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The development of Eu-based chalcogenides with exceptional nonlinear optical (NLO) performance in
the infrared (IR) region has garnered increasing attention. However, the design and synthesis of such
compounds with hon-centrosymmetric (NCS) structures remain a significant challenge. In this study, we
report the successful synthesis of a novel quaternary Eu-based chalcogenide, p-EuZnGeS,, achieved
through an isovalent cation substitution strategy starting from the ternary parent compound Eu,GeS,.
This innovative approach induces a structural transformation from centrosymmetric to non-centro-
symmetric, thereby enhancing the NLO properties. p-EuZnGeS, crystallizes in the orthorhombic Fdd2
space group, with a unique two-dimensional [ZnGeS4]?~ layer structure that accommodates Eu?* cations.
Notably, f-EuZnGeS, exhibits a well-balanced set of optical properties, including a remarkable phase-
matching second-harmonic generation (SHG) effect, with its maximum SHG value being twice that of
AgGasS; with a 2050 nm laser. Additionally, it exhibits a high laser-induced damage threshold, surpassing
AgGasS; by a factor of 13.1, along with a broad transparency window extending from 0.39 to 23.7 pm.
Theoretical calculations further reveal that these outstanding optical properties stem from the synergistic
effects of the highly distorted tetrahedral [ZnS4] and [GeS4] motifs within the crystal lattice. This work not
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Introduction

Nonlinear optical (NLO) materials have garnered unpre-
cedented attention in laser science and technology because of
their ability to facilitate frequency conversion in solid-state
laser devices.! As is widely recognized, an excellent NLO candi-
date should meet several crucial prerequisites: a sufficient
second-harmonic generation (SHG) intensity (deg), a large
energy gap (E,), a wide optically transparent window, a moder-
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for designing NCS structures with tailored optical properties for a wide range of applications.

ate birefringence (An), chemical stability, and availability for
obtaining large single crystals.” In the infrared (IR) region,
numerous vital fields, including optoelectronic instruments,
resource exploration, and remote laser communication, have
gained widespread attention and interest. Despite the strong
desr exhibited by commercial IR-NLO crystals such as AgGaQ,
(Q =S, Se)* and ZnGeP,,* which make them suitable for appli-
cations in the IR region, they still suffer from limitations in
high-power laser systems due to their low laser-induced
damage thresholds (LIDT) or detrimental two-photon absorp-
tion, primarily attributed to their small E,. However, integrat-
ing these optical performances into a single crystal is extre-
mely challenging because they typically depend on competing
structural requirements, such as the trade-off between wide E,
and strong d.q> Therefore, it is of scientific and technological
significance to explore new IR-NLO crystals with outstanding
comprehensive performance to overcome these challenges.
Rare-earth (RE) element based chalcogenides have garnered
significant attention in the IR-NLO field due to their unique
f-electron configurations, strong positive charges, and the high
coordination numbers of RE cations. These characteristics
often result in distinctive NLO responses and exceptional
thermal stability, positioning RE-based chalcogenides as a
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promising and active area of research.® A number of RE-based
chalcogenides with novel non-centrosymmetric (NCS) struc-
tures have been discovered, several of which exhibit strong
SHG responses, such as La,SrzSn;S;, (1.4 X AgGaS,®
200-250 pm),”* La,InSbS, (1.5 x AgGaS,@150-210 pm),””
Sm,GaSbs, (3.8 x AgGaS,@46-74 pm),”* and LagGa,GeS,4 (4.8
x AgGaS,@74-106 pm).”? While significant progress has been
made, challenges remain that hinder the full potential of this
material system. These include: (i) optical E, issues: many of
these materials suffer from narrow optical E, (<2.33 eV), which
limits their ability to mitigate harmful two-photon or free-
carrier absorption under fundamental 1064 nm laser exci-
tation. (ii) Phase matching challenges: achieving efficient
phase matching is difficult due to the small birefringence
(An), which complicates their use in practical NLO devices. (iii)
Synthesis limitations: the difficulty in synthesizing high-
quality crystals, particularly those exceeding millimeter-scale
dimensions. Therefore, this system still holds significant
potential for further development and exploration.

Recently, our research was centered on Eu-based chalco-
genides, primarily due to the unique valence state and coordi-
nation characteristics of Eu(u) in comparison with other RE(u)
elements in IR-NLO materials.® Through the facile boron-chal-
cogen method,” we have successfully synthesized a series of
promising Eu-based materials. In the course of our ongoing
experiments, we obtained a previously reported ternary com-
pound, Eu,GeS,."® Despite the presence of asymmetric [GeS,]
units within the structure, these units are arranged in an anti-
parallel configuration, which leads to crystallization in the
centrosymmetric (CS) space group. As a result, this compound
does not exhibit NLO activity. It is well-established that crystal-
lization in the NCS space group is a prerequisite for a material
to become a viable NLO candidate."* Among various strategies
for obtaining NCS structures, chemical substitution stands out
as one of the simplest and most effective approaches, particu-
larly when cation substitution is applied to CS compounds as
the parent structure.'” There are several successful examples of
this method: for instance, in the compound CS Rb,Hg,Ge,Ss,
replacing Rb with Na in a 3 : 1 ratio led to the formation of the
NCS (NazRb)Hg,Ge,Ss."? Similarly, by substituting As with Ga
in CS Ba,AsGaSes;, the NCS compound Ba,As,Ses was
obtained.' Another example includes the substitution of Sb in
CS K,Sb,S; with Ag, resulting in the formation of NCS
K,Ag;Sb;S,."> However, to the best of our knowledge, there
have been no reports to date regarding the substitution of RE
metals with transition metals to induce a CS-to-NCS structural
transformation.

Guided by the considerations mentioned above, a novel
quaternary NCS Eu-based chalcogenide, f-EuZnGeS,, was syn-
thesized using an isovalent cation substitution strategy, with
the ternary CS compound Eu,GeS, serving as the structural
template. As anticipated, p-EuZnGeS, exhibits a well-balanced
set of optical properties, including a significant phase-match-
ing SHG effect (2.0 x AgGaS,@46-74 pm), a high LIDT of 13.1
x AgGaS,, and a broad transparency window ranging from 0.39
to 23.7 pm. These outstanding characteristics position
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B-EuZnGeS, as a promising candidate for IR-NLO applications.
In this work, we systematically report its synthesis, crystal
structure, optical properties, and theoretical calculations.

Results and discussion

Red-brown single crystals of B-EuZnGeS, were successfully syn-
thesized through a straightforward boron-chalcogen reaction,
using a molar ratio of Eu,03:Zn:Ge:S:B =1:2:2:8:2, with
a total mass of 500 mg, at a reaction temperature of 1173 K
(see the “Experimental section” for detailed synthesis pro-
cedures). Elemental distribution maps, obtained via scanning
electron microscopy (SEM), demonstrate that Eu, Zn, Ge, and S
are uniformly distributed throughout the crystal structure
(Fig. 1a). Energy-dispersive X-ray (EDX) spectroscopy analysis
further confirmed that the elemental composition of the syn-
thesized crystals matches the stoichiometric formula deter-
mined from single-crystal X-ray diffraction (XRD) data
(Fig. S1t). Powder XRD patterns confirm the high purity of the
synthesized p-EuZnGeS, crystals (Fig. 1b). Thermal stability
was assessed using thermogravimetric-differential thermal
analysis (TG-DTA), which showed that B-EuZnGeS, remains
thermally stable up to 1073 K, as depicted in Fig. 1c. This indi-
cates the compound’s excellent stability at elevated tempera-
tures, further enhancing its suitability for high-performance
applications in nonlinear optics and other fields. To investi-
gate their optical properties, UV-vis-NIR diffuse reflectance
spectra of B-EuZnGeS, and Eu,GeS, were recorded and are
shown in Fig. 1d and S2.} The diffuse reflectance spectra were
converted to absorbance data using the Kubelka-Munk func-
tion."® The experimental optical E, for p-EuZnGeS, and
Eu,GeS, were determined to be 2.42 eV and 2.17 eV, respect-
ively, which are in good agreement with their crystal colors.
Notably, these values are higher than those reported for most
Eu-based IR-NLO materials, such as EuHgGeSe, (E, = 1.97
eV),"”” EuHgGeS, (E, = 2.04 eV),'® EuHgSnS, (E, = 2.14 eV),"”
and EuCdGeSe, (E, = 2.25 eV)."” Moreover, Fig. S31 displays
the variation of E, as a function of unit cell volume (V A™®) for
the phases in the X"-M"-M"VQ, (X" = Eu, Sr, Ba; M" = Zn, Cd,
Hg; M"™ = Si, Ge, Sn; Q = S, Se) family with the space group
Fdd2. When all compounds are considered, the coefficient of
determination (R?) is 0.455. However, excluding the Eu-based
materials increases the R®> to 0.658. Some similar linear
relationships are observed in the A-MY-MM-Q;, and A,-M"-
MY-Qg systems.”>*' As shown in the inset map in Fig. 1d,
millimeter-sized single crystals of p-EuZnGeS, were success-
fully grown, and the crystals exhibit excellent air stability,
maintaining their integrity for over 6 months without notice-
able degradation (see Fig. S4f for details). Furthermore,
B-EuZnGeS, exhibits a broad optical transparency spanning
the range of 0.39 to 23.7 pm (Fig. 1e), making it a promising
candidate for a variety of optical applications. Additionally,
two distinct absorption peaks are observed in the 16-21 pm
range. The energy of the absorptions in this region is too high
to correspond to any vibrational or phonon modes of
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Fig. 1 Experimental characterization results of f-EuZnGeS,: (a) SEM image and corresponding elemental distribution maps; (b) experimental (blue)
and simulated (red) powder XRD patterns; (c) TG-DTA test curves; (d) UV-vis—NIR spectrum (inset: photograph of the title crystals); and (e) optical

transmittance spectrum.

B-EuZnGeS,. These absorptions may instead be related to the
low-frequency phonon modes of the lattice.

The ternary maternal structure of Eu,GeS, belongs to the
monoclinic system and contains two unique Eu atoms
(Wyckoff site: 2¢), one unique Ge atom (Wyckoff site: 2¢), and
three unique S atoms (Wyckoff sites: 2e and 4f) in the asym-
metric unit. In this structure, the Ge*" cation occupies the
center of its regular tetrahedron, with Ge-S bond lengths
ranging from 2.203 to 2.212 A and £S-Ge-S bond angles span-
ning from 100.55° to 115.63°. When the Eu-S bonds are
excluded, the Eu,GeS, structure exhibits a pseudo-zero-dimen-
sional (0D) arrangement, as all the [GeS,] tetrahedral units are
isolated, with counterbalancing Eu®" cations located between
them (Fig. 2a). Unfortunately, the [GeS,] tetrahedra in the
structure are arranged centrosymmetrically in a reverse orien-
tation, leading to the cancellation of microscopic second-order
polarizability. Consequently, Eu,GeS, does not exhibit NLO
activity.

Single-crystal XRD analysis of B-EuZnGeS, reveals that it
crystallizes in the orthorhombic system, specifically within the
NCS space group Fdd2 (no. 43), with a Pearson symbol of
0F240 and an idealized Wyckoff sequence of a’b'®. The unit

2650 | /norg. Chem. Front., 2025, 12, 2648-2660

cell parameters are a = 20.6941(8) A, b = 20.4059(6) A, and ¢ =
12.2283(4) A (Table S1f). The asymmetric unit contains three
crystallographically independent Eu atoms (occupying Wyckoff
sites 8a and 16b), two independent Zn atoms (Wyckoff site
16b), two independent Ge atoms (Wyckoff site 16b), and eight
independent S atoms (Wyckoff site 16b). The atomic para-
meters and selective bond lengths, summarized in Tables S2
and S3,T reveal bond distances ranging from 2.292 to 2.407 A
for tetrahedral [ZnS,] units and from 2.194 to 2.234 A for tetra-
hedral [GeS,] units. These values are in good agreement with
those reported for similar Zn- and Ge-based chalcogenides.”?
As shown in Fig. 2b, B-EuZnGeS, is constructed by filling the
voids within 2D [ZnGeS,]*” layers, which extend along the ab
plane, with charge-balanced Eu®" cations. Fig. 2c illustrates
that adjacent [ZnS,] and [GeS,] tetrahedra (a total of six) are
interconnected through vertex and edge-sharing, forming
[Zn;Ges;Si6]"*~ 12-membered rings (12-MRs). These 12-MR
[Zn;Ge;S16]"*™ rings further link together by corner-sharing to
create a 2D [ZnGeS,]*~ layer that extends along the bc plane, as
highlighted in the red-shaded area in Fig. 2d.

The structural evolution from the ternary CS Eu,GeS, to the
quaternary NCS B-EuZnGeS,, achieved through an isovalent

This journal is © the Partner Organisations 2025
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Fig. 2 Structure evolution from ternary CS Eu,GeS, to quaternary NCS B-EuZnGeS, through an isovalent cation substitution strategy: (a) view of
the OD isolated structure of Eu,GeS,4 along the bc plane (Eu—S bonds are omitted); (b) view of the 2D layered structures of p-EuZnGeS, along the ab
plane (Eu-S bonds are omitted); (c) view of the 2D [ZnGeS4]2’ layer of B-EuZnGeS, along the bc plane with the (d) 12-MR rings [Zn3Ge3516]14’
marked; (e) a 2D Eu-S layer in the Eu,GeS, composed of polyhedral [EuSe] motifs; and (f) 3D Eu-S framework in p-EuZnGeS, composed of poly-

hedral [EuSg] motifs.

cation substitution strategy, is depicted in Fig. 2. The choice of
substituting Eu®" with Zn®" is driven by two key consider-
ations: first, from a structural perspective, the ionic radii of
Eu®* and Zn”" differ significantly, leading to distinct coordi-
nation preferences. Eu>’, with its larger ionic radius, tends to
form multiple coordination numbers (CNs), while Zn>*, with a
smaller ionic radius, favors the formation of 4-coordination
structures. This difference in coordination preferences is
crucial for disrupting the original CS structure and enabling
the formation of an NCS structure. Second, from a functional
standpoint, the introduction of Zn>", a d"'° cation with a rela-
tively small covalent radius, into the crystal structure has been
shown to increase the E, while maintaining a relatively large

This journal is © the Partner Organisations 2025

SHG effect.”® This effect has been previously validated in ana-
logous systems, where the incorporation of Zn>* ions enhances
the material’s NLO properties. These dual structural and func-
tional advantages underscore the rationale for selecting Zn>*
as an isovalent substitute for Eu** in this context. As antici-
pated, notable structural changes occurred following the sub-
stitution: (i) increased distortion of tetrahedra: the degree of
distortion in the [GeS,] tetrahedra increased significantly,
from 0.003 in Eu,GeS, to 0.015 in B-EuZnGeS,. Additionally,
the distortion in the newly introduced [ZnS,] tetrahedra was
also more pronounced, with a distortion degree of 0.046. This
indicates that the substitution of Zn*" for Eu®* introduces
greater geometric flexibility, which is reflected in the increased

Inorg. Chem. Front,, 2025, 12, 2648-2660 | 2651
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distortion of the tetrahedral units. (ii) Changes in the Eu-S
bonding and coordination: in CS Eu,GeS,, Eu and S form a 2D
layered structure, while in NCS p-EuZnGeS,, the Eu-S bonding
results in a more complex 3D framework structure. This tran-
sition is accompanied by a change in the CN of the Eu atoms,
from a coordination number of 6 in Eu,GeS, to 8 in
B-EuZnGeS,, as illustrated in Fig. 2e, 2f and S5, S6.1

The discovery of p-EuZnGeS, completes a long-missing
piece in the X"-M"-M"-Q, (X" = Eu, Sr, Ba; M" = Zn, Cd, Hg;
M"™ = Si, Ge, Sn; Q =S, Se) family.>* Remarkably, this family
includes four distinct NCS structural types, all of which crystal-
lize in orthorhombic space groups (i.e., Fdd2 (no. 43), Ama2

View Article Online
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(no. 40), and Pnn2 (no. 34)). These structures share similar
unit cell parameters that are capable of doubling, and they
possess a polar 2-fold screw axis along the c-axis. As illustrated
in Fig. 3a, the structures of these compounds can be broadly
classified into two categories: (1) 2D structures, formed by
various methods of linking 12MR [M";M";Q,6]"*” rings, and
(2) 1D chain structures, consisting of dimers [M™"™ Q] con-
nected through shared edges. The relationship between the
degree of structural distortion, quantified by Ad and A0, and
the space groups is shown in Fig. 3b and further detailed in
Table S4.F The analysis reveals several key trends: (i) within the
brown region, where Ad < 0.07 A and Ad < 22°, the compounds

XI-MI-MV-Q,

! !
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I
! }

1D-Amaz2 (no. 40) Pnn2 (no. 34)

(a) : Fd?Z fno. 43) -

SHOGOBE | SO HAH A A
\‘1. , .;.1. \\.k\‘ ‘\ ‘\ k\'\\ A 3 \.‘
POOOODE | | oK< FAUNAYA
HMPOOOPE | | SO S KA K
HOOODE| JSAN SR HORRK
. l | % ¢ l ¢ l . |
of W Y P
4 )3"‘(&7\ Y\(\' \(\' \(\' \(\'\, i\ X i X i X \':X\'\)\(f\f\’\:(
& \ Y Y'Yy
@ - A \f\r\f\(‘\: el L¢ \'\«\% \(:\,\Y\:( B
b 4 2.2 (SRS & o ¢
\*"{\S\»"*\‘( \ Y A A XA L S A g
50 T T T T T T
(b) 1D-Ama2 (no.40) - ]
45 - 24 i
® Fdd2 (no.43) 30
g - 2D-Ama2 (no.40)
E | ® Pnn2 (no.34) 2%1 34 55 29
D" 354 33 i
I 1 19 32
= 18
G 30 ' 2, 28 -
E) B 4
©
T‘ = ‘ QG35 28 ]
s *Se -
15 16 |
10 Y T v T T T v T v T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Ad = dlongest - shortest

Fig. 3 (a) Comparison of four distinct structural types within the X"-M"-M"V-Q, (X" = Eu, Sr and Ba; M"" = Zn, Cd, and Hg; M" = Si, Ge and Sn; Q =
S, Se) family; (b) the relationship between the degree of structural distortion, quantified by Ad (Ad = (diongest—Oshortest) and (Ad1 + Ad2)/2), AO (AG =
(Blargest—bOsmattest) and (AG1 + A#2)/2), and the space groups. The compounds corresponding to the numbers in this figure are listed in Table S4.f
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crystallize in the Ama2 space group, and the anionic groups
predominantly form 1D chains; (ii) within the blue region,
where 0.07 < Ad < 0.17 A and 22° < A@ < 32°, the compounds
adopt the Fdd2 space group, with the anionic groups favoring
a 2D layered arrangement; and (iii) within the yellow region,
where Ad > 0.17 A and A¢ > 32°, the compounds belong to
either the Ama2 or Pnn2 space group, with anionic groups
again forming 2D layers. These findings align with the con-
clusions drawn by Yu et al. in the AE-M"-M"-Q, (AE = alka-
line-earth metal) system and underscore the importance of
carefully selecting tetrahedral [MQ,] structural units with
varying degrees of distortion. Such an approach enables the
design and synthesis of chalcogenides with different space
groups within the X"-M"-M"-Q, family. This structural flexi-
bility provides a promising pathway for tailoring optical pro-
perties, opening new possibilities for the development of
materials with enhanced NLO performance.

Compared to CS a-EuZnGeS, [space group: Fddd (no. 70)],
B-EuZnGeS, crystallizes in the NCS space group Fdd2 (no. 43),
making it a promising candidate for NLO applications. With
the modified Kurtz-Perry method,”® the SHG intensity of
B-EuZnGeS, was evaluated by irradiating it with a 2050 nm
laser, using AgGaS, as a benchmark. As shown in Fig. 4a, the
SHG intensity exhibited a positive correlation with particle
size, eventually leveling off, indicating phase-matching behav-
ior. The strongest SHG intensity of p-EuZnGeS,, at a particle
size of 46-75 pm, was approximately twice that of AgGaS,, and
about 0.8 times that of AgGas, at the largest particle size range
of 150-210 pm. From these results, the effective SHG coeffi-
cient (deg) was indirectly calculated using the formula: deg =
dettyr (Pollx?w)"?, where d.g, AgGaS, = 13.4 pm V% yielding
a value of 12.1 pm V' for p-EuZnGeS,. This indicates its
strong NLO response and is comparable with those recently
reported for RE-based IR-NLO chalcogenides
Nd;[Ga;0;5;][Ge,S,;] (0.8 x AgGa$,),*® LaCaGaz0Ss (0.9 X
AgGasS,),”” KYGeS, (1.0 x AgGaS,),”® K3HoP,Sg (1.1 x AgGasS,),>®
and LaCa,(BS;)(SiSs) (1.1 x AgGaS,).*® Another crucial para-
meter for NLO materials is the LIDT, which is important for
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high-power laser applications. The powder LIDT was measured
by gradually increasing the laser output energy until material
damage was observed under an optical microscope.>’ The
LIDT of polycrystalline p-EuZnGeS, was found to be 36.94 MW
cm™?, approximately 13.1 times that of commercial AgGa$,
(2.83 MW cm™?) under identical conditions. This LIDT value is
competitive with those of other recently reported IR-NLO crys-
tals, such as [Ba,(BaeS)|[(VO3S)e] (7.65 x AgGasS,),** LiCaPS, (10
x AgGaS,),*® LaBS; (14 x AgGa$,),** and Sr,GeGa,0Sg (12.4 x
AgGas$,).”” Additionally, Fig. 4b compares the comprehensive
NLO performance of p-EuZnGeS, with that of the commercial
benchmark AgGas,. The larger the area of the radar chart, the
better the overall optical performance. Notably, $-EuZnGeS,
outperforms AgGas, in several key aspects: it demonstrates a
favorable phase-matching (PM) feature, a strong SHG response
(0.8 x AgGaS,), a giant LIDT (13.1 x AgGaS,), a sufficient
bandgap (E; > 2.33 eV), and an exceptionally broad IR trans-
mission cut-off range (0.39-23.7 pm). These properties make
B-EuZnGeS, a promising material for advanced IR-NLO
applications.

To gain a deeper understanding of the relationship between
the crystal structure and the properties of f-EuZnGeS,, we per-
formed first-principles density functional theory (DFT) calcu-
lations to investigate its microscopic mechanisms, including
the E,, partial density of states (PDOS), frequency-dependent
SHG coefficients (dj;), and refractive index dispersion curves,
with a focus on the shortest PM cutoff wavelength.’® The
linear optical properties, in terms of the complex dielectric
function ¢(w) = &;(w) + iey(w), were calculated, and optical con-
stants were derived from the imaginary part of the dielectric
function &,(w) using the Kramers-Kronig transformation (see
the “Computational details” for detailed calculation pro-
cedures and parameter settings in the ESI} section). As shown
in Fig. 5a, the theoretical calculations reveal that the valence
band maximum (VBM) and conduction band minimum (CBM)
are both located at the same G point, confirming that
B-EuZnGeS, is a direct E, semiconductor. The theoretical E,
was calculated to be 2.40 eV, which closely matches the experi-

( b ) E, (eV)

B-EuZnGeS,
AgGas,

LIDT (xAgGasS,)

25

IR Transmission (um) SHG (xAgGaS,)

Fig. 4 (a) SHG intensities vs. particle size at A = 2050 nm for B-EuZnGeS, and AgGas,; (b) radar chart (five directions representing the PM feature,
IR transmission, SHG, LIDT, and E, respectively; the colored shadows represent the areas surrounded by these optical parameters of B-EuZnGeS,
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mentally measured value of 2.42 eV. The PDOS analysis further
elaborates on the energy contributions from various atomic
orbitals (Fig. 5b). The valence band (VB-1), near the Fermi
level, is primarily composed of Zn-3d, S-3p, and Ge-4p orbitals,
while the conduction band (CB-1), also near the Fermi level, is
largely influenced by Eu-4f, Zn-4s, Ge-4s, and S-3p orbitals.
This analysis highlights the significant role of the [ZnS,] and
[GeS,] tetrahedral units, particularly the impact of the 2D
[ZnGeS,]*” layers, in determining the electronic structure and,
by extension, the optical properties of p-EuZnGesS,.

B-EuZnGeS, crystallizes in the NCS Fdd2 space group and
belongs to the mm2 point group, which, according to
Kleinman’s symmetry rule,”” supports three independent non-
zero tensors (dis, dys4, and ds;) for SHG. As illustrated in
Fig. 5c, the theoretical SHG coefficients under a phonon
energy of 0.61 eV (corresponding to a 2050 nm wavelength) are
dys = 56.37 pm V™', dy, = 45.34 pm V', and ds; = 28.95 pm
v~'. Additionally, the refractive indices along the principal
optical axes (ny, n,, and n,;) of p-EuZnGeS, were calculated,
revealing significant optical anisotropy, as demonstrated by a
An value of approximately 0.19 at 2050 nm (Fig. S7t), which is
notably larger than that of AgGaS, (An = 0.04 at 2050 nm).>®
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This pronounced An value suggests that p-EuZnGeS, can theor-
etically meet the PM conditions for efficient SHG over a broad
wavelength range. The substantial refractive index difference is
attributed to the material’s unique 2D layered structure, which
plays a crucial role in enhancing its optical anisotropy and
overall NLO performance. From the PM condition for type-I
NLO processes, where 7.(20) = n,(w), the theoretical PM cutoff
wavelength for B-EuZnGeS, was determined to be around
526 nm (Fig. 5d),* indicating that this material can efficiently
support SHG over a broad spectral range. Together, these
insights suggest that p-EuZnGeS, is a highly promising
material for advanced IR-NLO applications, with a strong SHG
response, significant optical anisotropy, and favorable PM
characteristics.

To investigate the NLO origins of p-EuZnGeS,, we per-
formed detailed calculations on the energy-dependent
maximum d;5 values using the length-gauge formalism,*® as
shown in Fig. 6a. The results reveal that the d;5 coefficient is
primarily governed by electronic transitions involving the
VB-1, CB-2, and CB-4 regions. These findings are further sup-
ported by PDOS analyses (Fig. 5b) and virtual charge density
maps (Fig. 6b), which provide additional insight into the elec-

This journal is © the Partner Organisations 2025
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tronic structure. The PDOS analysis reveals that VB-1 is mainly
composed of S-3p and Zn-3d orbitals, while in the conduction
bands CB-2 and CB-4 are dominated by Zn-4s, Ge-4p, and S-3p
states. Given the distinctive layered structure of the [ZnGeS,]*~
units, the SHG in f-EuZnGeS, primarily arises from electronic
transitions between the fundamental building blocks of the
crystal: the [ZnS,] and [GeS,] tetrahedral units. The layered
arrangement of these building blocks enhances the material’s
NLO properties by facilitating efficient electronic transitions
across different bands, thereby contributing significantly to
the observed SHG response.

Conclusions

In summary, we successfully designed a new Eu-based chalco-
genide, p-EuZnGeS,, using an isovalent cation substitution
strategy and synthesized it via the facile boron-chalcogen
method. This innovative approach not only facilitates a struc-

This journal is © the Partner Organisations 2025

tural transformation from CS to NCS configurations but also
yields impressive NLO properties. Notably, f-EuZnGeS, exhi-
bits a substantial phase-matching SHG response 0.8 times that
of AgGaS, at 2050 nm, an enhanced LIDT 13.1 times that of
AgGas, at 1064 nm, and a wide transparency range spanning
from 0.39 to 23.7 pm. Additionally, the material demonstrates
a significant birefringence of 0.19 at 2050 nm and remarkable
thermal stability, withstanding temperatures up to approxi-
mately 1073 K. This work highlights f-EuZnGeS, as a promis-
ing candidate for IR-NLO applications within the rarely
explored Eu-based chalcogenide system. Furthermore, it is
poised to stimulate further research into potential rare-earth
metal NLO materials.
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