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Abstract

A boron-tellurium mixture was employed as a reactive molten salt to prepare single
crystals and polycrystalline powders of three ternary tellurides, MTr2Tes (M = Sr, Eu; Tr=
In, Ga), starting from binary metal oxides. This method represents a simple and efficient
synthetic route wherein all reagents can be loaded in air. Single crystal X-ray diffraction
was used to characterize the structures of B-EuGazxTes (1; Space Group: Imma), a-

Euln2Tes (2; Cccm), and SrGazTes (3; /4/mem). Their structures are similarly comprised

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of the packing of Olo[TrzTe4]2' (Tr = Ga or In) chains separated and charge balanced by the

divalent cations (M = Eu or Sr). Distinctive differences in the three structures stem from

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:55 AM.

the arrangements of the divalent cation sites, with two different ordered arrangements

found for the Eu cations in 1 and 2, with the former representing a novel polymorph of

(cc)

EuGazTes. By contrast, the Sr cations in 3 adopt a fully disordered occupancy (50%
occupancy) of the divalent cation sites. Results of total energy calculations show that the
a-polymorphs of EuGazTes and Euln2Tes are slightly lower in energy than the (-
polymorphs. Optical bandgaps were measured using solid-state UV-Vis-NIR techniques,
finding that all three exhibit semiconducting properties with direct transitions of 1.10(2)
eV, 1.03(2) eV, and 0.93(2) eV, respectively. Electronic structure calculations show that
their band gaps stem predominantly from filled Te p-orbitals and empty Ga/ln s- and p-
orbitals at the edges of their valence and conduction bands, respectively. Hence, a
convenient and simple method for the preparation of metal tellurides is demonstrated,

thereby unlocking the door to their much broader synthetic exploration.
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l. Introduction

The structural chemistry of chalcogenides differs significantly from oxides due to
the significant changes in metal-coordination environments and their polyhedra, which
condense together to form a variety of new structures possessing from zero- to three-
dimensional connectivity.”* These diverse structures also give rise to a broad array of
technological properties, such as useful for potential applications in thermoelectrics,
superconductors, magnetic materials, or as nonlinear optical materials.>-'0 Accurate
characterization of their crystalline structures and measurements of the physical
properties of chalcogenides relies stringently upon their preparation as large single
crystals and/or as phase-pure polycrystalline compounds.’" However, traditional solid-
state synthesis methods, such as sealed tube methods, nearly always result in the
inadvertent introduction of oxide impurities. This occurs either through the partial surface
oxidation of the starting reagents handled within a glovebox, e.g., such as for easily-
oxidized alkali- and alkaline-earth metals and rare-earth elements, and because of an

imperfect vacuum when sealing the reagents inside fused-silica tubing.

Recently, the boron chalcogen mixture (BCM) method has emerged as an effective
technique to synthesize metal sulfides and selenides starting from metal-oxide reagents.
In this approach, elemental B is added as an efficacious oxygen scavenger that leads,
via boron-chalcogenide intermediates, to the formation of thermodynamically-stable
B203.1"-14 This side product can subsequently be removed by dissolution in ethanol. The
in situ produced B203 remains molten above ~723 K and hypothetically can also act as a
flux and can significantly accelerate the crystal growth of the metal-chalcogenide product.
As most of the oxide starting materials used in the BCM method are neither moisture nor
air-sensitive, they can conveniently be handled in ambient atmosphere. By contrast, the
synthesis of metal chalcogenides via conventional solid-state methods typically requires
a glovebox, as most of the elemental metals undergo rapid oxidation when exposed to
ambient atmosphere. Given these advantages, a growing number of polycrystalline metal
sulfides and selenides have been produced by the BCM method. These reactions are

found to proceed via the formation of intermediate boron sulfide (e.g., BS and B2S3) and
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boron selenide (e.g., BoSes) phases. The synthetic preparation of metal tellurides by this
method, specifically by using a boron-tellurium mixture, has yet to be investigated to the
best of our knowledge. Additionally, no boron-tellurides are currently known, with the
exception of amorphous BsTez.'"' Hence, it has been unclear whether elemental
tellurium, with a lower electronegativity, would be as effective in combination with boron

via this approach.

The present investigation explores the boron-tellurium mixture (BTM) in the initial
test preparation of the EuTe binary, followed by the synthesis of three ternary metal-
tellurides in the MTr2Tes (M = Sr, Eu; Tr = In, Ga) family. Using the BTM method, single
crystals of a-EulnzTes (2), SrGazTes (3), and the new B-EuGazTes (1) were successfully
grown and characterized through single crystal X-ray diffraction. Previous studies within
this chemical family have reported the a-polymorph of EuGazTes, along with SrGazTes
and a-Euln2Tes, which were only obtained as powders and structurally characterized
using Rietveld methods.'®'7 The current research has unveiled more accurate structural
models and three fascinating arrangements (50% occupation) of the divalent metal-cation
sites. Two distinct ordered configurations of the Eu cations have been revealed in 1 and

2, and a fully disordered configuration of the Sr cations is described for 3. Also described

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

herein are the first reported measurements of their optical properties and calculated

electronic structures using density functional theory methods. Thus, these findings

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:55 AM.

illustrate the successful application of the BTM method in the synthesis of metal-tellurides,

(cc)

providing a convenient and valuable synthetic pathway that will motivate broader

synthetic explorations.

Il. Experimental

II.A. Materials Used. Single crystals and polycrystalline phases of B-EuGazTes (1),
a-EulnzTes (2), and SrGazTes (3) were synthesized using the BTM method from the
following starting reagents: Eu-O3 powder (Alfa Aesar, 99.99% purity), SrO powder (Alfa
Aesar, 99.5%), Ga pellets (Alfa Aesar, 99.999% purity), In powder (Alfa Aesar, 99.999%
purity), Te pieces (Sigma Aldrich, 99.999% purity), and B powder (Beantown chemical,

99.9% purity). Since all the starting materials are air-stable, all the chemicals could be

3
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mixed and the reaction loaded in an ambient atmosphere. As SrO is air sensitive, it was

stored in the glovebox prior to use.

11.B. Synthetic Procedures. The preparation of EuTe starting from its oxide, Eu20s3,
was first tested using the boron-tellurium mixture (BTM) method. In this reaction, a
stoichiometric amount of Eu203 (84 mg, 0.239 mmol) was combined in air in
stoichiometric quantities with Te pieces (60.9 mg, 0.477 mmol) and B powder (5.2 mg,
0.480 mmol). This mixture was then loaded into a heavily carbon-coated fused-silica tube
with an 8 mm outer diameter (OD) in ambient atmosphere. The vessel was then sealed
under vacuum using a natural gas torch, loaded into a muffle furnace, and heated to 1223
K over 16 h. After reacting at 1223 K for 30 h, the reaction was cooled to 823 K ata 20 K
h' rate. The furnace was then switched off and allowed to radiatively cool to room
temperature inside the furnace. The final products were washed with ethanol to remove
the B203 side product. A few red plate-shaped crystals were selected for analysis by
single crystal and powder X-ray diffraction techniques, confirming the formation of high

purity EuTe (Figure S1).

Single crystals of B-EuGazTes (1) were next prepared starting from a stoichiometric
mixture of Eu203 powder (42.1 mg, 0.120 mmol), Ga (33.3 mg, 0.478 mmol), Te (122 mg,
0.956 mmol), and B powder (2.6 mg, 0.240 mmol). All reactants were mixed and loaded
within a heavily carbon-coated 8 mm OD fused-silica tube and sealed under vacuum. A
parallel procedure was conducted for preparing reactions which yielded a-EulnzTes (2)
and SrGaxTes (3). For 2, the reactant mixture incorporated 38 mg (0.108 mmol) of Eu203
powder, 49.6 mg (0.432 mmol) of In powder, 110.1 mg (0.863 mmol) of Te pieces, and
2.3 mg (0.213 mmol) of B powder. While for 3, the reaction mixture contained SrO (34.1
mg, 0.329 mmol), Ga pieces (45.8 mg, 0.657 mmol), Te powder (167.7 mg, 1.314 mmol),
and B powder (2.4 mg, 0.222 mmol). During the reaction, all three fused-silica vessels
were heated to 1223 K at a rate of 72 K h-, held for 48 h, and then cooled to 823 K at a
rate of 12 K h-! in a muffle furnace. Finally, the furnace was turned off and allowed to
reach room temperature by radiative cooling inside the furnace. The tubes were opened,
and the products were washed using ethanol inside a fume hood. Caution: Telluride

compounds can potentially react in the presence of moisture and produce toxic H>Te gas.

Page 4 of 22


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00156d

Page 5 of 22 Dalton Transactions

View Article Online
DOI: 10.1039/D6DT00156D

So, all reactions should be handled in a fume hood following safety protocols. The
products were air-dried and analyzed under an optical microscope, revealing black, block-
shaped crystals for each. Chemical compositions for each were evaluated using energy
dispersive spectroscopy on their respective crystals, as given in the Supporting
Information (shown in Figures S2-S4). Synthesis of 0.5 g amounts of each used 12 mm
OD fused-silica tubing, following the same heating profiles. Phase purities were analyzed
using powder X-ray diffraction data, given in the Supporting Information (shown in Figure
S5).

I.C. Characterization by X-ray Diffraction (XRD). The structures of 1, 2, and 3 were
determined at room-temperature using single crystal X-ray diffraction on a Bruker D8
Quest diffractometer equipped with a Photon Ill mixed mode detector. The respective
crystals were mounted on a goniometer separately under Paratone-N oil, and the XRD
datasets were collected using a Mo Ka (A = 0.71073 A) radiation source. The APEX4
software'® automatically determined the data collection strategy and processed the data.
The quality of each of the crystals was initially evaluated from the diffraction peak shapes

and unit cells, as obtained from a fast scan data of 180 frames using a 2 seconds per

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

frame exposure time, a 50 mm crystal-to-detector distance, and a frame width of 1°. Full
single crystal data sets were then measured at an exposure time of 7 seconds per frame,

a crystal-to-detector distance of 50 mm, and a frame width of 0.5°. Absorption corrections

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:55 AM.

were performed using the multi-scan method of the SADABS software package.'® Based

(cc)

on extinction conditions, the XPREP software?® suggested a body-centered Imma space
group and base-centered Cccm space group for 1 and 2, respectively. Both crystal
structures were solved using the SHELXT program.2' The initial solution of 1 gave eight
crystallographically-independent atomic sites, assigned to one Eu, three Ga, and four Te
sites based on their respective peak heights and coordination environments. Full
structural refinements were carried out using the least squares method as implemented
in the SHELXL program.22 Similarly, the structure of 2 was solved and refined except that
atwinlaw of [-1 0000 10 1 0] needed to be applied with a refined BASF value of ~0.197.
Lastly, the structure of 3 was solved and refined in the /4/mcm space group. The final
model gave three crystallographically-independent atomic sites, one 50%-occupied Sr

site, and a single site for both Ga and Te. The PLATON software package?® was used to

5
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standardize the atomic positions and to check for any missing symmetry elements. The
structural refinement details are summarized in Table 1, with full listings of atomic
coordinates, anisotropic thermal parameters, and selected interatomic distances are

given in the Supporting Information (Tables S4 to S10).

Table 1. Crystallographic refinement details for the structures of 1, 2, and 3.

Compound B-EuGazTes  a-EulnzTes (2) SrGazTes (3)
Space group Imma Cccm 14/mecm
a(A) 11.5596(5) 7.1392(5) 8.2190(5)
b (A) 23.0747(9) 11.6314(8)
c (A) 6.7187(3) 11.6903(9) 6.7270(5)
V (A3) 1792.11(13) 970.75(12) 454.42(6)
Z 8 4 2
o (gm.cm3) 5.943 6.103 5.390
d (mm-T) 25.55 22.79 24.22
R (F)? 0.021 0.025 0.023
Rw (Fo?)P 0.064 0.056 0.049
S 1.08 1.14 1.00
OF (e A3) 3.34/-0.86 1.82/-1.93 0.88/-1.36
No. of reflections 11320 6769 1098

No. of independent 1169 784 235

reflections

aR (F) = Z |IFol=1Fcll | ZIFol for Fo? > 20(Fo?).

bRw(Fo?) = {Z [W(Fo? = F2)?] | SWFo*}'2. For Fo2 < 0, w = 1/[02(Fo?) + (mP)2 + nP], where
P = (Fo? + 2F:?)/3. Here m and n are 0.0351 and 1.2444, 0.0184 and 0, and 0.0251 and
7.4074 for 1, 2, and 3, respectively.

Phase purities of the bulk polycrystalline powders were confirmed by powder X-
ray diffraction (PXRD) measurements at room temperature. The PXRD data were
collected over a 26 range of 10°-70° using a Cu Ka source on a Bruker D2 Phaser

instrument with a step size of 0.015°.

II.D. Optical Bandgap Measurements. The optical absorption data of
polycrystalline MTr2Tes powders were recorded using a JASCO V-770 UV-Vis-NIR
spectroscopy over a wavelength range of 2500 nm (0.50 eV) to 200 nm (6.2 eV) to

evaluate the bandgaps of the polycrystalline samples. Tauc plots were used to estimate
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the direct and indirect band transition energies of the polycrystalline products, using

methods described previously.?*

I.E. Electronic Structure Calculations. Density functional theory (DFT) calculations
of the electronic structures of 1, 2, and 3 were conducted using the Projector Augmented
Wave (PAW) method within the Vienna Ab initio simulation package (VASP; ver.
6.3.2).2526 The generalized gradient approximation method was used to treat the
exchange-correlation functionals within the Perdew-Burke-Ernzerhof parametrization.2” A
plane-wave basis set with an energy cut-off threshold of 300 eV was used, consistent
with the respective PAW pseudopotentials for each compound. These included the
valence orbital sets for Eu (5s,5p,6s,4f,5d), Sr (4s,4p,5s), In (5s,5p), Ga (4s,4p), and Te
(5s,5p). The criterion for reaching electronic self-consistency was fixed to less than 10
eV. For 1 and 2, the strong on-site Coulomb interactions for the 4f orbitals of Eu were
approximated at 7 eV, consistent with prior reports.?8 Spin-orbit coupling (SOC) was
incorporated self-consistently in all calculations using non-collinear magnetic settings
within VASP to correctly capture the effects of SOC. The structures were fully geometry
relaxed until the norms on the atomic forces converged to less than 0.01 eV A-'. Density-
of-states (DOS) calculations used k-point meshes of 4 x 2 x 6 (48 k-points), 6 x 4 x 4 (96
k-points), and 3 x 3 x 4 (50 k-points) for 1, 2, and 3, respectively. For band structure

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

calculations, the k-point paths within the Brillouin zones of the respective crystal
structures were generated using SeeK-path?® (F—Y—CO0|20—I—Z—AOQ|E0—T—Y|—
S—R—Z—T for 1; '—X—F0|Z0—TI"—A0|GO0—X|—R—W—S——T—W for 2; —X—
M—I—Z—R—A—Z|X—R|M—A for 3). Each reciprocal lattice direction in k-space was

sampled at 10 intersecting k-points. Plots of the calculated DOS and band structures were

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:55 AM.

(cc)

generated using the SUMO package.3°

lll. Results and Discussion

IIl.A. Boron-Tellurium Mixture (BTM) Synthetic Method. The approach of utilizing
a BTM mixture to prepare metal tellurides was initially tested for feasibility starting from
the inexpensive and air-stable europium(lll) oxide, Eu2O3. The analogous boron-

chalcogenide method for selenium and sulfur proceeds with the initial formation of boron

7
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chalcogenide intermediates. Subsequently, the volatile boron chalcogenides react and
displace the oxygen atoms of the metal oxide, forming the B203 side product and the
respective metal chalcogenides. The equivalent chemical reaction for the BTM method
using tellurium is given by the balanced reactions shown below for the formation of EuTe
(A) and EuGazTes (B):

Eu203 + 2B + 2Te — 2 EuTe + B20s3 (A)
Eu203 + 2B + 8 Te + 4 Ga — 2 EuGazTes + B203 (B)

The product of reaction (A) was obtained after heating at a temperature of 1223K,
followed by washing, yielding the high-purity synthesis of EuTe as shown in Figure S1 in
the Supporting Information. It should be noted that Eu(lll) is reduced to Eu(ll) during the
reaction, while B2O3 subsequently serves as a flux to facilitate crystal growth. Hence,

relatively large, red-colored crystals of EuTe were found to grow throughout the mixture.

/

’
/ Euy04 Eu:°3
+
B Heating BxTev Heating Cooling
+ — + sy Eulr,Te, =) EuTr,Te,
Tr Tr + B,0; flux +
To Te i -
|

EuTe + B,O;+ Tr + Te

Time

Scheme 1. Reaction scheme for the formation of EuTr2Tes (Tr = In and Ga) using
the BTM method. The proposed process involves the initial formation intermediate
BxTey phases, which then react with Eu2O3 to form the binary and/or ternary Eu-
containing tellurides. The B203 side product possibly serves as a flux for enhancing
crystal growth of the products. The formation of SrGa.Tes is also proposed to follow
an analogous pathway.

Following the successful preparation of EuTe, the crystal growth of ternary metal-
tellurides was next attempted in the MTr2Te4 (M = Sr, Eu; Tr = In, Ga) chemical systems,
as represented in scheme 1. By this same route, block-shaped single crystals of (-
EuGazTes (1), a-Euln2Tes (2), and SrGazTes (3) could be obtained via reactions at 1223

K, as given in Scheme 1 and in reaction (B) for 1. After washing, the products were
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observed to be stable in air for up to 2 months. Results of energy-dispersive spectroscopy,
Figures S2 to S4 in the Supporting Information, confirmed homogeneous distributions of
M (Eu and Sr), Tr (Ga and In), and Te in the approximate molar ratios of 1:2:4. While
powder XRD data for the bulk powders of 1 indicated the formation of 1 along with minute
secondary phases of Ga>Tes (~5%) and unknown phase(s) (~2%) (Figure S5(a)), the
powder XRD data for 2 and 3 (Figure S5(b and c)) showed evidence for the presence of
a minute amount of ~2% elementary Te in the former and ~5% each of Ga>Tes and
GazTes in the latter. Hence, both binary and ternary metal tellurides could be efficiently
obtained by this method that eliminates the need for air-sensitive starting reagents, such

as elemental strontium or europium or their respective metal chalcogenides.

Il.B. Structural Characterization. The black, block-shaped crystals of 1, 2, and 3
were characterized by single-crystal XRD measurements to form in three different space
groups, Imma, Cccm, and /4/mcm, respectively, and structure types. Though, all three
structures, illustrated in Figure 1, are similarly comprised of linear chains of olo[TrzTe4]2',
(Tr = Ga or 1In)
separated by divalent

M cations (M = Eu or

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Sr). The structure of 1,

B-EuGazTes shown in

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:55 AM.

Figure 1(a), has the

(cc)

largest unit cell (body-
centered) of the three

and crystallizes with
two different 010
[GazTes]* chains

separated by the

charge-balancing Eu
Figure 1. Unit cell polyhedral views of the (a) B-EuGazTes, (b) a-

Euln2Tes, and (c) SrGazTes structures viewed down the olo[TrzTe4]2'
, chain directions of each. chains, shown in

cations. The two

Figure 2(a and b), are comprised of three crystallographically-independent Ga sites, each


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00156d

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 11:32:55 AM.

(cc)

Dalton Transactions

Page 10 of 22

View Article Online
DOI: 10.1039/D6DT00156D

o> Lo

Figure 2. View of the (a) Olo[Ga12Te4]2' and (b) olo[GaZGa3Te4]2' chains in the -

EuGa.Tes crystal structure. View of the (c) 010[|n2Te4]2' and (d) olo[GazTe4]2' chains in
the a-Euln2Tes and SrGazTes crystal structures, respectively.

coordinated within distorted, GaTes tetrahedra. These GaTes tetrahedra condense via

shared edges to form chains of olo[GazTea.]Z' aligned down the c-axis, with the tetrahedra
centered by Ga1 in the first chain and alternating Ga2/Ga3 in the second chain. By
comparison, the analogous Ga-containing structure of 3, i.e., SrGazTes, exhibits a much

smaller unit cell (~25% by volume) and a single symmetry-unique Ga-site within a similar

olo[GazTe4]2' chain, Figure 2d. All Ga — Te interatomic distances in both 1 and 3 occur
within a narrow range of 2.631A to 2.637A. These distances are consistent with those in
the previously reported 8-BaGazTes (2.609(1)-2.646(1) A)3' and a-BaGazTes (2.622(1)

A) compounds.32

In the crystal structure of 2, a-Euln2Tes, each In atom is bonded to four Te atoms

to form olo[lnzTe4]2' chains of edge-shared InTes tetrahedra, as described above for 1 and
3 and shown in Figure 2(c). The unit cell volume of 2 is smaller than 1 (~50% by volume)
and consists of a single symmetry-unique In atom and edge-shared chains. The trend in
their cell volumes of 3 < 2 < 1 largely represents the growing number of MTr.Te4 formula
units per unit cell, as illustrated in Figure 1. Within the linear chains, the In — Te distances
of InTes tetrahedra occur within a range of 2.768 A to 2.844 A, which are about 6% to 8%

10
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larger than the Ga — Te distances. These In — Te interatomic distances are similar to
those described in prior reports of CsCdInTes (2.7602(3)-2.7862(7) A),3® Baln,Tes
(2.7692(7)-2.8381(7) A)* CuInTe: (2.7878(3) A),** and BasAgsInTes (2.7625(7)-
2.8257(5) A).35 The previously reported structure of a-EulnzTes consisted of only its unit
cell parameters and space group.'” Notably, the reported unit cell volume is significantly
smaller by ~49 A2 (about 5 % to 6 %), i.e., 921.32 A3 versus 970.75(12) A% in 2. Hence,
the capability to grow high-quality single crystals of 2 by the BTM method has dramatically
increased the accuracy of its structure determination. Additionally, a Ga-containing
version of this structure, EuGazTes, is reported to crystallize in this structure type, now
labeled as a-EuGa:Tes to differentiate it from the new polymorph of B-EuGazTes
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(cc)

Figure 3. Polyhedral views of the extended connectivity of EuTes square antiprisms that form
single edge-shared chains in a-EulnzTes (a, 2) and double edge-shared chains in S-EuGazTes
(b, 1). The TrTes (Tr = Ga or In) tetrahedra are omitted for clarity on the left and shown on the
right to illustrate their overall connectivity with the Eu-based chains in each structure.

described above for 1. In sum, these results show that EuGazTes can crystallize in either
of two structural arrangements shown in Figure 1(c), with the a-polymorph reported

previously and the B-polymorph discovered using the new BTM method.
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The three different MTr2Tes structure types in this family are distinguished by the

different ordered and disordered configurations of the divalent cations (M = Sr, Eu)

between the olo[TrzTe4]2', (Tr = Ga or In) linear chains. Within each structure, the Sr and
Eu cations occupy 50% of the available cation sites that reside between the chains of
edge-shared TrTe4 tetrahedra. This 50% occupancy of the M-site occurs in an ordered
configuration for the Eu cations in 1 and 2, but in a disordered arrangement for the Sr
cations in 3. In all three structures, the divalent cations are similarly coordinated by eight
telluride anions, forming distorted, square antiprisms, as illustrated in Figure 3 and Figure
S6 in the Supporting Information. The Eu — Te distances of EuTes polyhedra occur in the
range of 3.41 A to 3.50 A, consistent with prior reports for EuCuoesTez2 (3.326(3)-3.481(4)
A) and EuzInTes (3.3381(4)-3.5328(4) A).3637 However, the two different ordered
arrangements of EuTes polyhedra in 1 and 2 are condensed via edge-sharing into double
chains and single chains, respectively, illustrated in Figure 3 (right). While both structures
appear remarkably similar, the double edge-shared chains in 1 result in the occupation of
a Gaz2 site that tightly fits within the center of four EuTes polyhedra. Its network of edge-
shared EuTeg and GaTes chains is relatively more condensed, with a larger number of
shorter cation-cation distances, as compared to the structure of 2. Given the relatively
larger size of the In cations, and hence longer In — Te distances, the Eu cations in the
structure of 2 form only single chains with the InTes tetrahedra edge-sharing to only four
neighboring EuTes polyhedra. Though, it is notable that EuGazTes is also reported to form
with this structure type. The Sr cations in the structure of 3, SrGazTes, do not exhibit an
ordered configuration, but occupy 50% of the divalent cation sites in a fully random
arrangement. The site-averaged Sr — Te distance of the SrTeg square antiprisms of 3 is
3.4715(2) A, which is comparable to that found in previously reported compounds such
as SrScCuTes (3.3209(7)-3.7231(7)A).3 Given the almost-negligible larger size of the Sr
cation as compared to the Eu cation, this has remarkably resulted in no discernible

structural preferences such as represented by the ordered configurations of 1 or 2.

Ill.C. Optical Bandgaps and Electronic Structures. Metal chalcogenides have
drawn interest for their optoelectronic properties, such as for nonlinear optical properties
or solar energy conversion.®® To elucidate their future compatibility for various potential

optoelectronic applications, the optical properties of polycrystalline powders of (-
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EuGazTes (1), a-Euln2Tes (2), and SrGaTes (3) were measured using UV-Vis diffuse
reflectance techniques at room temperature. Tauc plots of polycrystalline samples
showed evidence for direct band-to-band transitions at 1.10(2) eV, 1.03(2) eV, and
0.93(2) eV, respectively, as illustrated in Figure S8 in the Supporting Information. These
absorption-edge values are consistent with the black colors of all three compounds.
However, distinct absorption edges indicative of lower-energy indirect transitions were
either negative or potentially occur at energies lower than the detector limit of the

instrument of ~0.5 to 0.7 eV and could not be excluded.

Density functional theory (DFT) calculations were employed to elucidate the
electronic structures of 1, 2, and 3. The resulting density-of-states (DOS) of the ordered,
Eu-containing structures of 1 and 2 are plotted in Figure 4(a and b), while the DOS for 3

is given in the Supporting Information (Figure S10). As shown in Figure 4, the total DOS
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Figure 4. Calculated density-of-states (DOS) plots for (a) B-EuGazTes and (b) a-EulnzTea.
The Fermi energy level is shown by a black dotted line at 0 eV. Individual atomic orbital
contributions to the DOS are shown as colored lines.

(black line) of the MTr2Tes structures are comprised of the atomic contributions from Te
5s/5p orbitals in both, and Ga 4s/p orbitals in 1 and In 5s/5p orbitals in 2. The Te
contributions predominate at the edge of the valence band (VB) in each, whereas the
atomic contributions from the localized, filled Eu (4f) occur at deeper energies by about
1.5 eV. The conduction band (CB) edges consist of the empty 4s/p- and 5s/p-orbitals,
respectively for Ga and In, which are strongly mixed with the Te 5p-orbitals. The
calculated DOS for SrGazTes is similarly constructed, as shown in Figure S10 in the

Supporting Information, minus any contributions from 4f-obitals. In all cases, the
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bandgaps from the DOS and band structure plots were calculated to be < 0.5 eV. This is
consistent with the underestimation of the calculated bandgaps of semiconductors via

density functional theory methods, which is a well-documented issue.3?

Total energy calculations were utilized to probe the relative energetic stabilities of
the a- and B-polymorphs for both EuGazTes and Euln2Tes. The refined structures of 1 and
2 were used as the starting models for B-EuGazTes and a-EulnzTes, while the previously
reported structure for a-EuGa>Tes was used.'” The structure of the hypothetical (-
Euln2Tes was modeled by replacing Ga with In in 1. After full geometry relaxation of all

four structures, the total energies were obtained and listed in Table 2. The B-polymorph

Table 2. Calculated total energies of EuGazTes and Euln2Tes within the two
structure types of 1 and 2, i.e., as labeled as the a- and B-polymorphs for each.

Composition Polymorph Total Energy Source
(eV formula)
EuGa:Tes a-type -33.4064 Ref. 17
EuGa:Tes B-type (1) -33.3955 This work
Eulnz2Teq a-type (2) -32.5644 This work
EulnoTes B-type -32.5398 Unknown’

T = This hypothetical polymorph was simulated from the structure of 1 by replacing Ga
with In and performing a full geometry relaxation.

of EuGazTes, as found herein using the BTM method, is found to be ~11 meV formula-
higher in energy than its previously reported a-polymorph. The energetic difference is
negligible and agrees with the synthetic preparation of both polymorphs with a change in
reaction conditions, such as with temperature or using the BTM method. For Euln2Tes,
by contrast, the a-polymorph is lower in energy by ~25 meV formula-'. This agrees with
the experimental results, which demonstrate the crystallization of a-Euln2Tes rather than
the alternate B-polymorph. Hence, the 3-polymorph occurs at a higher energy than the a-

polymorph in both cases, but with the difference being larger for the In-based compound.

Analysis of changes in the covalent bonding character within the two different
polymorphs for EuGazTes and Euln2Tes was examined using Crystal Orbital Hamilton
Populations (COHP) within the LOBSTER package.*®4! The bonding and antibonding

character for the two-center interactions between Tr — Te (Tr = Ga and In) are plotted
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Figure 5. The calculated Crystal Orbital Hamilton Populations (COHP) for the pairwise
Ga-Te interactions in a-EuGazTes (a) and B-EuGaz>Tes (1; b), with the Fermi levels (Ey)
given as dashed lines at 0 eV. Positive and negative values indicate bonding and
antibonding interactions, respectively.

versus energy in Figure 5 and in Figure S12 in the Support Information, respectively. For
a-EuGazTes in Figure 5a, the Ga — Te interactions for the single symmetry-unique Ga
show a clear transition from strongly bonding to strongly antibonding with increasing
energy, passing through a nonbonding region near the Fermi level. Similarly, the three
symmetry-unique Ga atoms in a-EuGazTes, i.e., Gal, Ga2, and Ga3 separately plotted
in Figure 5b, all exhibit the same pattern. The integrated COHP, or ICOHP, is a measure
of the shared electrons and the strength of covalent bonding. The ICOHPs’ for Ga — Te
are surprisingly similar, with an average of 1.83 and 1.86 electrons per bond for the
respective up/down spin populations of both polymorphs. The same general trend holds
for the In — Te interactions for both polymorphs of Euln2Tes, with average ICOHP’s of
1.62 and 1.65 electrons for the respective up/down spin populations in each case. The
latter ICOHPs are reflective of a weaker covalent character. Changes in the ionic bonding
and electrostatic forces between the energetically similar polymorphs were next analyzed.
The Madelung energies for the B-polymorphs of each structure were found to be only
slightly larger, as calculated in LOBSTER from the Lowdin atomic charges. The -
polymorphs of EuGazTes and Euln2Te4 yielded Madelung energies of -0.286 and -0.271
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eV formula-!, respectively, as compared to the Madelung energies for the a-polymorphs
of -0.280 and -0.270 eV formula-', respectively. Hence, the different ordering patterns of
the Eu cations have a relatively negligible effect on either the covalent or ionic bonding,
consistent with their very similar total energies listed in Table 2. Future research is
warranted to assess how finer-level differences in vibrational entropies may determine

the energetic preferences of polymorph formation as a function of temperature.

IV. Conclusions

Three ternary metal-tellurides in the MTr2Tes family, i.e., B-EuGazTes (1), a-
Euln2Tes (2), and SrGazTes (3) were synthesized using a new boron-tellurium mixture
method and characterized by single crystal and powder XRD techniques. This method
overcomes the challenges typically associated with metal-telluride synthesis via the use
of metal oxide and air-stable reagents. All three structures were found to be similar and
comprised of edge-shared chains of TrTes tetrahedra (Tr = Ga or In) aligned and
separated by the charge-balancing divalent cations (M = Sr or Eu). The structures
principally differ in the arrangement of the divalent cations in the interchain atomic sites,
which are 50% occupied for all three structures. The structures of 1 and 2 represent two
ordered configurations of the Eu cations, yielding edge-shared EuTes square antiprisms
condensed into double chains in 1 and single chains in 2. Conversely, the Sr cations
adopt a fully disordered occupancy of the divalent cation sites in 3. All three show small,
direct band transitions between about 0.9 and 1.10 eV, consistent with a semiconducting
nature and the black colors of their crystals. Electronic structure calculations on the two
possible polymorphs of EuGazTes and Euln2Tes reveal that the a polymorph is only
slightly lower in energy than the B-polymorph. Hence, a convenient and simple synthetic
pathway for the preparation of metal-tellurides is demonstrated, also yielding the

formation of the new B-EuGazTes polymorph.
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The crystallographic information files (.cif) of the B-EuGazTes, a-Euln2Tes, and

(cc)

SrGazTes crystal structures have been deposited with the Cambridge Crystallographic
Data Center (CCDC) with the CCDC numbers of 2415584, 2415585, and 2486668,
respectively. The .cif's can be obtained either by contacting the corresponding author or

from the CCDC (https://www.ccdc.cam.ac.uk/). Available experimental data include the

EDX spectra, elemental maps, and additional results of electronic structure calculations.
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Data Availability Statement:

The crystallographic information files (CIF) of the of the B-EuGaxTes, a-EulnzTes,
and SrGazTes crystal structures have been deposited and can be accessed via the
Cambridge Crystallographic Data Centre (CCDC) with the CCDC numbers of 2415584,
2415585, and 2486668, respectively, by request at the website

https://www.ccdc.cam.ac.uk/. Further characterization data include the EDX spectra,

elemental maps, and additional results of electronic structure calculations can also be

found in the Supporting Information file (DOC).
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