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ABSTRACT: Two acentric chalcogenide compounds, K2CdGe3S8 and
K2CdGe3Se8, were synthesized via conventional high-temperature solid-state
reactions. The crystal structures of K2CdGe3S8 and K2CdGe3Se8 were accurately
determined by single-crystal X-ray diffraction and crystallize in the K2FeGe3S8

structure type. K2CdGe3S8 is isostructural to K2FeGe3S8 with superior nonlinear
optical properties. For the second harmonic generation (SHG) response,
K2CdGe3S8 is 18× K2FeGe3S8 for samples of particle size of 38−55 μm. The
superior nonlinear optical properties of K2CdGe3S8 over K2FeGe3S8 are mainly
contributed by the chemical characteristics of Cd compared with Fe, which are
elucidated by nonlinear optical property measurements, electronic structure
calculations, and density functional theory calculations. The [CdS4] tetrahedra
within K2CdGe3S8 exhibit a higher degree of distortion and larger volume compared to the [FeS4] tetrahedra in K2FeGe3S8. This
study possesses a good platform to investigate how d-block elements contribute to the SHG response. The fully occupied d10-
elements are better for SHG susceptibility than d6-elements in this study. K2CdGe3S8 is a good candidate as an infrared nonlinear
optical material of high SHG response (2.1× AgGaS2, samples of particle size of 200−250 μm), type-I phase-matching capability,
high laser damage threshold (6.2× AgGaS2), and good stability.

■ INTRODUCTION

Infrared nonlinear optical materials, which are utilized to
generate infrared lasers via the second harmonic generation
(SHG) process, keep sparking new research interest.1−13 A
promising infrared nonlinear optical material should balance a
list of criteria, including large SHG coefficients, high laser
damage threshold (LDTs), capability of phase matching, high
thermal- and air-stability, and easy growth into a large
crystal.1−13 Within these parameters, SHG coefficients are
extremely important due to the correlation between energy
conversion efficiency and SHG coefficients, where the bigger
SHG coefficients result in a higher overall energy conversion
efficiency.1−13

To enhance SHG coefficients, some strategies such as
incorporating elements with a stereoactive lone electron
pair14−18 and a conjugated structure motif19−24 have proved
effective. In the contrast, the elements that needed to be
avoided would be elements with d−d transitions present.25−38

In this work, we reported an acentric chalcogenide system of
K2TGe3Ch8 (T = Fe, Cd; Ch = S, Se), which provides a good
platform for studying how d electron configuration affects
SHG coefficients. K2CdGe3S8 and K2CdGe3Se8 are new
members of the II2II1IV3Ch8 (II = K, Rb, Cs; II = Mn, Co,
Fe, Zn, Cd; IV = Ge, Sn; and Ch = S, Se) family.25−38

K2CdGe3S8 and K2CdGe3Se8 are isostructural to K2FeGe3S8.
K2CdGe3S8 and K2CdGe3Se8 possess superior nonlinear
optical (NLO) properties compared to K2FeGe3S8. For SHG
coefficients, K2CdGe3S8 and K2CdGe3Se8 are 18× and 4.4×

K2FeGe3S8, respectively (samples of particle size of 38.5−54
μm). K2CdGe3S8 and K2CdGe3Se8 are type-I phase-matching
materials. K2CdGe3S8 exhibits balanced NLO properties of a
high SHG coefficient (2.1× AgGaS2, samples of particle size of
200−250 μm), high LDTs (6.2× AgGaS2), and good air
stability and is the record holder of best SHG properties in the
II2II1IV3Ch8 (II = K, Rb, Cs; II = Mn, Co, Fe, Zn, Cd; IV =
Ge, Sn; and Ch = S, Se) family.25−38 The superior SHG
response of K2CdGe3S8 is attributed to the chemical
characteristics of Cd compared to Fe, which was studied in
this work. A detailed study of crystal structures, electronic
structures, optical properties, and density functional theory
(DFT) calculations of K2TGe3Ch8 (T = Fe, Cd and Ch = S,
Se) is summarized in the present work.

■ EXPERIMENTAL PROCEDURES

Synthesis. All starting materials were stored in an argon-filed
glovebox with the oxygen level below 0.5 ppm. All starting materials
were of commercial grade and used without any further purifications:
potassium (Alfa Aesar, 99.95%), cadmium shot (Alfa Aesar, 99.95%),
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germanium pieces (Alfa Aesar, 99.999%), sulfur powder (Alfa Aesar,
99.5%), and selenium shot (Alfa Aesar, 99.999%).

The crystals of K2CdGe3Q8 (Q = S and Se) were synthesized using
a solid state method in a stoichiometric ratio (K/Cd/Ge/Q = 2/1/3/
8, Q = S, and Se). A total of 0.4 g of elements were loaded under
vacuum in flame-sealed silica ampules and placed in a programmable
furnace. The bottom of silica ampules was coated with amorphous
carbon (thermal decomposition of acetone) to prevent a chemical
reaction between K and SiO2. The ampules were heated from room
temperature to 1073 K in 20 h and kept at this temperature for 96 h.
Then, the furnace was turned off and naturally cooled to room
temperature. The crystals of K2CdGe3S8 were transparent light yellow,
and that of K2CdGe3Se8 was yellow-orange (Figure S1). The quality
of crystals of K2CdGe3Se8 was improved via a second annealing with a
slow cooling process. Both K2CdGe3S8 and K2CdGe3Se8 are stable in
dry air for many weeks with no detection of change from powder X-
ray diffraction results.
Single-Crystal X-ray Diffraction. Suitable crystals were manually

picked up under an optical microscope and mounted to the Rigaku
XtaLAB Synergy-I instrument. The data collection was performed at
room temperature. The data collection and integration were carried
out by CrysAlisPro software.39 Details of the data collection and
structure refinement are provided in Table S1. Atomic coordinates
and selected bond distances are listed in Tables S2 and S3.
Crystallographic data for K2CdGe3Ch8 (Ch = S, Se) have been
deposited to the Cambridge Crystallographic Data Centre, CCDC, 12
Union Road, Cambridge CB21EZ, UK. Copies of the data can be
obtained free of charge by quoting the depository numbers CCDC�

2177915 (K2CdGe3S8) and CCDC�2177916 (K2CdGe3Se8). Please
notice that the crystals of K2CdGe3Ch8 (Ch = S, Se) exhibited an
extremely highly twinned nature, which made the crystal structure
determination challenging. Many crystals were selected and measured.

Few structure models were established during the structure
refinement process due to their highly twinned nature. The correct
structure models were selected with the aid of high-resolution room
temperature synchrotron X-ray diffraction data (vide infra).
Laboratory Powder X-ray Diffraction and 11-BM Data.

Powder X-ray diffraction data were collected at room temperature
using a Rigaku MiniFlex II diffractometer with Cu Kα radiation (λ =
1.5406 Å) in the range 2θ = 10−80°, at a scan step of 0.04° with 10 s
exposure time. High-resolution room-temperature synchrotron X-ray
diffraction data were collected at beamline 11-BM (calibrated
wavelength λ = 0.458935 Å) at the Advanced Photon Source
(APS) at the Argonne National Laboratory (ANL). The samples of
K2CdGe3Ch8 (Ch = S, Se) were verified as single-phase samples by
both laboratory powder X-ray diffraction measurements and
synchrotron X-ray powder diffraction results (Figures S2−S5).
UV−Vis Measurements. Diffuse-reflectance spectra were re-

corded at room temperature by a PERSEE-T8DCS UV−vis
spectrophotometer equipped with an integration sphere in the
wavelength range of 230−850 nm. The reflectance data, R, were
recorded and converted to the Kubelka−Munk function, f(R) = (1 −

R)2(2R)−1. Tauc plots, (KM × E)2 and (KM × E)1/2, were applied to
estimate direct and indirect band gaps, respectively.
Second Harmonic Measurements. Using the Kurtz and Perry

method,40 powder SHG responses of K2CdGe3Ch8 (Ch = S, Se)
compounds were investigated by a Q-switch laser (2.09 μm, 3 Hz, 50
ns) with various particle sizes, including 38.5−54, 54−88, 88−105,
105−150, and 150−200 μm. Homemade AgGaS2 was selected as the
reference. The laboratory-synthesized AgGaS2 crystals were ground to
the same size range as K2CdGe3Ch8 (Ch = S, Se). The LDTs of the
title compounds were evaluated on powder samples (150−200 μm)
with a pulsed YAG laser (1.06 μm, 10 ns, 10 Hz). The judgment
criterion is as follows: with increasing laser energy, the color change of

Figure 1. (a) Ball-stick crystal structures of K2CdGe3S8 viewed along the [100] direction, (b) detailed view of [K2CdGe3S8] slabs viewed along the
[010] direction, (c) detailed view of the [CdGeS6] chain, and (d) detailed view of [Ge2S6] motifs. K: red color, Cd: black color, Ge: green color,
and S: yellow color.
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the powder sample is constantly observed by an optical microscope to
determine the damage threshold. To adjust different laser beams, an
optical concave lens is added to the laser path. The damaged spot is
measured by the scale of the optical microscope.
DFT Calculations. The electronic structures and optical proper-

ties of K2FeGe3S8 and K2CdGe3S8 were calculated based on ab initio
calculations implemented in the CASTEP package through DFT.41

The Heyd−Scuseria−Ernzerhof (HSE) hybrid function42,43 was
adopted to calculate the exchange−correlation potential, with an
energy cutoff of 900 and 650 eV for K2FeGe3S8 and K2CdGe3S8,
respectively. The numerical integration of the Brillouin zone was
performed using a Monkhorst−Pack k-point sampling. The k-point
separation for each material was set as 0.04 Å−1. The geometry
optimizations were applied prior to property calculations. Norm-
conserving pseudopotentials were employed. The local-density
approximation + U approach (where U is the Hubbard energy) is
adopted to deal with strongly correlated compounds K2FeGe3S8.

■ RESULTS AND DISCUSSION

Crystal Structure. K2CdGe3S8 is isostructural to
K2CdGe3Se8, which both crystallize in the K2FeGe3S8 structure
type.30 Other known isostructural compounds discovered
recently are K2ZnSn3Se8,

26 K2ZnGe3S8,
33 and Rb2MnSn3Se8,

25

which exhibit promising nonlinear optical properties. The
selected structure refinement parameters and crystal data for
K2CdGe3Ch8 (Ch = S, Se) are summarized in Table S1. The
refined atomic coordinates and selected important interatomic
distances of K2CdGe3Ch8 (Ch = S, Se) are summarized in
Tables S2 and S3, respectively. Many previous studies have
summarized the crystal structure of II2II1IV3Ch8 (II = K, Rb,
Cs; II = Mn, Co, Fe, Zn, Cd; IV = Ge, Sn; and Ch = S,
Se).25−38 K2CdGe3Ch8 (Ch = S, Se) are the newest members
of the II2II1IV3Ch8 family. To simplify the discussion,
K2CdGe3S8 was selected to present the crystal structure of
K2CdGe3Ch8 (Ch = S, Se).

K2CdGe3S8 forms in the noncentrosymmetric monoclinic
space group P21 (no. 4) with unit cell parameters of a =
7.31139(10) Å, b = 12.05817(18) Å, and c = 16.9274(2) Å and
β = 95.3987(12)°. The Wyckoff sequence of K2CdGe3S8 is a28

with Pearson symbol mP56. Four distinct K atoms, two distinct
Cd atoms, six distinct Ge atoms, and 16 distinct S atoms exist
in the asymmetric unit cell of K2CdGe3S8 with full occupancy.
The crystal structure of K2CdGe3S8 is summarized in Figure 1.
K2CdGe3S8 is constructed by neutral [K2CdGe3S8] slabs, as
shown in Figure 1a. Each [K2CdGe3S8] slab is built by
[CdGe3S8]

2− anionic layers sandwiched by K+ cations. The
two-dimensional [CdGe3S8] layers are constructed by one-
dimensional [CdGeS6] chains interlinked by [Ge2S6] units,
which are presented in Figure 1b. The one-dimensional
[CdGeS6] chain (Figure 1c) is formed by [GeS4] tetrahedra
sharing vertices with [CdS4] tetrahedra. The [Ge2S6] units
(Figure 1d) are constructed by two [GeS4] tetrahedra sharing
one edge.

The Ge−S bond distances in K2CdGe3S8 fall into the range
of 2.160(1)−2.261(1) Å, which are comparable to many
germanium-sulfides such as K2FeGe3S8 (2.181−2.239 Å),30

KBiGeS4 (2.181−2.239 Å),44 Cs4GeP4S12 (2.209−2.232 Å),45

K2ZnGe3S8 (2.148−2.285 Å),33 KLaGeS4 (2.175−2.220 Å),46

K2MnGe3S8 (2.125−2.288 Å),32 Na5AgGe2S7 (2.189−2.247
Å),47 La4Ge3S12 [2.196(7)−2.241(7) Å],48 Ba6(Cu1.9Mg1.1)-
Ge4S16 [2.174(8)−2.227(5) Å],49 and so forth. The Cd−S
bond distances within [CdS4] tetrahedra of K2CdGe3S8 are
2.486(5)−2.537(5) Å, which agree well with many cadmium-

sulfides such as KCd4Ga5S12 (2.335−2.429 Å),50,51 K2AuCdS4

(2.597 Å),52 K2Cd3S4 (2.473−2.640 Å),53 and so forth.
Another compound worthy to mention here is K2FeGe3S8,

30

which is isostructural to K2CdGe3Ch8 (Ch = S, Se). K2FeGe3S8

exhibits much weaker SHG response than K2CdGe3Ch8 (Ch =
S, Se) (vide inf ra). The Ge−S interactions for K2FeGe3S8 are
close to K2CdGe3S8 of 2.149(1)−2.280(1) and 2.146(5)−

2.291(5) Å, respectively. The K−S interactions for K2FeGe3S8

fall into the range of 3.131(4)−3.762(4) Å, which are
comparable to the K−S interactions within K2CdGe3S8 of
3.163(7)−3.709(8) Å. The large divalent Cd2+ in K2CdGe3S8

results in enlarged Cd−S distances of 2.486(5)−2.537(5) Å,
which is longer than Fe−S interactions within K2FeGe3S8 of
2.332(3)−2.374(4) Å. The structural comparison between
K2FeGe3S8 and K2CdGe3S8 is summarized in Table 1.
K2CdGe3S8 is isostructural to K2FeGe3S8 with comparable
Ge−S distances and K−S distances.

Linear and Nonlinear Optical Properties. Even though
K2FeGe3S8 is isostructural to K2CdGe3S8, K2CdGe3S8 owns
superior SHG response compared to K2FeGe3S8: 4.5× AgGaS2,
and 0.25× AgGaS2, respectively (for samples of particle size of
38−55 μm) (Figure 2b). Notably, the SHG intensity of
K2CdGe3S8 is 18× K2FeGe3S8. For samples of particle size of
200−250 μm, the SHG intensity of K2CdGe3S8 is 77×

K2FeGe3S8. A summary of the optical properties of the
II2II1IV3Ch8 family is listed in Table S4. As shown in Table S4,
the SHG of many compounds within the II2II1IV3Ch8 family
was not measured. K2CdGe3S8 possesses a better SHG
response than compounds previously characterized in the
II2II1IV3Ch8 family.25−38 The cation substitution within the
II2II1IV3Ch8 family greatly affects their crystal structures and
nonlinear optical properties.25−38 The SHG response of
K2CdGe3Ch8 (Ch = S, Se) is presented in Figure 2a.
K2CdGe3S8 and K2CdGe3Se8 were revealed as type-I phase-
matching materials, where the SHG intensity increases as
particle size increases. The phase-matching capability of
K2CdGe3Ch8 (Ch = S, Se) was supported by calculated
birefringence results (Figures S6 and S7). K2CdGe3Ch8 (Ch =
S, Se) crystals exhibit moderate birefringence. As shown in
Figures S6 and S7, K2CdGe3Se8 exhibits larger birefringence
than K2CdGe3S8. For an incident laser of 2 μm, Δn is 0.22 and
0.26 for K2CdGe3S8 and K2CdGe3Se8, respectively. For
samples of particle size of 200−250 μm, the SHG intensity
is 2.1× AgGaS2 and 1.3× AgGaS2 for K2CdGe3S8 and
K2CdGe3Se8, respectively. K2CdGe3S8 exhibits better SHG
response than K2CdGe3Se8. Generally, the SHG response is
inversely proportional to the band gaps.54,55 Please note that
many factors such as the strong absorption coefficient and

Table 1. Structural Comparison between K2FeGe3S8 and
K2CdGe3S8

K2FeGe3S8
30 K2CdGe3S8

this work

unit cell dimensions a = 7.1089(5) Å a = 7.31139(10) Å

b = 11.8823(8) Å b = 12.05817(18) Å

c = 16.7588(11) Å c = 16.9274(2) Å

β = 92.647(3)° β = 95.3987(12)°

unit cell volume 1406.23(17) Å3 1485.73(3) Å3

K−S distances 3.131(4)−3.762(4) Å 3.163(7)−3.709(8) Å

Ge−S distances 2.149(1)−2.280(1) Å 2.146(5)−2.291(5) Å

T−S distances
(T = Fe, Cd)

2.332(3)−2.374(4) Å 2.486(5)−2.537(5) Å
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easily clustered particles of selenides may affect the SHG
measurement results.56 Isostructural sulfides and selenides
might exhibit different NLO optical properties. As summarized
in Table S5, some selected sulfides exhibit better SHG
response than the isostructural selenides.57−62 The band gaps
of K2CdGe3Ch8 (Ch = S, Se) were estimated by UV−vis
methods (Figures S8−S10). K2TGe3S8 (T = Fe, Cd) was
predicted to be an indirect band gap semiconductor (vide
inf ra). The indirect band gaps for K2CdGe3S8 and K2CdGe3Se8

are 3.3(1) and 2.3(1) eV, respectively, which are comparable

to AgGaS2 at 2.6 eV. Due to the large band gap, K2CdGe3S8

owns an extraordinary LDTs of 6.2(1)× AgGaS2 (Figure 2b).
K2CdGe3Se8 has a moderate-high LDTs of 3.4(1)× AgGaS2.
Many factors, such as band gap, absorption coefficient, thermal
conductivity, and thermal expansion coefficient, contribute to
the LDTs of solids.49 As summarized in Table S6, many small
band gap selenides exhibit high LDTs and high SHG.63−71

K2CdGe3S8 is a promising candidate for infrared NLO
material, which combines suitable band gap, good stability,
high SHG intensity, high LDTs, and type-I phase-matching

Figure 2. (a) SHG intensity of K2CdGe3Ch8 (Ch = S, Se) compared with AgGaS2. (b) Comparison of band gaps, LDTs, and SHG intensity
between AgGaS2, K2FeGe3S8, K2CdGe3S8, and K2CdGe3Se8. *The SHG intensity is based on samples of particle size of 38−55 μm.

Figure 3. Calculated DOS of K2FeGe3S8 (left) and K2CdGe3S8 (right). Both spin-up and spin-down states are presented for K2FeGe3S8 (left).
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behavior. One interesting question raised here would be why
K2CdGe3S8 shows a much better SHG response than
K2FeGe3S8 regardless of their isostructural nature. Under-
standing the origin of high SHG response is critical for
designing emerging NLO materials.54,55 What are the chemical
reasons for the enhancement of the SHG response of
K2CdGe3S8versus K2FeGe3S8?
DFT Calculations. To elucidate the origin of the superior

SHG intensity of K2CdGe3S8, electronic structures were
evaluated (Figure 3 right). The electronic structure of
K2FeGe3S8 was also calculated and is presented in Figure 3
(left) with the presence of both spin-up and spin-down
models. The top of the valance bands of K2FeGe3S8 is mainly
contributed by Fe 3d orbitals, Ge 4p orbitals, and S 3p orbitals.
The 3d orbitals of Fe show a strong spin-polarized electronic
configuration that indicates magnetic properties of K2FeGe3S8,
which were experimentally verified.30 The bottom of the
conduction bands is dominantly contributed by orbitals from
Fe atoms (3d orbitals) and S atoms (3s and 3p orbitals) and
orbitals from Ge atoms (4s and 4p orbitals), while the K
orbitals have minimal contributions. The optical properties of
K2FeGe3S8 are mainly controlled by Ge−S interactions and
Fe−S interactions. For K2CdGe3S8, the top of the valance band
is mainly contributed by S 3p orbitals together with significant
contributions from Ge 4p orbitals and Cd 5p and 5d orbitals.
The bottom of the conduction band within K2CdGe3S8 is
dominantly contributed by S 3p orbitals, Ge 4s and Ge 4p
orbitals, and certain contributions from Cd 5p and Cd 5s
orbitals. The Cd 5d orbitals are mainly located at the interval
of −6 to −8 eV. The orbitals from K atoms have negligible
contributions to the top of valance bands and the bottom of
conduction bands. We can expect that the Cd−S interactions
and Ge−S interactions will significantly affect the optical
properties of K2CdGe3S8, which is confirmed by DFT
calculations (vide inf ra).

The semiconducting nature of K2FeGe3S8 and K2CdGe3S8

was confirmed by electronic calculations (Figures 3, S11, and
S12). The calculated band gaps for K2FeGe3S8 and K2CdGe3S8

are 1.49 and 2.54 eV, respectively (Figures S11 and S12). Both
K2FeGe3S8 and K2CdGe3S8 are predicted to be indirect band
gap semiconductors. The experimentally estimated band gaps
for K2FeGe3S8 and K2CdGe3S8 are 1.7(1) and 3.3(1) eV,
respectively. The significant discrepancy between the theory-
calculated band gaps and the experimentally measured results
originates from the DFT calculations intrinsically under-
estimating band gaps of solids.55 The semiconducting nature
of K2FeGe3S8 and K2CdGe3S8 is also supported by the charge-
balanced formulas [K+]2[Fe2+][Ge4+]3[S

2−]8 (K2FeGe3S8) and
[K+]2[Cd2+][Ge4+]3[S

2−]8 (K2CdGe3S8) via assigning a formal
charge of 1+ to the K atoms, 2+ to the Fe/Cd atoms, 4+ to the
Ge atoms, and 2− to the S atoms. The divalent nature of the
Fe atom within K2FeGe3S8 was verified by magnetic measure-
ments.30

The nonlinear optical properties of K2FeGe3S8 and
K2CdGe3S8 were evaluated by DFT calculations (Figure 4
and Table 2). The calculated effective SHG response of
K2CdGe3S8 is 2.27 pm V−1. As presented in Table 2,
K2CdGe3S8 exhibits a much stronger SHG response than
K2FeGe3S8, which roughly agrees well with our experimental
observations.

The SHG intensity simulations, both the VE occupied states
and VE unoccupied states presented in Figure 4, elucidate that
the second harmonic response in the occupied states is mainly

contributed by S atoms for K2CdGe3S8. For the unoccupied
states, there are significant contributions from Ge-, Cd-, and S-
atoms. These simulations agree well with our electronic
structure calculations, where the Cd−S and Ge−S interactions
are proposed to dominate the optical properties of K2CdGe3S8.

Through a combination of property measurements, electronic
structure studies, and DFT calculations, the enhancement of
SHG intensity in K2CdGe3S8 compared to K2FeGe3S8 mainly
originates from the different characteristics between Cd and
Fe, including electron configuration, electronegativity, ionic
radius, and so forth. The strongly spin-polarized electronic
structure of Fe within K2FeGe3S8 does not show advantages to
SHG effects even though it has a smaller band gap compared
with K2CdGe3S8. A similar observation was also found within
K2ZnGe3S8,

33 where the d10-Zn replacement of d6-Fe resulted
in a better SHG response (K2ZnGe3S8 = 3.6 × K2FeGe3S8).
When d5-Mn2+ is replacing d6-Fe2+, K2MnGe3S8 exhibits a
comparable SHG response with K2FeGe3S8.

32 Please note here
that the K2MnGe3S8 crystallizes in the same space group (P21)
as K2FeGe3S8 with the c-axis doubled.32 The highly chemically
flexible II2II1IV3Ch8 family provides a good platform to
uncover emerging NLO materials.25−38 Our previous study
about K2TGe3S8 (T = Co, Fe) reveals the importance of
[CoS4] and [FeS4] tetrahedra affecting the crystal structure.30

Figure 4. (a) SHG density of virtual electron (VE) occupied states
(VEocc) and (b) VE unoccupied states (VEunocc) of K2CdGe3S8.

Table 2. Calculated Second-Order Nonlinear Susceptibility
χ
abc for K2FeGe3S8 and K2CdGe3S8

K2FeGe3S8 K2CdGe3S8

χ112/(pm V−1) −0.068 0.965

χ123/(pm V−1) 0.463 −1.174

χ222/(pm V−1) −5.228 −8.607

χ233/(pm V−1) 0.009 −1.076
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In this work, the fully occupied d10 transition metal Cd is
demonstrated to play an important role in enhancing the SHG
response compared to d6-Fe in K2TGe3Ch8 (T = Fe, Cd; Ch =
S, Se). The origin of high SHG response is crucial to NLO
research and a comprehensive question. Trying to eliminate
the possible contribution from crystal quality and measure-
ment processes, high-quality crystals of K2TGe3Ch8 (T = Fe,
Cd and Ch = S, Se) were measured under identical conditions.
One hypothesis would be the distortion degree of [CdS4] and
[FeS4] tetrahedra, which play a key role in enhancing SHG
response. From electronic structure analysis, Fe atoms
contribute about 3 electrons/eV to the total of ∼30
electrons/eV around the Fermi level within K2FeGe3S8. The
Cd atoms contribute around 3 electrons/eV to the total of ∼60
electrons/eV around the Fermi level within K2CdGe3S8. Both
the Fe atoms and Cd atoms have a limited contribution to the
optical properties of K2FeGe3S8 and K2CdGe3S8, respectively.
Another point worth mentioning here would be the distortion
degree of [CdS4] and [FeS4] tetrahedra. For a tetrahedral
[MX4], the distortion degree can be determined by the

following formula: ( )d
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length of four individual M−X bonds and d is the average
length of the four bonds.72−81 To better estimate the distortion
degree, we employed a modified calculation equation:
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. The detailed distortion degree results

for all tetrahedrons of K2TGe3Ch8 (T = Fe, Cd; Ch = S, Se)
are summarized in Table S7. Overall, [GeCh4] (Ch = S, Se)
tetrahedra own a higher degree of distortion than [TCh4] (T =
Fe, Cd and Ch = S, Se) tetrahedra. The distortion degrees for
the [Fe1S4] tetrahedra and the [Fe2S4] tetrahedra are 4.52 ×

10−3 and 4.70 × 10−3, respectively, within K2FeGe3S8. The
distortion degrees for the [Cd1S4] tetrahedra and the [Cd2S4]
tetrahedra are 3.07 × 10−3 and 6.37 × 10−3, respectively,
within K2CdGe3S8. The [Cd2S4] tetrahedron within
K2CdGe3S8 exhibits a much higher degree of distortion than
the [FeS4] tetrahedra within K2FeGe3S8. The averaged
distortion degrees of [GeS4] tetrahedra are 18.2 × 10−3 and
16.5 × 10−3 for K2CdGe3S8 and K2FeGe3S8, respectively. The
highly distorted [Cd2S4] tetrahedron with a bigger volume
coupled with the distorted [GeS4] tetrahedron within
K2CdGe3S8 may play an important role in enhancing the
SHG response.30 When comparing K2CdGe3S8 with
K2CdGe3Se8, K2CdGe3S8 shows better SHG response than
K2CdGe3Se8. The averaged degree of distortion of [GeS4] and
[GeSe4] tetrahedra is 18.2 × 10−3 and 18.3 × 10−3 for
K2CdGe3S8 and K2CdGe3Se8, respectively. The [CdS4]
tetrahedron within K2CdGe3S8 possesses a higher degree of
distortion than the [CdSe4] tetrahedron with K2CdGe3Se8

(Table S7), which may play a role in enhancing SHG response
of K2CdGe3S8 compared to K2CdGe3Se8. More work such as
growing high-quality large single crystals to accurately
determine the SHG coefficients is required to elucidate the
properties difference between K2FeGe3S8, K2CdGe3S8, and
K2CdGe3S8 and is ongoing.

■ CONCLUSIONS

Two promising infrared nonlinear optical materials,
K2CdGe3S8 and K2CdGe3Se8, were synthesized via conven-
tional high temperature solid-state reactions. K2CdGe3S8 and
K2CdGe3Se8 are new members of the II2II1IV3Ch8 family.
Nonlinear optical property measurements revealed that

K2CdGe3S8 possesses a much higher SHG response than
K2FeGe3S8, 4.5× AgGaS2, and 0.25× AgGaS2, respectively
(samples of particle sizes of 38−55 μm). Notably, K2CdGe3S8

is 18× K2FeGe3S8. The origin of superior nonlinear optical
properties of K2CdGe3S8 is understood by optical property
measurements, electronic structure calculations, and DFT
calculations. The chemical characteristic difference between
Cd and Fe including fully occupied d10 electron configuration,
electronegativity, ionic radius, and so forth, which results in
highly distorted and larger volume [CdS4] tetrahedra, responds
to the optical property differences. K2CdGe3S8 was demon-
strated as a promising nonlinear optical material with type-I
phase-matching behavior, good air stability, high SHG
response (2.1× AgGaS2, samples of particle sizes of 200−250
μm), and high LDTs (6.2× AgGaS2). This research verified
that elements with d−d transitions should be avoided for NLO
applications.
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