 pm V−1 at the wavelength of 2.05 μm (i.e. 0.61 eV),
respectively. These values were 2.8 and 3.3 times larger than

that of AgGaS2 (d36 = 18.2 pm V−1) at the same wavelength
(Fig. 7) and were close to the experimental measurements
(4.2 or 4.8 times stronger than AgGaS2 at the range
150–210 μm, see Fig. 5).

As shown in Fig. 8, the calculated birefringence (Δn) values
of RbGaSn2Se6 and RbInSn2Se6 are 0.051 and 0.067 at the
wavelength of 2050 nm (0.61 eV), respectively, both of which
are larger than that of AgGaS2 (0.039) and are in an optimal

Table 2 Comparison of the properties of the title compounds and
benchmark AgGaS2

RbGaSn2Se6 RbInSn2Se6 AgGaS2

SHG coefficient dij
a

(pm V−1)
d11 = 43.9 d11 = 48.8 d36 = 18.2
d15 = 51.5 d15 = 60.2
d22 = 23.7 d22 = 29.3
d33 = 26.3 d33 = 20.4

Band-gap (Eg/eV)
b 1.92 1.80 2.56

Birefringencea 0.051 0.067 0.039
Powder SHG intensitiesc 4.2 × AGS 4.8 × AGS AGS
Powder LIDTs
(MW/cm2)c

12.82
(8.9 × AGS)

11.66
(8.1 × AGS)

1.44
(AGS)

a Calculated at 2050 nm. bMeasured on ground polycrystalline
samples. cMeasured in the particle size range 150–210 μm.

Fig. 6 (a) DOSs of RbXSn2Se6 (X = Ga, In) (the orbitals with minor con-
tributions are omitted for clarity). (b) Static SHG coefficients of
RbXSn2Se6 (X = Ga, In) as a function of the cut-off energy. Dashed line,
EF; dotted line, different regions in the valence bands (VB) and conduc-
tion bands (CB).

Fig. 7 Calculated frequency-dependent SHG coefficients for
RbXSn2Se6 (X = Ga, In) and AgGaS2 (reference).
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range (0.04 < Δn < 0.10),8 indicating that the title compounds
can easily achieve the PM feature in the MFIR range. Such
results are similar to those of the Cs-members in this family65

and better than BaGa2XSe6 (X = Si, Ge, Sn) at the same wave-
length (Δn > 0.10),26,35 because having too large a Δn will
cause issues with two main drawbacks: walk-off effects and
self-focus in the conversion process.8 Besides, several key para-
meters are summarized in Table 2, indicating that the title
compounds satisfy the key requirements needed as promising
MFIR NLO candidates.

Conclusions

In summary, two new quaternary NLO-active selenides,
RbXSn2Se6 (X = Ga, In), were discovered using the reactive flux
method. They crystallized in the polar space group R3 and
their structures exhibited a 3D diamond-like framework (DLF)
composed of MSe4 (M = X/Sn) units that were stacked up by
sharing common Se atoms. Remarkably, they displayed excel-
lent NLO performances with concurrently strong SHG efficien-
cies and large LIDTs, as well as phase-matching features. In
particular, RbInSn2Se6 (4.8 × AGS) represents the second stron-
gest powder SHG among the state-of-the-art chalcogenides
reported to date in the particle size 150–210 μm. DFT studies
were carried out to aid the understanding of the electronic
structures and linear and NLO properties. Moreover, the title
compounds showed other essential requirements as promising
MFIR NLO materials, including a moderate optical birefrin-
gence (Δn = 0.051 and 0.067) and good thermal stability (up to
950 K). All these results indicate that the title compounds can
be good candidates for MFIR NLO materials. Follow-on efforts
to grow large-size crystals are in progress. Furthermore, based
upon analyzing their structure–property relationship, this new
type of 3D DLF structure represents an unprecedented oppor-
tunity for the rational design and development of excellent
MFIR NLO materials.
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