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Melilite oxychalcogenide Sr2FeGe2OS6: a phase-
matching IR nonlinear optical material realized by
isomorphous substitution†

He-Di Yang,‡a,b,c Sheng-Hua Zhou,‡a,b,d Mao-Yin Ran,a,b,d Xin-Tao Wu, a,b,d

Hua Lin *a,b,d and Qi-Long Zhu *a,b,d

Transition-metal-based chalcogenides have recently emerged as greatly promising infrared nonlinear

optical (IR-NLO) candidates due to their unique structural chemistries and rich optical properties.

However, Fe-based IR-NLO chalcogenides with phase-matching (PM) features have not yet been

reported. In this work, a new non-centrosymmetric (NCS) melilite oxychalcogenide, Sr2FeGe2OS6, has

been prepared by an isomorphous substitution method, and the relationships between the microscopic

crystal structure and macroscopic NLO activity were systematically investigated. Sr2FeGe2OS6 adopts the

tetragonal space group of P4̄21m (no. 113) and features a unique two-dimensional structure with Cairo

pentagonal tiling layers formed by the alternating connection of [Ge2OS6] dimers and [FeS4] tetrahedra via

corner-sharing and with the charge-balanced Sr2+ cations between these layers. Excitingly, Sr2FeGe2OS6
is the first Fe-based example capable of achieving PM in the IR-NLO chalcogenide system and displays an

outstanding IR-NLO comprehensive performance, including a wide energy gap (Eg = 2.24 eV), sufficient

second-harmonic-generation (SHG) efficiency (deff = 5.89 pm V−1 at 2050 nm) and strong laser-induced

damage threshold (LIDT = 14.42 MW cm−2). Deeper structural and theoretical analysis suggests that the

ordered arrangement of NLO-active motifs, [Ge2OS6] dimers and [FeS4] tetrahedra, makes significant con-

tributions to the strong deff and large birefringence (Δn). This work not only demonstrates a PM Fe-based

NCS material for the first time but also puts forward a new design avenue for high-performance IR-NLO

materials.

Introduction

Nonlinear optical (NLO) technology plays an increasingly
important role in materials analysis, high-resolution imaging,
laser communication and other scientific research studies.1–5

In addition, pulse lasers, optical modulators and optical
memory based on NLO technology are generally applied in
today’s industrial society and life.6,7 The existing commercial
inorganic infrared (IR) NLO crystals AgGaS2, AgGaSe2, and

ZnGeP2 cannot meet the increasing market demand because
of their inherent defects of low laser-induced damage
threshold (LIDT), non-phase-matching (NPM) behaviour and
two-photon absorption, respectively.8–10 Therefore, it is crucial
to design and synthesize new compounds that can combine
non-centrosymmetric (NCS) structures and excellent compre-
hensive characteristics.

Transition-metal (TM) elements show a variety of physical
and chemical properties due to their unique electronic struc-
tures, which hold a place of importance in the NLO field.11–14

To date, more than 500 TM-based IR-NLO materials have been
reported, which show extraordinary advantages as potential
powerful candidates. First, benefiting from the second-order
Jahn–Teller effect, they can reduce the energy barrier and then
form a variety of coordination modes. Second, three common
[TMQ2], [TMQ3] and [TMQ4] basic building units (BBUs) in
this system not only exist independently, but can also combine
with others to form one-dimensional (1D) chains, two-dimen-
sional (2D) layers and three-dimensional (3D) frameworks.
Third, they have low melting points and good physical and
chemical stabilities, indicating the easy availability of large-
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size crystals. At present, promising TM-based IR-NLO materials
are mainly based on the d10 elements, while other d-orbit TM-
centered products are relatively few, especially Fe-based
materials.15–17 More than one thousand Fe-based NCS com-
pounds of various types have been reported in the past
century, for example, chalcogenides (e.g., FeMo2S4,

18

Cu1.068Fe1.068S2
19), oxides (e.g., FeGaO3,

20 BiFeO3
21), phos-

phides (e.g., LaFexCo2−xP2,
22 An2Fe12P7 (An = U, Th)23), halides

(e.g., Na2Fe2F7,
24 LiMnFeF6

25), and oxyhalides (e.g.,
CaFeO2Cl,

26 KFe(C2O4)F
27). However, two- or multi-photon

absorption is a frequent occurrence because of their narrow
band gaps (Eg < 2.0 eV),28,29 so most of them have been
excluded from the NLO field.

In 2010, Li’s group synthesized the first NLO-active ferrobo-
rate crystal, K2Fe2B2O7 (space group P321 (no. 150)),30 which
possesses [FeO4] and [BO3] BBUs in its 2D layered structure
and displays weak second harmonic generation (SHG)
efficiency (deff = 0.4 × KDP). In 2019, Mei’s group reported a
germanium-based sulfide, Ba6Cu2FeGe4S16 (space group I4̄3d
(no. 220)).31 Its 3D structure is composed of [GeS4] and [Ge
(Cu/Fe)3S13] units and a [BaS8] dodecahedron and has an Eg of
1.72 eV and a deff of 1.5 × AgGaSe2. Then, Wang’s group discov-
ered a quaternary K2FeGe3S8,

32 which adopts the space group
of P21 (no. 4), constructed from 1D [FeGeS4] chains connected
by [Ge2S4] units. K2FeGe3S8 exhibits a large Eg (2.1 eV) and a
small deff (0.25 × AgGaS2). Recently, Cu2FeSiS4 with antiferro-
magnetic and weak SHG susceptibility has been reported by
Tan’s group,33 which crystallizes in Pmn21 (no. 31) and dis-
plays a wurtzite structure composed of hexagonally close
packed S and inserted metal ions. Unfortunately, all of these
show normal dispersion n(2w) > n(w), indicating NPM behav-
iour.34 Generally, a NPM nature dramatically decreases their
ultimate NLO output efficiency and hinders their practical
applications. For IR-NLO materials, phase-matching (PM) is a
critical factor to realize applications in IR lasers and is ben-
eficial for increasing energy conversion efficiency.35–39

As hotspots of recent research, oxychalcogenides have
demonstrated that the structural evolution from a single anion
unit to a heteroanionic unit can enhance anisotropy and
achieve a good balance between wide Eg and sufficiently large
deff.

40–43 Among them, melilite, AE2MM′2OS6 (where M and M′

represent a variety of metal elements in divalent to tetravalent
states), has attracted considerable attention owing to its struc-
tural flexibility at each crystallographic site.44–48 These NCS oxy-
chalcogenides adopt the tetragonal crystal system with the space
group of P4̄21m (no. 113), which displays alternating 2D
[MM′2OS6]

4− layers with the charge-balanced AE2+ cations occupy-
ing the space between these layers. In this work, a new NCS meli-
lite oxychalcogenide, Sr2FeGe2OS6, has been prepared by an iso-
morphous substitution method. Excitingly, it is the first Fe-based
example capable of achieving PM in the IR-NLO chalcogenide
system, and displays an outstandingly comprehensive IR-NLO
performance, including wide Eg (2.24 eV), sufficient deff (5.89 pm
V−1) and strong LIDT (14.42 MW cm−2). Moreover, the relation-
ships between the microscopic crystal structure and macroscopic
NLO activity were systematically investigated.

Experimental section
Synthesis and characterization

The raw materials were purchased from Aladdin (SrO, AR;
FeCl2, 2.5N; Ge, 5N; S, 3.5N; Ba, 3N; KI, 4N) and stored in an
Ar-filled glovebox. Single crystals of Sr2FeGe2OS6 were grown
by the flux method. A mixture of 2 mmol SrO (93 mg), 1 mmol
FeCl2 (57 mg), 2 mmol Ge (65 mg), 6 mmol S (86 mg), and
1 mmol Ba (38 mg) was weighed and an additional 300 mg of
KI was added as the reactive flux. The mixture was placed in a
7 mm inner-diameter silica crucible and then in a vacuum-
sealed silica tube with 11 mm inner-diameter. The samples
were gradually heated to 673 K, held for 15 h, and then heated
to 1073 K at a rate of 10 K h−1, held for 3 days, and then slowly
cooled to 623 K at a rate of 3 K h−1. High-quality black-red
block crystals (approximately 90% yield based on Fe) for
single-crystal X-ray diffraction measurements were obtained
after washing with 95% ethanol and being manually selected
for characterization. Single-crystal X-ray diffraction (XRD) data
for Sr2FeGe2OS6 were collected at 100 K using a Rigaku Oxford
Hybrid Pixel Array diffractometer by Ga Kα radiation (λ =
1.3405 Å). Semiquantitative microprobe analyses were per-
formed via a field emission scanning electron microscope
(JSM6700F, operating at 10 kV) equipped with an energy dis-
persive X-ray spectroscope (EDS, Oxford INCA).
Thermogravimetry (TG) analysis was performed under a
flowing N2 atmosphere at 313–1273 K using a NETZSCH STA
449C simultaneous analyzer. X-ray photoelectron spectroscopy
(XPS) spectra were recorded using ESCALAB 250Xi equipment
with C 1s at 284.8 eV as the internal standard. Diffuse-reflec-
tance spectra were recorded using a PerkinElmer LAMBDA 950
spectrophotometer at 200–2500 nm. The SHG and LIDT
measurements using AgGaS2 as the reference were
implemented by the Kurtz–Perry method (2050 nm)49 and the
single pulse measurement method (1064 nm),50 respectively.
Theoretical investigations were also performed based on the
density functional theory (DFT) method (refer to the ESI† for
the detailed experimental section).

Results and discussion

Single-crystal XRD data for Sr2FeGe2OS6 are well indexed to the
tetragonal system (space group P4̄21m (no. 113)) and categor-
ized into melilite structure type. There are one Sr, one Ge, one
Fe, one O and two S crystallographically independent atoms in
the unit cell (Table S1†). The crystallographic parameters and
diagrammatic sketch of the structure can be found in Table 1
and Fig. 1, respectively. As shown in Fig. 1, Sr2FeGe2OS6 fea-
tures a 2D {[FeGe2OS6]}

4− pentagonal tiling layer stacked in the
same mode along the c axis with inserted Sr2+ to realize charge
balance. In the structure of Sr2FeGe2OS6, adjacent [GeOS3] tet-
rahedra are linked with each other via corner-sharing O atoms
and polymerize into [Ge2OS6] dimers. Two [FeS4] units bridge
with one [Ge2OS6] dimer and one [GeOS3] tetrahedron by
corner-sharing S atoms to form a pentagonal ring, which
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further interlinks to form a 2D {[FeGe2OS6]}
4− layer with

6.1470 (2) Å layer spacing. The bond length in the [FeS4] tetra-
hedron is dFe–S = 2.3252 Å, which is similar to dFe–S values of
2.332 (3)–2.374 (4) Å in K2FeGe3S8

32 and 2.320 (1)–2.332 (1) Å
in K10Fe4Sn4S17.

51 The detailed information about other
important bond lengths and angles are described in Table S2
and Fig. S1.† Interestingly, we found that the M–S bond length
may be negatively correlated with the electronegativity of M by
comparing the local structures of the reported melilite oxychal-
cogenides Sr2MM′2OS6 (M = Mn, Co, Zn, Cd; M′ = Ge, Sn)
(Table S3†).44–48

The black-red block crystals of Sr2FeGe2OS6 were obtained
with a high yield through the flux method at 1123 K. The
experimental powder XRD pattern is consistent with the simu-
lated one (Fig. 2a), indicating that high phase purity of the
title compound can be obtained according to the aforemen-
tioned synthesis process. XPS measurements were accom-
plished to elucidate the oxidation state of Fe ions. Fig. 2b
shows the Fe 2p core levels of XPS narrow-scan spectra and
Fig. S2† reveals the XPS data of other elements in Sr2FeGe2OS6.
As shown in Fig. 2b, there are two peaks in the Fe 2p core level
spectra, which can be assigned to Fe 2p1/2 and Fe 2p3/2. These
two signals are similar to those of Fe2+ in FeO52 and Fe2SiO4,

53

indicating that the oxidation states of the Fe ions are +2. These

results show that the precise formula of the ionic valence state
is (Sr2+)2(Fe

2+)(Ge4+)2(O
2−)(S2−)6. Moreover, the uniform distri-

bution and atomic ratio of Sr/Fe/Ge/O/S = 1.9/1/1.9/1/6.2
approximate with the target value and were determined as
shown in the results of SEM and EDS mapping analyses
(Fig. S3†). The distribution of O beyond the crystal was prob-
ably affected by the O-containing conductive substrate and its
light atomic weight compared with other elements. The TG
analysis curves indicated that Sr2FeGe2OS6 has good thermal
stability up to 1071 K under an N2 atmosphere (Fig. 2c) but
starts to decompose with apparent weight loss at higher temp-
eratures. This is in accordance with the results of powder XRD
analysis and impurities of SrGeO3 and Fe0.96S were detected
(as shown in Fig. S4†). As depicted in the room-temperature
UV-vis absorption spectra (Fig. 2d), the deduced Eg of
Sr2FeGe2OS6 is 2.24 eV using the equation for an indirect
bandgap semiconductor,54 which corresponds to its black-red
crystal color (the inset picture in Fig. 2d). We compared the Eg
value with those of typical Fe-containing materials31,32,51–63

according to a detailed literature survey, as shown in Fig. 2e,
and found that Sr2FeGe2OS6 displays the largest Eg among the
16 reported compounds based on experimental measure-
ments. This phenomenon also illustrates that oxychalcogen-
ides as IR-NLO candidates have advantage in the Eg compared
with sulfides. Besides, the wide Eg is comparable to those of
commercial IR-NLO materials AgGaS2 (2.56 eV),64 AgGaSe2
(1.83 eV)65 and ZnGeP2 (2.0 eV).66 However, this value is nar-
rower than those of the 7 existing melilite materials
AE2MM′2OS6 (Table S3†),44–48 e.g., 2.77–3.73 eV, which can be
attributed to the strong optical absorption in the UV-vis region
caused by the d–d charge transitions of d6 Fe2+.32,51

In general, the NCS structure is the paramount precondi-
tion for IR-NLO materials. The SHG signals of the target
material were assessed via the Kurtz–Perry method49 with
2050 nm irradiation (10 mJ). As depicted in Fig. 3(a), the SHG
intensities present an upward trend with increasing particle
size and then approach saturation, which reveals that
Sr2FeGe2OS6 possesses good PM nature. As far as we know, it
is the first example of Fe-based compounds that has typical
type-I PM behaviour. Significantly, this good PM behaviour is
one of the preliminary requirements in being able to realize
IR-NLO application. Moreover, the relative SHG efficiency of
the title compound was compared with that of a sample of the
typical commercial IR-NLO material AgGaS2. As shown in
Fig. 3(b), Sr2FeGe2OS6 exhibits a moderate SHG response,
which is almost 0.5 times as large as that of the reference in
the particle size range of 150–210 μm. Its SHG efficiency ranks
among the middle of the reported melilite materials
AE2MM′2OS6 (deff = 0.3–2.1 × AgGaS2, see Table S3† for
details)44–48 and is comparable with other d-block metal-con-
taining oxychalcogenides, such as RE3NbS3O4 (RE = Sm, Gd;
deff = 0.3–0.4 × AgGaS2),

67 Sr4Pb1.5Sb5O5Se8 (deff = 0.25 ×
AgGaS2),

68 AEGeOS2 (AE = Sr, Ba; deff = 0.4–0.5 × AgGaS2),
69

and Ba2SnSi2SO7 (deff = 0.6 × AgGaS2).
70 The powder LIDT of

Sr2FeGe2OS6 has also been tested as another important index
to evaluate its NLO performance via the particle size range of

Table 1 Crystallographic data and refinement details for Sr2FeGe2OS6

Empirical formula Sr2FeGe2OS6

Formula weight 584.63
Temperature (K) 100(2)
Crystal system Tetragonal
Space group P4̄21m (no. 113)
a (Å) 9.4182(2)
b (Å) 9.4182(2)
c (Å) 6.1470(2)
V (Å3) 545.25(3)
Z 2
Dc (g cm−3) 3.561
μ (mm−1) 26.599
GOOF on F2 1.066
R1, wR2 (I > 2σ(I))a 0.0217, 0.0519
R1, wR2 (all data) 0.0219, 0.0521
CCDC number 2227377
Largest diff. peak and hole (e Å−3) 1.092, −0.497

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

2)2/∑w(Fo
2)2]1/2.

Fig. 1 Crystal structure of Sr2FeGe2OS6: (a) schematic illustration of the
structure along the b axis and (b) view along the ab-plane.
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150–210 μm under a 1064 nm laser and the experimental
result is about 14.42 MW cm−2. It is clear that the LIDT of the
title compound is significantly larger by 5 times that of
AgGaS2, indicating its positive thermal conduction capability.
Owing to the LIDT being generally consistent with the value of
Eg, the title compound has a relatively smaller LIDT than most
other melilite materials AE2MM′2OS6 (Table S3†) (e.g., LIDT =
6–21 × AgGaS2),

44–48 but excellent heat tolerance among the
reported Fe-based materials can be speculated.

Systematic theoretical calculations based on DFT as an
effective means to discover the structure–activity relationship

have been analysed in detail. The results displayed in Fig. 4a
suggest an indirect semiconducting state with a calculated Eg
of 1.94 eV for Sr2FeGe2OS6 along the Q–Z direction between
the highest valence band (VB) and the lowest conduction band
(CB). This relatively smaller value compared with the experi-
mental value (Eg = 2.24 eV) is mainly ascribed to the common
problem of DFT calculation.71–73 Besides, the first Brillouin
zone with high symmetry points of the title compound is pro-
vided in Fig. S5.† The Perdew–Burke–Ernzerhof (PBE)
approach74 was used to calculate the partial densities of states
(PDOS) of Sr2FeGe2OS6 (Fig. 4b). From −10 eV to the Fermi

Fig. 2 Experimental results of Sr2FeGe2OS6. (a) the XRD patterns; (b) Fe 2p narrow-scan XPS spectra; (c) TG diagram; (d) diffuse-reflectance spec-
trum; the inset shows a photograph of the crystals; and (e) comparison of the experimental Eg of Sr2FeGe2OS6 with Eg values of typical Fe-based
chalcogenides.
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level (EF = 0 eV), S 3p, Fe 3d, O 2p, and Ge 4s orbitals make a
major contribution and the Fe 3d, S 3p, Ge 4p, and Ge 4s orbi-
tals contribute mostly in the energy field ranging from 0 eV to
+10 eV. Therefore, it can be deduced that the charge tran-
sitions responsible for the optical Eg absorption could be
determined by [GeOS3] and [FeS4] BBUs, i.e., the 2D
{[FeGe2OS6]

4−}n layered structure.
Space group P4̄21m of Sr2FeGe2OS6 belongs to the asymme-

trical point group of 2m, and thus, only has one non-vanishing
independent SHG coefficient d14 under the constraint of
Kleinman symmetry.75 The calculated frequency-dependent

SHG coefficient d14 at 2050 nm (ca. 0.61 eV) is 11.79 pm V−1

(the upper panel of Fig. 4c), which is slightly larger than the
experimental result (Fig. 3b). The absorption of output fre-
quency-doubled light at 1025 nm was possibly the main
reason. As plotted in the lower panel of Fig. 4c, the calculated
birefringence Δn (Δn = nz − nx) value was 0.127 at 2050 nm,
which is obviously greater than that of AgGaS2 (Δn = 0.04)
under the same conditions.76–78 Besides, such a large Δn
exceeds that of the melilite structure type Sr2MGe2OS6 (M =
Co, Mn, Zn; Δn = 0.064–0.124),44–46,48 indicating that
Sr2FeGe2OS6 can theoretically realize PM in the IR region.
Moreover, the minimum PM cut-off wavelengths on the basis
of the refractive-index dispersion curves were calculated using
the formula nx(2w) = nz(w).

79–82 As shown in Fig. 4d, the short-
est cut-off edge of SHG light was evaluated to be 600 nm under
the restriction of type-I PM conditions.

In order to determine which microscopic NLO active units
provide the most forceful contribution to the macroscopic NLO
performance from the view of the micro-structure, we reveal a
cutoff-energy-dependent SHG coefficient (Fig. 5a) accompanied
by partial-charge-density maps (Fig. 5b) in terms of the so-
called length-gauge formalism.83 From the calculation results
presented in Fig. 5, the remarkable increase of d14 in the VB-1,
CB-1, and CB-3 intervals can be directly observed, indicating

Fig. 3 (a) SHG responses of Sr2FeGe2OS6 versus particle size under a
2050 nm incident laser and (b) results of the SHG and LIDT intensities of
Sr2FeGe2OS6 and AgGaS2 powders with the largest particle-size range
of 150–210 μm.

Fig. 4 Theoretical calculation results of (a) the band structure; (b) PDOS; (c) energy (eV) dependence of the static d14 (pm V−1) (the top panel) and
birefringence at 2050 nm (the bottom panel); and (d) dispersion of the refractive indices.
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that these energy ranges contribute significantly to the SHG
intensity. In accordance with the associated PDOS (Fig. 4b), the
VB-1 region is dominated by S 3p, Fe 3d, and O 2p states, the
CB-1 region mainly consists of Fe 3d, S 3p, and Ge 4s states,
while S 3p and Ge 4p states produce the major contribution to
the CB-3 region. Consequently, the strong SHG response for
Sr2FeGe2OS6 can be assigned to the [GeOS3] and [FeS4] BBUs,
which are the source of increased SHG efficiency.

Conclusions

In summary, a new NCS melilite oxychalcogenide,
Sr2FeGe2OS6, was successfully designed and prepared through
an isomorphous substitution strategy. Sr2FeGe2OS6 features a
2D {[FeGe2OS6]

4−}n layered structure formed by corner-sharing
[Ge2OS6] dimers and [FeS4] tetrahedra with Sr2+ embedded in
these layers. Experimental results from a powder sample of
Sr2FeGe2OS6 indicate that it possesses a wide Eg (2.24 eV),
sufficient deff (ca. 0.5 × AgGaS2) and strong LIDT (ca. 5.2 ×
AgGaS2). Detailed theoretical investigations illustrate that the
unique arrangement of NLO-active motifs, [Ge2OS6] dimers
and [FeS4] tetrahedra, mainly contributes to the strong deff and
large Δn of Sr2FeGe2OS6. Furthermore, Sr2FeGe2OS6 is the first
PM Fe-based IR-NLO example to be realized by isomorphous
substitution. These findings not only broaden the horizon of
the NCS transition-metal-based chalcogenide system, but also
provide a feasible strategy to discover high-performance
IR-NLO candidates.
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