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ABSTRACT: Eu(Il)-containing chalcogenides are an emerging
class of materials that are of great interest due to their high optical
activity and intriguing magnetism. Here, we synthesized Eu,SiSe, as
red-colored single crystals and characterized its structure with
single-crystal X-ray diffraction, confirming the reported chiral
monoclinic P2; symmetry at room temperature. The crystal
structure of Eu,SiSe, comprises distorted SiSe, tetrahedral units
and charge-balancing Eu(II) cations. Here, we develop a two-step
solid-state synthesis method for Eu,SiSe, and compare it to the
known boron chalcogenide method. We find the second-harmonic
generation (SHG) activity of polycrystalline Eu,SiSe, to be ~7 X
AgGaS,, placing it among the highest-known SHG-active
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chalcogenides. No symmetry lowering is observed down to 100 K in single-crystal X-ray diffraction, although an anomalous
expansion in the b-axis lattice parameter occurs and may be correlated to lattice modes of the SiSe, tetrahedra. We investigate the
physical properties of Eu,SiSe, using magnetometry and heat capacity measurements and find a transition to an antiferromagnetic
ground state at Ty & 5.5 K. The low-temperature transition releases less entropy than expected, which may be due to the complex

crystal electric field effects of Eu(II).

B INTRODUCTION

Solid-state chemistry plays a vital role in discovering the
compounds which go on to form the materials and
technologies that enable our quality of life. However, solid-
state chemistry is not just a synthesis pursuit; it also aims to
understand the underlying relationships between a com-
pound’s structure and its properties to develop a deeper
understanding of the origin of their useful properties. In turn,
these insights enable scientists and engineers to discover and
fabricate better functional materials. As such, fundamental
studies on new or underexplored compounds form the bedrock
of our modern technologies.

One such family of compounds showing promise is the
metal chalcogenides. Metal chalcogenides are finding uses in
fields such as photovoltaics,l’2 nonlinear optics,3’_5 super-
concluctivity,(”7 thermoelectrics,® ™ '° and topological materi-
als.''* Moreover, chalcogenides often tend to adopt broader,
and more complex, crystalline structures compared to oxides.
This offers the possibility for greater structural and composi-
tional tuning in chalcogenides, and thus, greater capacity for
tuning properties. To this end, we have recently been exploring
europium-containing chalcogenides. Europium is somewhat
unique among the rare-earth elements in that it can adopt a 2+
valence state in addition to the typical 3+ valence found in
most other rare-earths. Europium’s 2+ valence state is also
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interesting in that it results in a 4f” (S = 7/2) electronic
conﬁ§urati0n, which can lead to intriguing magnetic proper-
ties."” Additionally, we have also reported several new Eu-
containing chalcogenides with large second-harmonic gener-
ation (SHG) in the mid-infrared region.'* These results have
therefore motivated us to further explore this emerging phase
space.

Recently, Panigrahi et al. independently reported the
discovery of Eu,SiSe, via the boron chalcogenide mixture
(BCM) method of synthesis.'> They found Eu,SiSe, adopts a
chiral crystal structure, P2, at room temperature. The chirality
offers the possibility for intriguing optical and magnetic
properties; however, property measurements beyond ultra-
violet—visible (UV—vis) diffuse reflectance measurements to
obtain the optical bandgap have yet to be reported. Here, we
expand on the initial characterization of Eu,SiSe, and further
elucidate its crystalline structure and properties. We success-
tully synthesized Eu,SiSe, as single crystals and bulk crystalline
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powder using both the BCM technique and a two-step solid-
state synthesis method. In addition to confirming the room
temperature crystal structure, we also performed single-crystal
X-ray diffraction at 100 K and found a subtle, and unusual,
structural change involving increasing Eu—Se bond distances at
low temperature. The chiral nature of the compound was
further validated via SHG, where the SHG response is one of
the largest reported to date. Finally, the magnetic and
thermodynamic properties were characterized for the first
time, revealing a transition to an antiferromagnetic ground
state at Ty = 5.5 K. We discuss how the synthesis method
influences the presence of impurities (namely EuSe) and
complicates measurement of the intrinsic properties of
Eu,SiSe,.

B EXPERIMENTAL SECTION

Synthesis. Eu,SiSe, was synthesized as single crystals and in bulk
polycrystalline form starting from elemental starting materials of Eu
(chunk, Alfa Aesar, 99.9% purity), Eu,O; (powder, Alfa Aesar, 99.9%
purity), B (powder, BTC, 99.99% purity), Si (powder, Alfa Aesar,
99.99% purity), and Se (powder, Alfa Aesar, 99.999% purity). As Eu is
air and moisture-sensitive, all chemical manipulations were carried out
inside an Ar-filled glovebox.

Growth of Eu,SiSe, Crystals. Red block-shaped crystals of
Eu,SiSe, were synthesized via the solid-state method using carbon-
coated fused silica ampules with 4 mm inner diameter (ID) and 6 mm
outer diameter (OD) as reaction vessels. Stoichiometric amounts of
Eu chunks (93.8 mg, 0.62 mmol), Si powder (8.7 mg, 0.31 mmol),
and Se powder (97.5 mg, 1.23 mmol) were loaded into the ampule.
The tube was then flame-sealed under 10™* Torr and heated to 1223
K in a programmable muffle furnace in 16 h and soaked for 48 h
before switching off the furnace and allowing it to radiatively cool to
room temperature. The ingot product was crushed and analyzed in
ambient conditions under an optical microscope, revealing red block-
shaped crystals. Selected crystals were analyzed using energy
dispersive X-ray (EDX) spectroscopy in a JEOL SEM 6010LA;
samples were mounted on carbon tape.

Synthesis of Polycrystalline Eu,SiSe, via a Two-Step Solid-State
Method. A polycrystalline sample of Eu,SiSe, was synthesized using a
two-step solid-state synthesis method. In the first step, stoichiometric
amounts of Eu chunks (281.5 mg, 1.85 mmol), Si powder (26 mg,
0.93 mmol), and Se powder (292.5 mg, 3.70 mmol) were loaded into
a 10 mm ID/12 mm OD fused silica tube and flame-sealed under
dynamic vacuum of 10™* Torr. The tube was then heated to 1223 K
over 16 h and annealed for 60 h before switching off the furnace. The
product was ground inside the glovebox, pelletized, and then sealed
inside a fused silica tube under dynamic vacuum of 10™* Torr. The
sealed ampule was heated at 973 K for 72 h before switching off the
furnace. The product was ground and homogenized inside the
glovebox.

Synthesis of Polycrystalline Eu,SiSe, via a Two-Step Solid-State
Method. The Eu,SiSe, phase was also synthesized using the boron
chalcogen mixture (BCM) method. Stoichiometric amounts of Eu,O,
powder (490.5 mg, 1.39 mmol), Si powder (39.1 mg, 1.39 mmol), Se
powder (440.2 mg, 5.58 mmol), and B powder (30.1 mg, 2.79 mmol)
were loaded into a 12 mm OD/10 mm ID heavily carbon-coated
fused silica tube in ambient atmosphere and flame-sealed under
dynamic vacuum of 10™* Torr. The sealed ampule was then ramped to
1223 K over 14 h and annealed for 48 h before being cooled to 773 K
using a cooling rate of 20 K/h. Finally, the furnace was switched off
and allowed to cool down to room temperature. The tube was cracked
open inside a fume hood, and the product was washed with ethanol to
remove boron oxides and allowed to dry.

Characterization Using X-ray Diffraction Techniques. The
crystal structure of the ternary chalcogenide Eu,SiSe, was established
using single-crystal X-ray diffraction (SCXRD) at 300(2) K and
100(2) K using Bruker D8 Venture and a Bruker D8 Quest
diffractometers, respectively. A block-shaped, red-colored single
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crystal of Eu,SiSe, was measured using the diffractometers equipped
with a Photon III mixed-mode detector and a monochromatized Mo—
Ka radiation source. A suitable SEM-EDX-analyzed Eu,SiSe, single
crystal was mounted on a Kapton loop under viscous Paratone-N. The
APEX4 software'® was used to collect and reduce the data. The crystal
quality and unit cell were initially judged from 180 frames of fast scan
data. For the full data collection, a frame width, crystal-to-detector
distance, and exposure time of 0.5°, SO mm, and 3 s/frame,
respectively, were used. Finally, the data were integrated and the
absorption correction was carried out using the multiscan method in
SADABS."”

XPREP'® suggested the chiral space group P2; based on the
average |[E> — 1 | (intensity statistics) value and extinction conditions.
The structures were solved using SHELXT,"” and the anisotropic
displacement parameters, atomic positions, scale factors, weight
corrections, and extinction corrections were refined using the
SHELXL least-squares method.”® The crystals were twinned; we
employed the inversion twin law [-1 0 0 0 -1 0 0 0 -1]. PLATON
ADDSYM”" did not suggest any additional symmetry, validating the
structural model. The STRUCTURE TIDY program™ was finally
used to standardize the atomic positions of the Eu,SiSe, crystal
structure. The refinement and structural details are provided in Tables
S1—S4. Bond valence sum calculations were performed using
EXP02013.”

The phase purity of polycrystalline Eu,SiSe, samples were studied
using room temperature powder X-ray diffraction (PXRD) using a
PANalytical Empyrean X-ray diffractometer and a Bruker D2 Phaser
diffractometer for the solid-state and BCM samples, respectively; both
with Cu—Ka radiation sources. Rietveld refinements were performed
using GSAS-IL>*

Optical Spectroscopy and Second-Harmonic Generation.
Mid-infrared (IR) second-harmonic generation (SHG) data were
recorded using a Ho: YAG laser. The sample was measured at room
temperature using a wavelength of 2.09 ym and a modified Kurtz-
Perry system.”® The polycrystalline Eu,SiSe, sample was finely ground
to record the frequency-doubled output data using a photomultiplier
tube. A polycrystalline AgGaS, (AGS) sample was used as the
standard reference for the SHG measurement.

The optical bandgap of the polycrystalline Eu,SiSe, sample
synthesized via the solid-state method was obtained from diffuse
reflectance data using a Shimadzu UV3600 spectroscopy instrument.
The sample was measured as a function of wavelength from 1000 nm
(1.24 eV) to 250 nm (4.96 eV) using dried BaSO, as a standard
reference. The Kubelka—Munk equation (a/S = (1 — R?) /(2R)) was
used to transform the reflectance data to absorption data. Here S, R,
and «a are scattering coeflicients, reflectance, and absorption
coefficients, respectively.”® A Tauc plot>” was used to obtain the
optical bandgap of Eu,SiSe,:(ahy)" = A(hy — E,). Here Ey, A, h, and y
are bandgap, proportionality constant, Planck’s constant, and
frequency of light, respectively. The n = 2 and % values represent

the direct and indirect bandgaps, respectively.

Physical Property Measurements. Magnetic susceptibility and
DC magnetization measurements were performed in a Quantum
Design Physical Property Measurement System (PPMS) in the range
2—400 K in fields up to poH = 14 T. Heat capacity was measured in
the PPMS up to 200 K and 14 T. Apiezon N-grease was used to
adhere a small chunk of pelletized powder to the puck. To analyze the
magnetic contribution to the heat capacity around the magnetic
ordering temperature, a background heat capacity (Cgg) must be
subtracted. We fit a Debye model with a two-level Schottky term
above 30 K to generate this background. Raw heat capacity data are
interpolated for the calculation of Sy,

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure. Recently, Panigrahi et
al. reported the synthesis of single crystals of Eu,SiSe, using
the boron chalcogenide mixture (BCM) method, which utilizes
oxides as starting materials and boron as a scavenger of oxygen

https://doi.org/10.1021/acs.chemmater.5c00421
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Figure 1. Depiction of the Eu,SiSe, crystal structure at room temperature and 100 K. The symmetry and overall structure of Eu,SiSe, is similar at
both temperatures, but shows unexpected lengthening of some Eu—Se bonds at the lower temperature (highlighted in red).

from the oxide starting materials.'> Here, single crystals and
powders of red-colored ternary chalcogenide Eu,SiSe, were
synthesized from direct synthesis of elemental starting
materials using a solid-state (SS) synthesis method at 1223
K (see Experimental Section for details). The composition of
the crystals was investigated using energy dispersive X-ray
spectroscopy (EDX) in a scanning electron microscope,
showing the presence of Eu, Si, and Se in the ratio of
13.85:28.01:58.14 (~2:1:4).

The structure of Eu,SiSe, crystals grown via the SS method
was determined at 100 and 300 K using single-crystal X-ray
diffraction (SCXRD) data (Figure 1 and Tables S1—S4),
confirming that Eu,SiSe, crystallizes in the monoclinic, chiral
P2, space group at room temperature and maintains this
symmetry down to 100 K. The structure consists of distorted,
pseudo zero-dimensional [Si;Se,]*” tetrahedral units and
Eu,Se; and Eu,Seg polyhedral units, and the Eu atoms form
a highly distorted cubic lattice.

The S analog of Eu,SiSe, (Eu,SiS,) and the S-substituted
variants (from Eu,SiSeygsS; s to Eu,SiSe;;S,9) were reported
to crystallize in the centrosymmetric space group P2,/m at
room temperature.15 As discussed further below, the SHG
activity of our polycrystalline Eu,SiSe, samples confirms the
chiral nature of the Eu,SiSe, crystal structure, establishing the
P2, space group for Eu,SiSe, down to at least 100 K.

The structural comparison between the crystal data collected
at 300 and 100 K for Eu,SiSe, suggests that the material
maintains its monoclinic, chiral P2, symmetry across the two
temperatures, with small but interesting changes in the overall
unit cell dimensions. The decrease in unit cell volume
(~0.86%, or ~2.83 A’) from 300 to 100 K is expected as
the crystal contracts upon cooling. Interestingly, while the a-
and c-axes both contract (~0.5 to 0.6%), the b-axis
unexpectedly expands (~0.2%) at lower temperatures.

The most significant changes in interatomic distances occur
for the Eul—Se3 and Eu2—Se4 bond lengths, with both
distances slightly shrinking. Specifically, the Eul—Se3 distance
decreases by ~3%, from 3.3992(8) A at 300 K to 3.297(1) A at
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100 K. The Eu2—Se4 bond length also shortens by ~3%, from
3367(1) A at 300 K to 3259(1) A at 100 K. Most
interestingly, both interatomic distances are principally aligned
down the b-axis, which is the only axis that undergoes thermal
expansion at lower temperatures. These contrasting changes
may arise from “rigid unit mode” type of lattice vibrations of
the SiSe, tetrahedra, as the Si—Se distances remain relatively
unchanged, and causing small but detectable changes in the
Eu—Se coordination environments.

As Eu,SiSe, is a red-colored semiconducting (see below)
compound, charge balancing can be carried out using the
Zintl—Klemm concept considering the elements at their most
stable closed-shell electronic configuration of the elements.*®
The absence of short homoatomic bonding distances confirms
the lack of polyselenide bonding in the Eu,SiSe, crystal
structure, indicating the +4 and —2 oxidation states of Si and
Se atoms. While the Eu could be in either +2 or +3, charge
balancing suggests +2. BVS calculations for Eu,SiSe,, tabulated
in Tables S2 and S3, agree with the +2, +4, and —2 oxidation
states for Eu, Si, and Se atoms, respectively.

The phase purity of polycrystalline Eu,SiSe, synthesized via
the SS method was investigated using a Rietveld refinement of
room temperature powder X-ray diffraction (PXRD) data,
revealing an EuSe impurity phase at 14.7(2) wt %. For
comparison, we also synthesized polycrystalline Eu,SiSe, using
the BCM method (see Experimental Section for details); a
Rietveld refinement of PXRD data of this sample revealed
much less EuSe present at 2.5(2) wt %. The PXRD data for the
SS and BCM samples are compared in Figures S1 and S2.

Optical Properties. Recently, Eu-containing chalcogenides
have garnered interest because of their high SHG activity.”’
We studied the SHG response of polycrystalline samples of
Eu,SiSe, synthesized by both SS and BCM methods at a
wavelength of 2.09 um using a Ho: YAG laser. Both samples
were found to be SHG active (Figure 2), which confirms the
chiral symmetry of Eu,SiSe, (space group P2;) at room
temperature. The SHG activity of the SS polycrystalline
Eu,SiSe, sample was found to be approximately seven times
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Figure 2. SHG response at 2.09 um of Eu,SiSe, against AGS
(AgGaS,), comparing the solid-state (SS) and BCM synthesis
methods. The SS sample was measured twice to check the
consistency. The particle sizes of the SS, BCM, and AGS samples
were ~1-50, 63=75, and 63—75 um, respectively.

than that of AGS (AgGa$,) and one of the largest reported to
date. As shown in Figure 2, the data were measured twice to
check the consistency of the SHG signal and were found to be
consistent. A comparison of the SHG activity of Eu,SiSe, is
provided in Table 1. However, the BCM Eu,SiSe, sample

Table 1. Comparison of High SHG Responses in Eu,SiSe,
and Previously Reported Chalcogenides

compound space group bandgap (eV) SHG X AGS  reference
AgGa$, 424 2.64 1 30
Eu,SiSe, P2, 1.9 ~7.0 this work
EuyAg,Sn,Ss 143d 2.0 ~7.0 14
Ba;CdSn,S; 143d 2.30 ~0.8 31
St;Ag,Ge,Sg 143d 2.62 ~1.3 32
EuCdGeSe, Ama2 225 ~3.8 33
Hg,Na,Ge,S; 143d 2.68 ~3.0 34

showed a SHG activity close to that of AGS, even though it
had approximately the same amount of the EuSe impurity
(which should not contribute to the measurements due to its
cubic rocksalt structure) as the SS sample. We synthesized and
measured a second SS sample, but it yielded SHG activity of
approximately 0.4 times AGS (see Figure S3a). Phase matching
experiments were performed on the BCM and second SS
samples (Figure S3b). We note that the discrepancies between
the measurements may be due to the optical quality or size of
the crystallites and will be left for future research (and
researchers) to investigate further.

Optical absorption data of polycrystalline Eu,SiSe, synthe-
sized via the SS method were collected at room temperature in
diffuse reflectance mode, and the bandgap was estimated using
the Tauc method (Figure 3). The direct and indirect bandgaps
were found to be 1.93(2) eV and 1.87(2) eV, respectively. As
the difference between the direct and indirect bandgaps is less
than 0.1 eV, the bandgap of polycrystalline Eu,SiSe, sample is
pseudodirect. The red color of the compound and observed
bandgap also agrees with the bandgap determined by the Tauc
method and is similar to the previously reported bandgap of
1.90(2) eV for polycrystalline Eu,SiSe, synthesized via the
BCM method."

Magnetic Properties. Magnetic susceptibility was meas-
ured as a function of temperature under a variety of applied
magnetic fields, as shown in Figure 4. A clear cusp is observed
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Figure 3. Tauc plot of polycrystalline Eu,SiSe, synthesized via the SS
method measured at room temperature in diffuse reflectance mode.

@) ' —=-0005TZFC
3t ——0.005 TFC
= ——0.05T ZFC
8 —~0.1T ZFC
<ol ~-05TZFC |
s —~1TZFC
E 2T zFC
g 5T ZFC
81l —
= \“\“\“"*-‘-.
0 1 " 1 1
0 5 10 15 20
Temperature (K)
3 T T T T T T 30
(b)
‘T:; r’ H=01T ‘:;
o 2‘; HofT =2 420 g
< (0]
o) [0)
g te o)
s |= ©
51 5 410 §
= =
0 L 1 N X S
0 50 100 150 200 250 300

Temperature (K)

Figure 4. (a) Low-temperature magnetic susceptibility (y) of
polycrystalline Eu,SiSe, synthesized via the BCM method as a
function of temperature measured at several applied fields. (b)
Susceptibility and inverse susceptibility (y™') measured in an applied
field of poH = 1 T. The Curie—Weiss fit is the black line. All data are
zero-field cooled (ZFC) unless otherwise stated in the legend.

at ~5.5 K in the lower-field data, yoH < 1 T, and some
splitting between zero-field-cooled and field-cooled data is
observed at poH = 0.005S T (Figure SS). This behavior is
consistent with an antiferromagnetic-like ordering transition at
approximately Ty & 5.5 K. A small peak is also observed at
~4.7 K; this most likely arises from the small (2.5(2) wt.%)
EuSe impurity in this sample.35_37 This assignment is
confirmed by the increase in intensity of this 4.7 K peak
observed in data collected on the SS sample, which contains
14.7(2) wt.% EuSe, as shown in Figure S4. At intermediate
fields, the cusp broadens, and the data are nearly linear at high
fields.

We measured to high temperature to perform a Curie—
Weiss fit from 20—350 K with no diamagnetic correction y,, as
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Figure S. (a) DC magnetization as a function of applied field at several temperatures. Inset shows the full field loop for T = 2 K. (b) Derivative of

magnetization as a function of applied field at several temperatures.

shown in Figure 4b. This yielded a Weiss temperature © =
—1.6(2) K, which is consistent with weak antiferromagnetic
interactions and the low observed Ty =~ 5.5 K. The extracted
Curie constant is C = 13.41(1) K-emu/mol per formula unit,
and we calculate an effective moment of 7.323(4) py per Eu,
which is lower than the expected value of 8 g, suggesting that
approximately 80% of the sample is in the 2+ oxidation state
suggested by BVS calculations. The presence of approximately
~20% Eu(IlI) likely occurred during the washing step
necessary to remove boron oxides. The SS synthesis method
does not contain this step, and the effective moment that we
extracted from a Curie—Weiss fit of this data is 8.1(1) py per
Eu, consistent with Eu(II) (see Figure S4c and the Supporting
Information for more details).

Magnetization as a function of applied field was measured at
several temperatures, shown in Figure Sa. No hysteresis is
observed below the Ty = 5.5 K transition. The data at T=2 K
show several changes in slope at low field, consistent with the
susceptibility results; this is more clearly seen in the several
peaks present in the derivative of magnetization as a function
of applied field (dM/dH, Figure Sb). This behavior persists
through T =~ 4 K and then disappears above the ordering
temperature of the small EuSe impurity phase (4.7 K). At T =
S K, at which point the only magnetically-ordered phase should
be Eu,SiSe,, the dM/dH data show a broad hump at
approximately 1.5 T and a sharp upturn near zero field. Both
of these features decrease above the antiferromagnetic ordering
temperature. By comparing data sets for the SS and BCM
samples (see Figure S7), it becomes apparent that the feature
at ~1 T arises from Eu,SiSe, while the strong features at ~3 T
and ~0.5 T likely arise primarily from EuSe. Interestingly, the
feature due to Eu,SiSe, shifts toward higher applied fields with
increasing temperature, while the features due to EuSe shift
toward lower applied fields as the temperature increases,
indicative of the weakening of the magnetic interactions at
higher temperatures.

Thermodynamic Properties. Figure 6a shows the
temperature dependence of the heat capacity from 1.9-30 K
at fixed magnetic fields up to 14 T. At 0 T, a sharp lambda peak
at ~5.3 K is clearly visible, consistent with the susceptibility
data. With increasing field, this peak shifts to lower
temperature, confirming its magnetic origin. Above 1 T, the
peak broadens significantly. Heat capacity was also measured
on the SS sample, and the two samples are compared in Figure
S8. Consistent with the susceptibility and magnetization data,
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Figure 6. Heat capacity for polycrystalline Eu,SiSe, synthesized by
the BCM method. (a) Molar heat capacity (Cp) at several applied
fields; red dashed line represents the background (G,,) for the uoH =
0 T curve, which was fit above 30 K to a Debye model with a two-
level Schottky contribution and extrapolated to zero. (b) Heat
capacity is related to the low temperature peaks ( Cmag). (c¢) Magnetic
entropy at low temperature (S,,,,) normalized per formula unit.

the heat capacity of the SS sample shows a larger contribution
from EuSe.

To analyze the magnetic contributions to the heat capacity,
we fit the O T heat capacity above 30 K to a Debye model with
a two-level Schottky contribution to account for thermally
activated crystal electric field (CEF) split states (red dashed
line in Figure 6a; see also Figure S9). We plot Crnog/ T in Figure
6b where C,,,, is the magnetic contribution to the heat capacity
defined as C,,, (T)H) = C(T,H)— Cyg(T) . Figure 6c shows
the released entropy determined from an integral of C,,,,/T for
UoH = 0 T. The effective moment of 7.323(4) py per Eu
extracted from the Curie—Weiss fit indicates L = 0 and S = 7/
2, giving an expected released entropy per Eu atom of Rlog 8
(or 2Rlog8/mol, dashed line). We anticipate that the
disagreement of the experimental Sy, originates from a
combination of the presence of some oxidized Eu(III),
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magnetic fluctuations persisting above the Neéel temperature,
and CEF effects. This is reflected in the magnetic field
dependence of the heat capacity far above Ty as well as the
broadness of this dependence in temperature. It is likely the
case that the manifold of CEF states is not faithfully captured
by our simple two-level model. In future work, we anticipate
that a more complete understanding of energy splittings
between the most relevant Eu(II) CEF states would resolve
this discrepancy.

B CONCLUSIONS

We synthesized red-colored single crystals and powders of
Eu,SiSe, using both solid-state and boron chalcogenide
mixturemethods. Structural characterization using SCXRD
confirmed the polar, chiral P2, symmetry previously reported
at room temperature. Measuring SCXRD at low temperature
for the first time revealed no symmetry lowering down to 100
K, although an anomalous expansion of the b-axis is observed.
Further confirming the chiral symmetry, we measured SHG
activity in Eu,SiSe, at room temperature—among the highest
reported for chalcogenides to date—although this strong
activity was not highly reproducible. Tauc fitting of diffuse
reflectance optical absorption data revealed a pseudodirect
bandgap at approximately 1.9 eV.

Magnetic measurements confirmed the presence of Eu(II)
and reveal that Eu,SiSe, undergoes a transition to an
antiferromagnetic ground state at Ty & 5.5 K, consistent
with the small, negative Weiss temperature extracted from the
data. Heat capacity data confirm the presence and magnetic
field dependence of this transition. We find that the released
entropy in the magnetic transitions near Ty falls short of the
expected values, likely stemming from a combination of
complex crystal electric field effects, some oxidation of Eu(II)
to Eu(III), and the persistence of magnetic fluctuations above
Ty As these measurements were complicated by the presence
of the EuSe impurity phase in samples synthesized by both
methods explored here, care must be taken to ensure phase
purity and fully characterize samples of interest. In addition,
the future growth of larger single crystals would enable further
studies of the intrinsic properties of Eu,SiSe, including
electronic transport, neutron scattering to illuminate the
magnetic structure, and possible anisotropic magnetic
behavior, which may be intriguing given the anomalous
temperature dependence of the lattice parameters.
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