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by Site Disorder of d'°® Metal Cations
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and Paul A. Maggard*

Quaternary metal-chalcogenides combining rare-earth cations
with late transition metal cations are attracting growing attention
for their optical properties, such as for solar energy conversion or
second harmonic generation. Synthetic explorations of the Ils-I,-
IV-Chg family (Il= Eu; 1= Cu or Ag; IV= Si, Ch= S or Se) have
yielded EusAg,Si>Ss (1) and EusCusos(1)Siz.a2(1)S€s (2). Their struc-
tures have been characterized by X-ray diffraction to form in the
noncentrosymmetric space group 143d and to exhibit two distinct
types of mixed-site occupancies, for the Ag(l) cations in 1 and
mixed Cu(l)/Si(IV) cations in 2. In both, the cation disorder occurs
to achieve charge balancing with the chalcogenide anions. A high

1. Introduction

Nonlinear optical (NLO) materials have wide applications which
include but are not limited to military equipment, health care,
and remote sensing." The most important criterion for a mate-
rial to exhibit a second harmonic generation (SHG) response is
that it should have a noncentrosymmetric structure.” Most nota-
bly, the synthesis of complex, noncentrosymmetric, metal chalco-
genides has been an active area of research for attaining large
SHG responses in the mid-infrared (IR) for NLO applications.>®
Limitations of current materials, such as AgGaQ, and ZnGeP,,
are their low laser-induced damage threshold values and exten-
sive photon absorption, making them unsuitable for practical
uses.” Though, AgGaQ, (Q= S and Se) is commonly selected
as a reference material for its NLO properties and to benchmark
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yield of 1 can be achievedwith optical measurements showing
indirect and direct band transitions of =2.2(1) and =2.4(1) eV,
respectively. Its second harmonic generation response is found
to be relatively strong, approximately 0.9 AgGaS,, confirming its
noncentrosymmetric structure. Band structure calculations
reveal the valence and conduction band edges stem predomi-
nantly from the filled Ag(l)/Cu(l)-based states and empty Si(IV)-
based states, respectively, with additional contributions from
the chalcogenide anions. Calculation results also show that cation
disorder facilitates a reduction in the antibonding interactions
between the Ag(l)/Cu(l) d-based and chalcogenide p-based states.

the SHG activities of other new materials. Ideally, the material
should also be stable in air. For example, while y-NaAsSe, shows
a very large SHG response of =75 AGS, it is also unstable in air.’®*
Within this context, the fortuitously rich structural chemistry of
multinary chalcogenides has facilitated the discovery of many
promising solid-state candidates for probing SHG properties.
Solid-state compounds containing tetrahedral building motifs
are well-known to lead to noncentrosymmetric space groups and
a relatively strong SHG response.” Tetrahedral motifs can further
condense together to form a wide variety of structures, including
from zero to three-dimensional structural connectivities and sta-
bilizing diverse new structure types.™*? The coinage metals (e.g.,
Cu and Ag) and tetrels (e.g., Si, Ge, and Sn) mainly exhibit p1 and
b4 oxidation states, respectively, and are typically coordinated in
tetrahedral geometries by the chalcogenide anions.*>** These
and related studies have focused on the importance of cations
with d*® electronic configurations, e.g., Cu(l) and Ag(l) cations,
in attaining enhanced SHG responses.™ Thus, much research
has focused on the synthesis of multinary chalcogenides incorpo-
rating new combinations of coinage metals with tetrahedrally-
coordinated tetrel cations. Exploratory synthetic efforts within
these chemical systems have unveiled a large chemical family
with the general formula of lls-1,-IV,-Qs (Il = Ba, Eu, Sr, Pb, and
Hg; = Na, Cu, and Ag; and IV = Si, Sn, and Ge) with noncentro-
symmetric space groups (e.g., 143d)."****) For example, the
Pb(ll)-containing compounds exhibit significant site-disorder
and SHG activity."® Furthermore, new Eu(ll)-containing com-
pounds, e.g, EusAg,Ge,Seg, EusAg,Sn,Segs, and EuszAg,Sn,Ss, have
also recently been uncovered from our synthetic investigations
and found to exhibit even larger SHG responses as compared
to the Ba or Sr analogs."””” However, the Si-containing analogs
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of these compounds had not been previously reported or inves-
tigated for their crystalline structures and SHG activities.

Described herein, synthetic investigation of the ll5-1,-IV>-Qg
system, for Il= Eu, | = Ag or Cu, IV= Si, and Ch= S or Se, yielded
two new noncentrosymmetric compounds, EusAg,Si,Sg (1) and
EusCui0g(1)Siza21)Ses (2). Prior literature has established that
the Cu-containing chalcogenides typically form with the general
formula of II-1,.IV-Chy, such as reported for BaCu,SiS,, BaCu,GeSe,,
and SrCu,SiS4.22% To the best of our knowledge, 2 is the first Cu-
containing chalcogenide exhibiting the ll3-I>-IV,-Chg chemical
composition. Structural characterization by single crystal X-ray
diffraction (SCXRD) demonstrates that both possess partial disor-
dering of the Cu(l)/Ag(l) sites via two distinct pathways which
facilitate charge balancing. The optical bandgap was collected
for the polycrystalline EuzAg,Si>Ss product. Electronic structure
calculations were carried out to understand the origin of their
optical properties as well as to elucidate features of their chemical
bonding that underpin the structural disorder.

2. Experimental Section
2.1. Synthetic Methods
2.1.1. Starting Materials

Single crystals and polycrystalline phases of two new quaternary
chalcogenides, EuszAg,Si,Ss and EusCuiog1)Siza2(1)S€s, Were syn-
thesized using the following elemental starting materials: Eu
pieces (Alfa Aesar, 99.9% purity), Ag powder (Alfa Aesar,
99.99% purity), Si powder (Alfa Aesar, 99.9% purity), S powder
(Sigma Aldrich, 99.999% purity), Eu,O; powder (Alfa Aesar,
99.99% purity), Cu powder (Alfa Aesar, 99.99% purity), Se powder
(Alfa Aesar, 99.99% purity), and B powder (Beantown Chemical,
99.9% purity).

2.1.2. Single Crystal Synthetic Conditions

Single crystals of EusAg,Si,Ss (1) were obtained from a reaction
with the loaded stoichiometric composition containing Eu
(69.5 mg, 0.457 mmol), Ag (32.9mg, 0.305 mmol), Si (8.6 mg,
0.305 mmol), and S (39.1 mg, 1.219 mmol). The reactants were
loaded into a carbon-coated fused-silica tube of 6 mm outer
diameter (OD) and sealed under vacuum. The reactants were then
heated to 1123 K using a 40 K h* ramping rate and annealed for 48
h before cooling to room temperature at a rate of 20 K h'.
Yellow, block-shaped crystals of 1 were recovered. Selected crys-
tals were analyzed using a JEOL scanning electron microscopy
(SEM) 6010LA and energy-dispersive X-ray (EDX) spectroscopy,
indicating the presence of Eu, Ag, Si, and S in the molar ratio of
=3:2:2:8, shown in Figure S2, Supporting Information. Analogous
synthetic efforts to prepare the Cu-containing analog, i.e.,
EusCu,Si,Seg, by stoichiometric reaction of the Eu, Cu, Si, and Se
elements using varying heating profiles failed to yield the targeted
compound. Most reactions instead produced orange-colored
Eu,SiSe, crystals'®®! along with polycrystalline powder. As an alter-
native approach, the synthesis of EusCu,Si,Ses was attempted

using the boron-chalcogen mixture method.?**! All the chemical
manipulations for synthesizing EusCu,Si,Seg crystals were con-
ducted in an ambient atmosphere as the starting materials are
air stable: 93.8mg (0.267 mmol) of Eu,Os; powder, 22.6 mg
(0.356 mmol) of Cu powder, 10 mg (0.356 mmol) of Si powder,
112.2 mg (1.421 mmol) of Se powder, and 11.5mg (1.064 mmol) of
B powder were loaded into a carbon-coated 8 mm outer diam-eter
fused silica tube and flame sealed under vacuum. The reac-tants
were heated to 1223 K in 18 h and annealed for 48 h before
cooling to 823 K with a 12 K h' cooling rate. Subsequently, the
furnace was switched off to allow radiative cooling to room
temperature. The reaction mainly produced orange crystals of
Eu,SiSe4, along with a few yellow-colored block-shaped crystals
of EusCus g(1)Si2.42(1)5€s (2). EDX analyses on selected yellow crystals
of 2 showed the presence of Eu, Cu, Si, and Se atoms in the molar
ratio of =3:1.1:2.4:8. The EDX spectrum and elemental mapping of a
selected crystal which was used for SCXRD is provided in Figure S3,
Supporting Information.

2.1.3. Bulk Synthesis Conditions

A polycrystalline phase of 1 was synthesized using a two-step
solid-state synthesis method. A stoichiometric amount of Eu
(231.5 mg, 1.524 mmol), Ag (109.6 mg, 1.016 mmol), Si (28.5 mg,
1.016 mmol), and S (130.3 mg, 4.064 mmol) were loaded into a
12 mm OD carbon-coated fused-silica tube inside a glove box
and flame sealed under vacuum. The reactants were heated to
1023 K in 16 h and annealed for 60 h before switching off the fur-
nace. The product was then finely ground and pressed into a cir-
cular disk of 10 mm diameter using a hydraulic press. The pellet
was again sealed under vacuum inside a 12 mm OD fused-silica
tube and heated at 823 K for 48 h. The final product exhibited
formation of the polycrystalline phase of 1 with a minute amount
of secondary phases as judged by room-temperature powder
X-ray diffraction (PXRD) data, provided in Figure S1, Supporting
Information. Efforts at the high-purity preparation of 2 failed in
every synthetic trial, as the reactions predominantly yielded
the Eu,SiSe, phase.

2.2. Single Crystal and Powder X-Ray Diffraction

The crystal structures of 1 and 2 were established using room
temperature SCXRD characterization methods. The SCXRD data
sets of 1 and 2, which had been previously analyzed by EDX
methods, were collected using monochromatized Mo-Ka radia-
tion of a Bruker D8 venture and Rigaku XtaLAB Synergy diffrac-
tometers, respectively. These were equipped with a photon IlI
mixed mode detector and a HyPix-Arc 100 detector, respectively.
Suitable single crystals were fixed onto a transparent loop under
viscous Paratone-N oil and mounted on a goniometer head and
the intensity data recorded using APEX4 software.”® The multi-
scan method of the SADABS software package®” was used to
correct for absorption. Based on the extinction conditions and
the average intensity statistics (|E> 1|), the noncentrosymmetic
I43d space group was suggested by the XPREP program® and
chosen to solve the structures of both 1 and 2 with the use of the
SHELXS program™® implementing direct methods. The initial
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solutions provided six crystallographically independent atomic
sites in the asymmetric units of the structures, which were then
assigned to respective elements based on coordination environ-
ments and peak heights. The occupancies, scale factors, atomic
positions, extinction corrections, weight corrections, and aniso-
tropic displacement parameters were further refined using the
least squares method in SHELXL.BY For the structure of 1, the final
solution provided four fully occupied sites (Eul, Si1, S1, and S2)
along with two partially occupied Ag sites with occupancies of
=29.5% and =70.3% for Agl and Ag2, respectively. For the struc-
ture of 2, the final solution provided four fully occupied sites (Eul,
Si1, Sel, and Se2), and one mixed Cul/Si1 site. The mixed Cul/Sil
site gave refined occupancies of 72(3)% and 28(3)% for Cul and

Table 1. Crystallographic refinement details for the crystal struc-
tures of EusAg,Si,Ss (1) and EusCus og1)Siz.a21)Se€s (2).

Flack parameter 0.01(2) 0.04(8)

[»] [»]
JI\= 0.71073A, T= 30002) K. *R(F) = " JjFLj iF.j= jF.j for
F2> 20(F2). “Ru(F2) = f  YwdF F2p’= wF4g'?. For F2< 0,
w= 1/[c3(F2) b 8.6318P] and w= 1/[s2(F2) b (0.0333P)*p 57.9671P]
for the crystal structures of 1 and 2, respectively, where
P=(Fb 2F)s3.
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Sil, respectively, and a refined formula of Eu3Cuiogu)Siz.a21)5€s.
The SEM data were consistent with this Cu-deficient and Si-
enriched structure, as compared to the ideal 3:2:2:8 molar ratio,
and thus matched well with the refined composition. The
STRUCTURE TIDY program was used to standardize the atomic
positions of the final models.® The symmetries of the final
solved models were checked using PLATON.B? Structure refine-
ment details, including Wyckoff positions, site symmetries, and
occupancies are listed in Table 1-3 and in the Supporting
Information.

The polycrystalline sample of 1 was characterized using PXRD
at room temperature in ambient atmosphere using a Cu-Ka radi-
ation source of a PANalytical Empyrean X-ray diffractometer. The
diffractometer was operated using 45 kV of voltage and 40 mA of
current. A 0.013° of step size was used from 5° to 75°.

2.3. Physical Property Measurements

Refinement parameters 1 224

zp[aAc]e group 13.9320(3) 143d 14.3466(3) A .Shimadzu. UV3600 spectrophotometer was. used to record
vV [A3 2704.2(2) 2952.9(2) solid-state diffuse reflectance spectra as a function of wavelength
Z 8 8 for the polycrystalline sample of 1. Powdered BaSO, was dried
p [gm cm3] 4.803 5.507 and used as a standard reference to record the reflectance data
:([Ff)';)ml] 370-?‘7‘ (—’;3623; from 1000 nm (1.24 eV) to 250 nm (4.96 eV). The Kubelka—Munk
Ru(F2) 0:034 0:094 equation (a/S = (1—R?/2R) was applied to transform the reflec-
S 112 117 tance data into absorption data. Here R, S, and a are reflectance,
No. of reflections 9439 2240 scattering coefficient, and absorption coefficient, respectively.
No. of independent reflections 567 831 The optical bandgap of the polycrystalline EusAg,Si,Ss sample
SF [e A%) 0.59, -0.61 151, 1.35 was evaluated using Tauc plots and the following equation®

dahvP" % ABhv—E.P (1)

where E;, A, h, and v are bandgap, proportionality constant,
Planck’s constant, and the frequency of light, respectively. The
value of constant n represents the nature of band transition, with

structure of 1.

Table 2. Atomic coordinates, Wyckoff positions, site symmetries, occupancies, and equivalent isotropic displacement parameters for the

Atom Wyckoff position Site Symmetry X y z Ueq Occupancy
Eul 24d 2. 0.02232(3) 0 1/4 0.0246(2) -
Agl 24d 2. 0.2684(4) 0 1/4 0.073(2) 0.295(4)
Ag2 12a 4. 0.375000 0 1/4 0.0344(6) 0.703(5)
Sil 16¢ 3. 0.2348(1) 0.2348(1) 0.2348(1) 0.0130(5) -

S1 48e 1 0.0856(1) 0.0989(1) 0.4363(1) 0.0160(3) -

S2 16¢ 3. 0.1472(1) 0.1472(1) 0.1472(1) 0.0216(6) -

Table 3. Atomic coordinates, Wyckoff positions, site symmetries, occupancies, and equivalent isotropic displacement parameters for the
structure of 2.

Atom Wyckoff position Site symmetry X y z Ueq Occupancy
Eul 24d 2. 0.01662(8) 0 1/4 0.0232(3) -

Cul 12a 4. 3/8 0 1/4 0.031(2) 0.72(3)
Sil 12a 4. 3/8 0 1/4 0.031(2) 0.28(3)
Si2 16¢ 3. 0.2286(2) 0.2286(2) 0.2286(2) 0.010(1) -

Sel 48e 1 0.08076(8) 0.10835(9) 0.43603(9) 0.0136(3) -

Se2 16c 3. 0.1389(1) 0.1389(1) 0.1389(1) 0.0224(5) -
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n= 2 and 1/2 representing direct and indirect band transitions,
respectively.

A Ho:YAG laser was used to collect the mid-IR SHG data using
a wavelength of 2.09 um and a modified Kurtz—Perry system at
room temperature.®™ The sample was finely ground and sieved
to a sample of 90-125 pum particle size to record the frequency-
doubled output data using a photomultiplier tube. AgGas, (AGS)
was used as a standard reference versus peak height for the SHG
measurement.

An =39.4 mg sample of 1 was loaded into a Gelatin capsule to
record magnetic susceptibility data as a function of temperature.
Measurements were collected from 17 to 300 K using a 10 T mag-
netic field of a Quantum Design MPMS VSM instrument.

2.4. Electronic Structure Calculations

Electronic structure calculations were performed using density
functional theory methods as implemented in the Vienna Ab
Initio Simulation Package (VASP; ver. 6.4.2) with the project aug-
mented wave method (PAW).2**! The generalized gradient
approximation of Perdew—Burke—Ernzerhof was used to model
the electron exchange and correlation. An energy convergence
criterion of 10® eV and an energy cutoff of 400 eV for the plane
wave basis set were used in the calculations combined with the
PAW pseudopotentials for Eu (5s,5p,6s,4f,5d), Ag (5s,4d), Cu
(4s,3d), Si (3s,3p), Se (4s,4p), and S (3s,4p) in their respective struc-
tures. Consistent with prior studies,®® the on-site Coulomb inter-
action for the Eu 4f orbitals was approximated ass 6 eV in both
compounds. The corresponding structure refinements served as
the starting models for full geometry relaxations under the
respective symmetry constraints until the norms on the atomic
forces converged to <0.01 eV Al. The cation disorder of the Cu
and Ag sites in the respective structures was modeled as previously
described for this structure type.* Spin-polarized densities-of-
states (DOS) calculations were performed using an 8 8 8 k-
point mesh (total: 75 k-points) for 1 and a 4 4 4 k-point mesh (total:
36 k-points) for 2. The spin-polarized band structures were
calculated following the standard k-point path of I-H-N-I-P-H|P-N|,
as determined by Seek-path,"“” with 10 k-point intersections along
each Brillouin zone direction. Finally, calculations of the Crystal
Orbital Hamilton Populations (COHP) of the pairwise atomic inter-
actions were carried out on the final converged electronic struc-
tures using the Local Orbital Suite Towards Electronic Structure
Reconstruction (LOBSTER; ver. 5.1.1) program.!=%!

3. Results and Discussion
3.1. Synthesis and Crystal Structures

Yellow-colored single crystals of the new quaternary complex
chalcogenides, 1 and 2, were synthesized at 1123 and 1223 K,
respectively, via high-temperature reactions in sealed tubes.
The single crystals of both were found to be stable in air for
at least =30days. The single-crystal structural refinements
showed that both crystallize in the noncentrosymmetric, cubic,

space group 143d with unit cell dimensions of a = 13.9320(3)
and 14.3466(3) A, respectively for EusAg,Si,Ss (1) and EusCuy.og(1)
Sia2(1)5es (2) with Z= 8. Both crystallize as derivatives of the
parent SrzAg,Ge,Ses structure type.“® This relatively complex
structure type has been described in detail previously,’*¥ as
illustrated in Figure 1 and 2. Each is composed of a similar
“[EusSi,Chg]” (Ch =S or Se) substructure, but which differsin
the type of Ag(l) or Cu(l)/Si(IV) disorder that occurs to achieve a
charge balancing p2 within their respective substructures.
Briefly, each of the Si(IV) cations is coordinated in a distorted
tetrahedral geometry by the chalcogenide anions, with sixteen
such “SiCh,” motifs packed as in the LisBi structure type. The
alignment of these tetrahedral motifs break the inversion
symmetry of the structure. For 1, the Si-S distances, Table S2,
Supporting Information, range from 2.113(4) to 2.130(2) A,
consistent with analogous distances in BasSiSs (2.139(5)-
2.175(9) A),“7 Eu,SiS, (2.112(1)-2.121(1) A),*® and SrsAg,SiSs
(2.117(3)-2.135(2) A).“ In 2, the Si—-Se bond distances range
from 2.229(6) to 2.281(2) A, in agreement with similar distances
in NayEuSiSe, (2.246(2)-2.288(2) A),*® Eu,SiSe, (2.2536(7)-
2.2633(10) A),® and Ba,SiSb,Se1; (2.270(3)-2.297(3) A).BY

The packing of the Eu(ll) cations is conserved without disorder
in each structure, consisting of EuChg (Ch = S, Se) polyhedra with
Eu-Ch distances as found in related europium chalcogenide struc-
tures.s*? Temperature-dependent magnetic susceptibility data
are consistent with the Eu(ll) cation oxidation state, as given in
more detail in the Supporting Information. Taken together with
the SiCh, tetrahedra, a “[EusSi.Chsg]?” substructure is formed with Z
= 8, i.e.,, with a formal 16 charge per unit cell. Consequently, the
crystallographic sites for the coinage metal Ag(l)/Cu(l) cations in
each structure exhibit appreciable site disorder to balance this
charge. For the structure of 1, the mixed-site disorder of the Ag(l)
cations occurs has been described previously."’* Briefly, the two
fractionally occupied Ag sites, Agl and Ag2 in Table 2 and in
Figure 1, 2b and 3, occur as conjoined polyhedra forming a
trimeric “Ag1-Ag2-Ag1” motif with Ag—Ag distances of 1.485(6) A.
Only the Agl or Ag2 site could be occupied concurrently. While
the occupation of the central Ag2 site is energetically preferred,
its Wyckoff site multiplicity of 12 is insufficient to balance the 16
charge on the substructure in the unit cell. Thus, an additional

(b)  cusi

Eu'

Figure 1. Unit cell views of EusAg,Si,Ss (1; a) and EusCus og(1)
Si>a2(1)5€s, (2; b) showing the packing of SiCh, (Ch = S, Se) tetra-
hedra (purple) and disordered Ag and Cul/Sil sites. Chalcogenide
atoms are not drawn for clarity.
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Figure 2. Structural views of single layers of EusAg,Si>Ss (1; @) and EusCusog1)Siaazm)Ses, (2; b) illustrating the two types of disorder for
the respective Ag(l) sites and Cu/Sul sites in each, with atom types and unit cells labeled.

(b)

Q) Se

Eu Eu

Figure 3. a) View of the channel formed by SiS, tetrahedral units in the structure of 1, which are occupied by Agl, Ag2, and Eu; b,c) the

local EuChg polyhedra within the structures of 1 and 2.

=29.5(4)% partial occupation of the Ag1 site with a larger Wyckoff
site multiplicity of 24 leads to a closer charge balancing of the
substructure, giving a EusAg1.04(1)Si>Ss composition which is near
to the charge-balanced EusAg,Si,Ss formula.

For the structure of 2, the partial occupation of the Wyckoff
site with a larger multiplicity of 24 for the coinage metal is absent.
Rather, this compound forms with =28(3)% of the Cu(l) sites
substituted by Si(lV) at the smaller Wyckoff-site multiplicity of
12, to achieve a closer charge balancing of the “[EusSi,Seg]”” sub-
structure. Like the isolated “SiSe,” tetrahedra described above,
the mixed Cul/Sil site is coordinated by the selenide anions in
distorted tetrahedral motifs. Condensation between the Cu1/Si1-
and Si2-centered tetrahedra in 2 yields an alternative description
of a three-dimensional [Cuyos(1)Siz.421)5€s]>** network, Figure S6,
Supporting Information, that is charge balanced by the Eu(ll) cat-
ions, Figure 3. The Cul-Se distances of 2.498(1) A are consistent
with analogous distances in the related structures of BaScCuSes
(2.4342(4)-2.4532(4) A)® and BaCuYSes (2.472(1)-2.528(1) A).5¥
This mixed-site substitution is likely facilitated by the relatively
similar ionic radii of the Cu(l) and Si(lV) cations as compared
to the more disparate sizes of the Ag(l)/Si(IV) cations in 1.
Considering the oxidation states of p2, p1, p4, and -2 for the
respective Eu, Cu, Si, and Se atoms in Eu3zCuy os(1)Siz.421)S€s, there
is a small unbalanced charge of p0.76 per formula. The chemical
compositions of crystals of 2 were measured by EDX analyses,

Figure S3, Supporting Information, and found to be consistent
with the refined composition. The analysis showed Eu, Cu, Si,
and Se in the approximate molar ratio of 3:1.1:2.4:8. However,
a small percentage of vacancies on the Cul/Sil site would lead
to a finer charge balancing and cannot be ruled out based on the
crystal structure refinement or EDX results. Similar Cu-deficient
compounds are frequently found to occur, such as reported
for Ba,CunTes™ and Ba,CuasTes.* In addition, mixed-site
refinements with partial occupancies in disordered compounds
are associated with some errors, especially for nonstoichiometric
compounds. For example, excess formal charges of 0.11 and
p0.22 per formula unit have previously been observed in
mixed-site compounds such as Basia4Snoe11)BizzsSs and
LasSnFege1()Se7,*”* respectively.

3.2. Optical Properties

Solid-state UV-Vis—NIR diffuse reflectance data were measured
on the yellow-colored EusAg,Si,Ss (1) powder between a wave-
length range of 250 and 1000 nm. The resulting data are given as
a Tauc plot, depicted in Figure 4a, for estimation of the optical
bandgap and type. The direct and indirect band transitions were
calculated to be 2.4(1) and 2.2(1) eV, respectively, consistent with
its yellow color and an indirect bandgap. The optical band tran-
sitions of 1 are found to be higher in energy than for the
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Figure 4. Plotted in a) the Tauc plot of the direct (blue) and indirect (red) band transitions for 1, and b) the SHG responses of the AGS

reference sample (black) compared to 1 (orange).

isostructural Eu(ll)-containing congeners recently reported, such
as for EusAg,Sn,Ss (=2.2 eV and <2 eV, direct and indirect, respec-
tively) and EusAg,Sn,Ses (=2.1 eV and <2 eV, respectively).”” The
replacement of the Sn(IV) cation by the lighter Si(IV) cation has
had the effect of increasing both types of band transitions by
=0.2 eV. By comparison, the Ge-analog of EusAg,Ge,Seg has a sim-
ilar, direct, band transition of =2.4eV and a wider indirect
bandgap of =2.0 eV. The trend in the bandgaps generally follows
the order of Si(IV) > Ge (IV) > Sn(IV) for the tetrel cations, while
the trend with respect to the chalcogenide, i.e., S> Se, was found
within this isostuctural series of compounds.

In our previous report,”’ several new members of the isostruc-
tural series of Eu(ll)-containing chalcogenides (EusAg,Sn.Ss,
EusAg,Sn,Ses, and EusAg,Ge,Seg) were found to exhibit large SHG
responses. The SHG response of a polycrystalline sample of 1 was
measured using the modified Kurtz—Perry system and a Ho:YAG
laser with a 2.09 pm wavelength. As shown in Figure 4b, the powder
of 1 was found to be SHG active and confirming its noncentrosym-
metric structure. A comparison of the SHG responses of related
metal-chalcogenide structures is listed in Table 4. Although the
SHG response of 1 is lower than most of the previously reported
series, a it is comparable with the AgGaS, (AGS) reference.

3.3. Electronic Structure Calculations

Electronic structure calculations were carried out using density
functional theory methods to probe the origins of the optical
properties of 1 and 2, including the spin-polarized DOS, band
structures, and the individual atomic orbital contributions. Full

Table 4. SHG activities in reported isostructural compounds
related to EusAg,Si,Ss (1).
Space Bandgap SHG

Compound group [eV] (AGS) Reference
AgGas, 142d 2.64 1 [60]
EusAg,Si,Ss 143d 2.2 =0.9 This work
EusAg,SN,Ss 143d <2.0 =7.0 [17]
EusAg,Sn,Ses 143d <2.0 =1.9 [17]
EusAg,Ge,Sesg 123d 2.0 =4.7 [17]
Sr3Ag,Ge;Sg 143d 2.62 =1.3 [14]
Ba3;CdSn,Sg 123d 2.30 =0.8 [16]
HgsNa,Ge,Sg 143d 2.68 =3.0 [18]

geometry relaxations of both structures were first obtained using
the appropriate symmetry constraints of their cubic space group.
The results are plotted in Figure 5. The edges of the valence band
(VB) and conduction band (CB) of 1 stem predominantly from the
spin-polarized Eu 4f’-based states and an admixture of empty Si/
S (3p)-based states, respectively, in Figure 5a. Conversely, the
electronic structure of 2 was modeled with and without the sub-
stitution of Si(IV) cations on the Cu(l) sites. Without inclusion of
this Cu(l)/Si(IV)-site disorder, i.e., calculated as “EusCuisSi,Ses”,
Figure 5b, the Fermi level occurs within the top of the VB com-
prised of filled Cu d-based states. In essence, this situation would
represent an oxidation of Cu(l) cations. However, the incorpo-
ration of =28% of Si(IV) mixed onto the Cu(l) sites adds electrons
and shifts the Fermi level past the top of the VB comprised of
filled 3d*-based Cu states. Concomitantly, the partial DOS con-
tributions of the Cu-based states decrease at the VB edge. The
CB edge of 2 is comprised of empty Si/Se (3p/4p)-based states
and which are relatively more disperse as compared to the CB
edge in 1. In both compounds, the band structures at the VB
edges, Figure 5c,d, show relatively flat bands that can be ascribed
to the Eu 4f’-based states.

The bonding/antibonding characters of the pairwise atomic
interactions, e.g., Eu-Se or Si-S, were probed with calculations of
the COHP as a function of energy. The results are plotted together
in Figure 6, showing bonding (pb) and antibonding () populations of
each pairwise interaction with respect to the Fermi level. In both 1
and 2, the unoccupied states above the Fermi level are all
increasingly antibonding in nature. The COHPs for the Si-(S/Se)
and Eu-(S/Se) interactions are predominantly bonding below the
Fermi levels of each compound, with the former occurring at rela-
tively deeper energies as compared to the latter. Conversely, the
Ag-S and Cu-Se interactions in 1 and 2, respectively, strongly shift
from bonding to antibonding in nature nearer to the Fermi level.
This is generally consistent with M(l)-containing compounds with
filled d*° cations and metal-based antibonding interactions to the
near-neighbor ligands. However, substitution of the Cu(l) cations
by Si(IV) cations in 2 would act to decrease the Cu-Se antibonding
interactions near the Fermi level, thus helping to stabilize this first
known example of Cu(l) cations for this structure type. Future
investigations are aimed at the synthesis of Cu(l) analogs in high
purity for property measurements of their bandgaps and SHG
activities.
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for 2 b); modeled as “EusCu,sSi,Seg”, with the dashed line indicat-
ing the Fermi levels (E¢) in each.

4. Conclusion

Synthetic investigations of quaternary metal chalcogenides com-
bining coinage metal cations with d'° electronic configurations
with the divalent Eu(ll) cation have yielded two new members
of the ll3-1-IV,-Chg structural family (ll= Eu; 1= Cu or Ag;
IV=Si, Ch= S or Se), EusAg>Si,Ss (1), and Eu3Cuiog(1)Siza2(1)S€s
(2). Both crystallize in the noncentrosymmetric [43d space group,
with 2 representing the first reported Cu-containing chalcogen-
ide exhibiting this chemical composition and structure type.
Structural characterization by SCXRD shows that both possess
partial disorder over the Cu(l)/Ag(l) sites which facilitates charge

balancing of the “[EusSi,Chg]*” (Ch = S or Se) substructures via
two distinct pathways. For 1, this occurs with disorder of the Ag
atoms over two closely-spaced Wyckoff positions having different
multiplicities. For the structure of 2, a substitutional disorder of
Cu(l) and Si(IV) occurs on a single Wyckoff site to reach an average
oxidation state that facilitates a charge-balanced structure. Both
compounds crystallize as yellow-colored powders, with the
bandgap and SHG response of 1 measured to be =2.2 eV (indi-
rect) and =0.9 AGS, respectively. Electronic structure calcula-
tions show predominantly antibonding interactions occur
between the chalcogenide anions and the Ag/Cu d*°-based states
for the valence band. For the conduction band, antibonding
interactions occur between the chalcogenide anions and the
empty Si-based states. This study extends the short list of
Eu(ll)-containing quaternary chalcogenides known to be poten-
tially suitable as NLO materials.
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