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ABSTRACT: Li,P,Sq is a Li-rich, wide bandgap (3.74 eV) material that has been extensively studied for use in solid-state batteries.
We offer a further examination and report here the first single-crystal structure determination with a special emphasis on its
nonlinear optical (NLO) properties. Li,P,Ss crystallizes in the P321 space group in a zero-dimensional (0-D) structure, with
molecular [P,S¢]*" units surrounded by a noncentrosymmetric Li* net. Li,P,Ss does not melt up to 700 °C but instead thermally
decomposes at 641 °C in air, off-gassing a combination of H,S, S (measured as S, and S;), and H,P,S,. Upon cooling, there is a
thermal event at 387 °C, likely due to the recondensation of volatile species. Li,P,S is air-stable in dry conditions despite a very high
Li-content; however, it fully decomposes in sufficiently humid environments. Second-harmonic generation (SHG), third-harmonic
generation (THG), and laser-induced damage threshold (LIDT) data were measured for Li,P,S,. It was found to have a moderate
SHG intensity (~0.1 X AgGaSe,), but an exceptional LIDT due to its wide bandgap, outperforming AgGaSe, by a factor of almost
16. Li,P,S¢ was found to have moderate THG intensity (~0.2 X AgGaSe,) at energies below the bandgap of the reference, but
exceptional THG intensity (~36 X AgGaSe,) at higher energies where the reference self-absorbs THG output. Li,P,S; is an excellent
material for high-power NLO applications, especially for the efficient conversion of infrared (IR) to visible via THG and potentially
other third-order NLO processes.

Bl INTRODUCTION um) particles, unsuitable for single-crystal diffraction studies.”
As a result, structural studies using these synthetic methods

Li,P,Ss is a zero-dimensional (0-D) material consisting of
rely on high-energy powder diffraction studies and Rietveld

staggered ethane-like [P,S4]*" units that are fully separated by

a Li" net. Li-rich materials such as this are good candidates for refinements, yielding conflicting space groups. The currently
solid-state electrolytes, and in fact, Li,P,Ss and the related reported space groups of Li,P,S; in the ICSD as of June 2023
Li,S-P,Ss glass have been studied electrolytically as candidates are P6;/mcm, P31m, and P321, almost all of which used
for battery materials.”” These studies find that the ionic synchrotron X-ray or neutron powder diffraction experiments
conductivity of the Li,S-P,Ss glass is much higher than that of to determine the structure."”>* Fully understanding a material’s
the crystalline Li,P,S¢, presumably due to the greater degree of structure is paramount for discovering its practical applications,
freedom in the bonding motifs, but there have been no single- especially when a number of properties require noncentro-

crystal structure determinations of Li,P,S¢ that definitively
assign the coordination environment around the Li* atoms.
The first report of the material by Mercier et al. describes
Li,P,S¢ in the P6;/mcm space group as columns of 50%
occupied P atoms trigonally coordinated to S, with 1 Li site
between the chains to maintain charge balance (Figure Sla,f).”
Following studies use Mercier’s synthetic method of either
devitrifying glassy Li,P,S; at high temperatures, driving off
excess S to yield crystalline Li,P,S4 or by stoichiometrically
combining Li,S, P, and S at 900 °C for 1 h and then thermally
annealing at 450 °C for 16 h. These methods yield small (>10

symmetry.
Our group has extensively studied noncentrosymmetric low-
dimensional materials to gain insights into the underlying
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structure—property relationships behind NLO properties such
as SHG and THG.®® Here, we define dimensionality as the
number of crystallographic axes in which there is long-range
covalent bonding. In particular, we found that the one-
dimensional (1-D) family AAsQ, (A = Li, Na, K; and Q = S,
Se) has some of the highest SHG outputs in the IR to date
(648 pm/V for y-NaAs;esSbosSe,)’ " and that the two-
dimensional (2-D) family AGaM'Q, (A = K, Rb, Cs, T; M’ =
Ge, Sn; and Q = S, Se) outperforms the THG of industry-
standard material AgGaS, by up to four times.'® Theoretical
studies on the chalcoarsenates show that the reduced
dimensionality leads to a high degree of separation between
adjacent chain orbitals, flattening the electronic bands and
increasing the overall nonlinear response.'’ This begets our
hypothesis that 0-D materials should have even higher
nonlinear responses because each polarizable unit is fully
isolated from its neighbor. To date, there are few reports of
second-harmonic responses from 0-D noncentrosymmetric
chalcogenides. Each of these 0-D materials exhibits out-
standing responses: BagSn,S;s (SHG ~10 X AgGa$,) and
Ba,;GagSh,Ss5 (SHG ~22 X AgGaSz).W’18 In fact, Chen et al.
attributed the high response of Ba,3GagSb,S;4 to the separation
of the GaS, units, and the band structure of BagSn,S,5 shows
almost perfectly flat non-dispersing valence and conduction
bands. Based on these reports, targeting additional 0-D
materials will give us greater insight into the origins of the
correlation between dimensionality and SHG.

Harmonic generation results from a material’s nonlinear
polarization under light. It employs an intermediate virtual
level to instantly double or triple photon frequencies.'” SHG
and THG are utilized for important applications such as optical
microscopy of biological tissue,”’ advances in the fundamental
understanding of nanostructures,”’ and the creation of novel
solid-state lasing wavelengths through frequency conversion.””
While numerous oxide-based NLO materials are already
available in the market for applications near the visible range,
there is demand for the development of novel NLO materials
working at IR wavelengths. Chalcogenides can efficiently
generate conversion wavelengths in the near- and mid-IR via
phase matching and are broadly transparent in the IR due to
their low-energy stretching frequencies.”>~>* Current industry-
standard IR materials include AgGaS,, AgGaSe,, and ZnGeP,,
which have good SHG coefficients (ds5 ~ 23—70 pm/V and 4
=0.5—12.5 #m)*° and can be grown as large single crystals via
the Bridgman—Stockbarger method.”””® However, their
practical use, especially under high-intensity incident beams,
is limited by their low laser-induced damage thresholds
(LIDTs). New wide gap IR NLO materials must be discovered
which have superior LIDTs compared with the current
benchmark materials.

Higher harmonic generation via chalcogenides is largely
done by designing devices, such as by using phase-change
materials or metasurfaces,”” > while absolute THG measure-
ments are compared against SHG reference materials such as
AgGa$S, and AgGaSez.m’32 Other material classes measure
against transition metal dichalcogenides such as WS,,** or a-
quartz,”™*> but there is a lack of appropriate reference
materials for THG because the field has focused on materials
optimization and engineering rather than materials discovery.
This is particularly lamentable because all materials, regardless
of their internal symmetry, have a THG response. Wide-gap
chalcogenides such as Li,P,S4 have great potential to act as
high-power sources in the ultraviolet and visible ranges, but so
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little research has been done to understand the nature of THG
in bulk materials that it is impossible to hypothesize which
materials perform better than others. We have developed
structure—property relationships for SHG after decades of
materials discovery and careful optical and theoretical analyses,
and we must similarly work toward understanding the nature
of THG in bulk materials. More materials must be studied for
their THG response so that we may begin building models,
testing predictions, and establishing an intuitive understanding
of THG and other important third-order NLO processes.

Herein, we report the first single-crystal diffraction experi-
ment and the nonlinear response of Li,P,S,, which confirm the
noncentrosymmetric P321 space group reported by Neuberger
et al.’ There is positional disorder in each of the 3 P atoms,
likely due to the 0-D nature of the material. The thermal
behavior of the title compound was investigated up to 1000
°C. Li,P,S; is a wide-gap semiconductor (Eg = 3.74 eV) with
good transparency in the IR (1.6—16.6 um), and density
functional theory calculations show that it is a nearly direct-gap
material. At 1600 nm, Li,P,S4 exhibits non-phase matchable
SHG (~0.1 X AgGaSe,); however, the LIDT of Li,P,S4 is
much higher than that of AgGaSe, by a factor of ~16.
Additionally, Li,P,S, exceeds the THG (~36X) of AgGaSe, in
the near-IR due to self-absorption of the AgGaSe, reference at
near-bandgap energies. Our results indicate that Li,P,S4 has
potential for high-power NLO applications at near- and mid-IR
frequencies.

B EXPERIMENTAL SECTION

Starting Materials. All manipulations were performed under a
dry nitrogen atmosphere in a glove box. The commercially available
chemicals bismuth (Bi, American Elements, 99.999%), lithium (Li,
Sigma-Aldrich, 99.9%), phosphorous (P, Alfa Aesar, 99.999%), and
sulfur (S, SN Plus Inc., 99.99%) were used without further
purification. Li,S was prepared via the literature procedure by
reacting the alkali metal and chalcogen in liquid ammonia."**® P,S,
was prepared by grinding stoichiometric amounts of P (3.257 g, 0.10S
mol) and S (6.743 g 0.210 mol) in an agate mortar and pestle and
charged to an aluminum-lined fused silica tube (13 mm OD and 11
mm ID). The aluminum was removed, and the fused silica tube was
transferred to a vacuum line, evacuated to ~3 X 107> mbar, flame
sealed, and loaded into a programmable tube furnace. The reactants
were heated to 550 °C over 10 h and held at 550 °C for 36 h, after
which the furnace was turned off, and the tube was allowed to cool to
room temperature before opening. The synthesis yielded a yellow
polycrystalline ingot composed of a variety of P,S, binaries.

Synthesis of Polycrystalline LisP,S¢. Stoichiometric amounts of
Li,S (0.326 g, 7.096 mmol) and P,S, (0.674 g 3.544 mmol) were
ground together in a N,-filled glovebox and charged to an aluminum-
lined, triple carbon-coated fused silica tube (13 mm OD and 11 mm
ID). The starting materials must be charged in a glovebox due to the
air sensitivity of Li,S. The aluminum was removed, the fused silica
tube was transferred to a vacuum line, evacuated to ~3 X 10~ mbar,
flame sealed, and loaded into a programmable tube furnace. The
reactants were heated to 400 °C over 6 h and held at 400 °C for 18 h,
after which the furnace was turned off, and the tube was allowed to
cool to room temperature before opening. The synthesis yielded a
phase-pure white powder. The tube was opened in the glovebox to
prevent any reaction to the atmosphere. Synthesis of a larger-scale
batch required an additional, identical heating profile to ensure all
starting materials and intermediate phases fully reacted to the target
material.

Synthesis of Single-Crystal Li,P,Se. Single crystals of Li,P,S4
were serendipitously found during an exploratory reaction targeting
the stoichiometry LiBiP,S,. Stoichiometric amounts of Li,S (0.0244 g,
0.531 mmol), Bi (0.222 g, 1.062 mmol), P,S; (0.236 g, 1.062 mmol),
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Figure 1. PXRD results showing (a) the purity of prepared material versus the calculated powder pattern and (b) a comparison of slow-cooled
versus quenched materials. Both cooling profiles produced highly pure polycrystalline materials. (c) shows the air and moisture stability of the
material. The laboratory had relatively stable low humidity (~30%), but at one point, it was sufficiently humid to fully hydrate the material. A
powder pattern was also taken after mixing the material in water and drying it on a hot plate, resulting in a pattern which is very similar to the

humidity-exposed material.

and S (0.017 g 0.530 mmol) were ground together in a N,-filled
glovebox and charged to an aluminum-lined, triple carbon-coated
fused silica tube (10 mm OD and 8 mm ID). The starting materials
must be charged in a glovebox due to the air sensitivity of Li,S. The
aluminum was removed, the fused silica tube was transferred to a
vacuum line, evacuated to ~3 X 107> mbar, flame sealed, and loaded
into a programmable tube furnace. The reactants were heated to 500
°C over 10 h, held at 500 °C for 24 h, and cooled to room
temperature over 24 h. Clear needles and hexagonal rods suitable for
single-crystal X-ray diffraction (XRD) were optically identified and
manually separated.

Single-Crystal X-ray Diffraction. Intensity data of the clear
hexagonal rods of Li,P,Ss was collected at 100 K. A suitable single
crystal was mounted on a glass fiber with high vacuum grease on an
XtaLAB Synergy diffractometer equipped with a micro-focus sealed X-
ray tube, PhotonJet (Mo) X-ray, and a Hybrid Pixel (HyPix) array
detector. The temperature of the crystal was controlled with an
Oxford Cryosystems low-temperature device. Data reduction was
performed with the CrysAlisPro software using an empirical
absorption correction. The structure was solved with the ShelXT/
SHELXS structure solution programs using intrinsic phasing/direct
methods and by using Olex2 as the graphical interface. The model
was refined with ShelXL using least-squares minimization. Data was
collected at low temperatures and under a stream of N, to minimize
hydration due to ambient conditions.

Powder SHG/THG/LIDT. Crystalline powders of Li,P,Ss were
provided for the SHG measurement: pristine and hydrated, where the
latter was exposed to air for about a week. The samples were sieved
with size ranges of <25, 25—53, 53—75, 75—106, 106—150, and >150
um to examine the phase-matching behavior and LIDT of the
samples. Each sample was sealed in a glass capillary tube and mounted
on a homemade sample holder. The SHG efficiencies of the samples
were compared with a reference material, AgGaSe,.

The SHG measurements were carried out at room temperature
using the input wavelength 4 = 1600 nm and an intensity of 0.47
GW/cm?. We confirmed that damage at this intensity is insignificant
for both the sample and the reference. Coherent light with a
wavelength of 1064 nm was initially produced using an EKSPLA PL-
2250 series diode-pumped Nd:YAG laser with a pulse width of 30 ps
and a repetition rate of 50 Hz to generate tunable pulses. The
Nd:YAG laser pumped an EKSPLA harmonics unit (HU) H400, in
which the input beam was frequency tripled by a cascade of NLO
beam mixing. The 355 nm beam then entered an EKSPLA PG403-
SH-DFG optical parametric oscillator (OPO) composed of four main
parts: (i) a double-pass parametric generator, (ii) a single-pass
parametric amplifier, (iii) a second-harmonic generator, and (iv) a
difference-frequency generator. The wavelength from the OPO can be
tuned from 210 to 4450 nm, and the output wavelength used in our
SHG experiments was 1600 nm, which was deliberately selected to
make sure that SHG (800 nm, i, 1.55 eV) occurred below the
bandgap of both sample and reference. Therefore, the bandgap
absorption of SHG can be neglected in the 7#® estimation. The SHG
signal was collected using a collection lens system under a reflection
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geometry and guided by a fiber-optic bundle coupled to a high-
resolution spectrometer (Horiba iHR320) equipped with a charge-
coupled device camera (Horiba SYNAPSE). The data collection time
was 20 s. The LIDTs of the sample and the reference were also
assessed at A = 1064 nm by monitoring the SHG response as a
function of input intensity I

Since both the reference (AgGaSe,) and the sample (Li,P,S)
exhibit non-phase-matchable SHG, THG must also be non-phase-
matchable, and therefore, the smallest particle size yields the
maximum THG. Therefore, THG measurements were carried out
using the smallest particle size (<25 ym) of the reference and the
pristine sample at room temperature at the input wavelengths 4 =
1200, 1600, 2400, 2500, and 2600 nm. Here, the wavelength
dependence was investigated for the practical THG efficiency as a
function of 4 in the IR. The THG signal was collected using the same
collection lens system as for SHG and LIDT.

B RESULTS AND DISCUSSION

Synthesis. We report a novel pathway for the synthesis of
Li,P,S4. Previous reports describe synthesis via the devitri-
fication of glassy Li,P,S,, in which 2 equiv of Li,S and 1 equiv
of P,Ss are combined stoichiometrically and then thermally
decomposed to yield Li,P,Ss and S,” or via the combination of
2 equiv of Li,S, 2 equiv of P, and 4 equiv of S to yield the
target compound.” Here, we synthesized the binary P,S, to
eliminate the extra step of devitrification to yield the target
compound. Figure la shows powder-XRD of the title
compound, showing the synthesis of pure material via the
reaction profile described above. Furthermore, we found that
the cooling speed did not affect the quality of the material, with
air-quenched material yielding a similar purity to furnace-
cooled material (Figure 1b). We additionally varied the
amounts of the starting materials by adding up to one extra
equivalent of both Li,S and P,S,, and we find that our product
is fairly tolerant of excess reagent. Figure Sla shows the effect
of additional equivalents of Li,S, and we see that up to a 0.5
molar excess of Li,S presents almost negligible impurity peaks
in the powder diffraction pattern. At one molar excess, the
impurity peaks become as intense as the target peaks, with
Li3PS, and P,S, as the primary impurities. Adding additional
equivalents of P,S, yielded low-intensity impurity peaks of P,S
and other P,S, binaries for up to 1 M excess P,S, (Figure S1b).
Figure 1c shows the air stability of the title compound over the
course of several months. The laboratory maintains relatively
low humidity (~30%), as shown by the minimal degradation of
the material over 6 months in ambient conditions. There are
slight hydration peaks at ~13° 26 as well as between 26 and
32° 20 which do not grow in intensity over the course of 6
months. We were unable to crystallographically assign the

https://doi.org/10.1021/acs.chemmater.3c01783
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hydration peaks due to the hygroscopicity of the crystalline
material. On a particularly humid day, there was severe
degradation of the material which we identified through
diffraction to be similar to a material obtained by mixing
Li,P,S4 with water and drying on a hot plate.

We also found that the reaction tube tended to rupture upon
opening, indicating the production of gas as a byproduct,
particularly when replicating reported syntheses at 900 °C.
Tubes would often shatter and spread broken quartz inside the
glovebox, so precautions must be taken when synthesizing
Li,P,S¢. To limit this, the synthesis was carried out at several
temperatures ranging from 350 to 500 °C to find a reaction
temperature at which we could safely open the vessel. Figure
Slc shows that the reaction fully proceeded at all tested
temperatures, but lower temperatures tended to cause the
vessel to burst less violently. In this vein, we attempted an
exploratory reaction targeting Li,P,Ses with reaction con-
ditions similar to those described here. We found the orange
material to fume immediately upon contact with the
atmosphere and burned through the weighing paper it was
placed upon (Figure S2), in sharp contrast to the far more
stable behavior of Li,P,S¢. Because NLO crystals should ideally
be air-stable for applications, no further studies were
conducted.

Crystallography. Li,P,S, crystallizes in the chiral P321
space group, as reported by Neuberger et al. in 2018.° The
idealized structure they reported (Figure 2a) consists of

th an e ol Collected
Figure 2. Single-crystal structure refinements comparing the ideal
Li,P,S¢ structure reported by Neuberger5 shown in (a) versus the
refinement determined in this work shown in (b). The structures are
comparable, and the main difference arises from the positional
disorder of the three phosphorous sites. (c) shows the alignment of Li
atoms through the unit cell. These Li sites are the source of
noncentrosymmetry in the material, evident by the slight misalign-
ment of Li atoms down the c-axis. (d) highlights the trigonal
symmetry of the unit cell, specifically the staggered ethane
conformation of the [P,S¢]* units. Adapted with permission from
ref 5. Copyright 2018, Royal Society of Chemistry.

molecular staggered ethane-like [P,S¢]*” units in an ABAB
stacking pattern with a charge-balancing hexagonal net of Li*.
We similarly report a space group of P321; however, the
molecular [P,S¢]* units show considerable disorder compared
to the Neuberger structure (Figure 2b). Compared to 3 fully
occupied P atoms, we similarly report 3 different phosphorous
sites in the unit cell; however, each site is split crystallo-
graphically (Table 1). P1/P2 have an occupancy ratio of 93%/
7%, respectively, while P3/P4 and P5/P6 both have occupancy
ratios of 85%/15%, respectively. The Li net has no crystallo-
graphic splitting, and there are only subtle differences between
the Li—Li—Li atomic angles reported here and from Neuberger
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(177.8 and 175.6° in Neuberger vs 175.1 and 175.9° reported
here). Our examination of the P/S network shows that it hosts
inversion, so the noncentrosymmetry originates in the Li net
with very subtle off-centering of the Li atoms down the c-axis
(Figure 2c), with Li—Li—Li atomic angles of 175.1° (Lil—
Li3—Lil) and 175.9° (Li2—Li4—Li2). Furthermore, the crystal
refinement shows near racemic twinning, with a twin law of
[-1,0,0;0,1,1; 0,0, —1] and a twin scale factor (BASF) of
0.508(5).

The refinement of this structure was not trivial because of
multiple plausible structural solutions. There is precedence for
this, as the original report in 1982 determined a space group of
P65/mem.” In Mercier et al.'s work, they were unable to resolve
the individual P,S¢ units and instead reported a 1-D chain of
staggered ethane-like P,S, units with only one P atomic
position with 50% occupancy. Similarly, their Li net consisted
of one independent position which forms columns of aligned
Li atoms down the caxis (Figure S3f). We found two
additional structural solutions, which according to refinement
statistics are high-quality solutions, both with R, values under
5% (Table S1). The alternate solutions have space groups
P3ml and P6ymc, with each solution showing significant
occupational disorder. Each solution has 3 P sites: the P3m1
solution suggests one fully occupied P atom and two P atoms
with 75%/25% split occupancies; the P6;mc solution suggests
one fully occupied P atom, one P atom split with an 89%/11%
occupancy ratio, and one P atom with a 45%/55% occupancy
ratio. There are additionally slight differences in the Li nets in
each solution. The P3ml Li net has a hexagonal ordering
similar to the P321 solution, but the Li—Li—Li atomic angle
down the c-axis shows much less off-centering, with a near-
ideal angle of 179.7°. P3m1 is a centrosymmetric space group,
so it was disqualified due to the presence of the SHG response
in Li,P,Ss. The Li net of the P6;mc solution does not have
three Li layers in the unit cell like the other solutions, but
rather two distinct hexagonal moieties related via a 6; screw
axis (Figure S3j). The P6;mc space group is acentric, but an
analysis of the Ewald sphere shows forbidden reflections in the
Okl plane. The P6ymc space group has reflection conditions of
hh(—2h)Il: I = 2n and 000!: | = 2n, and Figure S4 shows clear
reflection intensity at the (003), (003), and (005) indices,
violating the 000l: | = 2n condition.

The quality of the crystal likely led to the multiple plausible
refinements. The Li,P,Sq structure solely consists of ethane-
like [P,S4]*" units and charge-balancing Li* atoms. Other than
P—S bonds, there are no covalent bonds to direct
crystallization of the material, resulting in the highly disordered
nature of the presented solution. To address this, equal atomic
displacement parameter (EADP) constraints were required to
give the P atoms equivalent thermal parameters, which helped
the software find a converging solution.

Thermal Behavior. Differential thermal analysis (DTA)
was performed on Li,P,S¢ in a vacuum-sealed, carbon-coated
quartz ampule (Figure SS). There was one endothermic event
upon heating at 625 °C and one exothermic event upon
cooling (474 °C during the first heating cycle and 502 °C
during the second heating cycle). There was no discernible
crystallographic change in the material after the DTA
experiment (Figure 3b), and the thermal events are not due
to melting or re-crystallization as the material remained a fine
powder after the heating cycles. In order to identify the origin
of the thermal events, variable-temperature powder XRD (VT-
PXRD) was performed on Li,P,S¢ sieved to a particle size
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Table 1. Structural Comparison of Previously and Currently Reported Li,P,Ss Structure Solutions

structural
features 65/mcm (Mercier) P321 (Neuberger)
no. of Li sites 1 4
Li—Li—Li 180° Lil—-Li2—Lil: 177.8° Li3—Li4—
angle Li3: 175.6°
no. of P sites 1 (all 50% occupied) 3
no. of S sites 1 3

“Measured through 2 unit cells.

_ P6;mc (this
P321 (this work) P3m1 (this work) work)
4 2 1
Lil—Li3—Lil: 175.1° Li4—Li2— Li2—Lil—Li2: 179.7°¢
Li4: 175.9° 179.5°
3 (all split) 3 (2 split) 3 (2 split)
P1: 93%/7% P1: 75%/25% P1: full occ.

P2: 85%/15%
P3: 85%/15%
3

P2: 75%/25%
P3: full occ.
3

P2: 89%/11%
P3: 55%/45%
3
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Figure 3. (a) shows the thermal behavior of Li,P,S¢ up to 700 °C
heated at 10 °C/min in an alumina crucible in air under a stream of
He gas. There is one thermal event upon heating at 641 °C and one
thermal event upon cooling at 387 °C. (b) shows XRD patterns
demonstrating that there is no crystallographic change in Li,P,S4
before and after a DTA experiment performed in a vacuumized,
carbon-coated, quartz ampule, while (c) shows the results of a failed
VT-PXRD experiment in which a 0.7 mm diameter carbon-coated
quartz capillary ruptured upon heating to approximately 650 °C, near
the thermal event measured in (a). The intensity scales from blue to
red, and the blue gaps in the thermal data are due to a lack of signal
during the cooling regime.

below 50 ym. Figure 3c shows the results of the VI-PXRD
experiment. The sample undergoes thermal expansion from
room temperature to 650 °C, after which no more signal was
detected from the sample. The capillary was found to have
ruptured near 650 °C, corresponding to the thermal event
measured upon heating the sample. This could be due to Li
reaction with the quartz capillary or due to high gas pressures
rupturing the 0.01 mm walls of the capillary.

To further investigate the origin of the thermal event,
another DTA experiment was performed in conjunction with
thermogravimetric analysis (TGA) and gas chromatography
mass spectrometry (GC—MS). These probes allow us to
identify the nature of the gases seen during synthesis and other
experiments, the temperatures at which they evolve, and if any
sample degradation was occurring. Figure 3a shows the DTA

7326

results when performed in an open container under a He
stream. This time, there is no separation of the thermal events
upon cooling. They are now at a lower temperature (387 °C),
while the thermal event upon heating has risen to a slightly
higher temperature (641 °C). Figure 4a shows the thermogram
(TG) of the material in red, which corresponds to the heating
profile shown in black. The heating profile was chosen to
replicate the DTA experiments performed, followed by heating
to 1000 °C to investigate the behavior under extreme
conditions. There is considerable mass loss during the first
heating cycle through the isothermal period at 700 °C. The
corresponding GC—MS results are shown in Figure 4b—e. The
first gaseous species detected is S, (m/z = 64) at minute 10.5,
corresponding to a temperature of ~95 °C. This is followed by
simultaneous detection of H,S, S,, and S; (m/z = 34, 64, and
48, respectively) from minutes 25—30, corresponding to a
temperature of ~200 °C. The S, and S; peaks grow in intensity
from minutes 30—60, drop significantly during the isotherm at
700 °C, regain their intensity during the cooling cycle, and
stop at minute 108, corresponding to a temperature of ~400
°C, roughly correlating to the boiling point of S at 444 °C.
At minute 60.5 (corresponding to a temperature of 568 °C),
a new peak with m/z = 192 is detected. This has been assigned
to H,P,S,, with the H likely originating from atmospheric
interactions during the course of the experiment.’’ H,P,S, was
only detected from minutes 60—75: during heating and the
isotherm at the maximum temperature of the experiment at
693 °C. During the second heating cycle, H,P,S, was not
detected, but the S, and S; traces showed characteristics of the
first heating cycle with reduced intensity. Furthermore, the
second heating cycle showed much more stable thermal
behavior up to the isotherm, likely because any volatile species
had already off-gassed during the first heating cycle. The mass
loss detected was only during the isothermal period (691 °C)
and was relatively small compared to that during the first
heating cycle. GC—MS data was only collected during the first
240 min of the experiment, but the DTA/TGA experiment was
continued for an additional heating cycle to 1000 °C. Here, we
see the most significant mass loss, leading to total
decomposition/sublimation of the material. None was
recovered to do a follow-up PXRD experiment. The mass
loss onset was near minute 317, corresponding to a
temperature of ~540 °C, near the temperature at which
H,P,S, was first detected. Mass loss was rapid through heating
to 1000 °C, likely due to the continued evolution of H,P,S,.
Electronic Structure and Spectroscopy. Li,P,Sy is a
wide gap semiconductor with a bandgap of 3.74 eV. As the
material hydrates upon exposure to air, the primary absorption
feature slightly shifts to lower energies (Figure Sa), resulting in
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Figure 4. (a) shows a TG of Li,P,S, in red when heated in an open container under a stream of He from 100 to 1000 °C according to the heating
profile in black. Li,P,S4 undergoes considerable mass loss when heated above 650 °C. Continued heating to 1000 °C leads to the total degradation
of the material. (b—e) show mass spectra of the non-atmospheric gaseous species detected during the first 240 min of the heating profile in (a). (b)
shows counts of H,S (assigned to m/z = 34); (c) shows counts of S; (assigned to m/z = 48); (d) shows counts of S, (assigned to m/z = 64); and
(e) shows counts of H,P,S, (assigned to m/z = 192).
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Figure S. (a) shows diffuse reflectance measurements taken over the
course of 6 days. The main absorption event at 3.74 eV persists as the
material hydrates, while a secondary event grows in at 2.92 eV, likely
due to the hydration of the material. (b) shows FTIR measurements
of the pristine and hydrated materials. The overall transmittance
remains high, while a peak at approximately 3 ym grows in after a
week exposed to the atmosphere, corresponding to O—H stretches in
water.

a decreased bandgap of 3.56 eV. In addition to this redshift,
there is a secondary absorption feature which increases over
the course of hydration. This additional absorption peak is
centered at 2.92 eV and is likely due to the formation of a
hydrated phase. This is corroborated by Fourier transform
infrared spectroscopy (FTIR), as shown in Figure Sb. FTIR
data was taken on pristine material from a N,-filled glovebox
and is compared against material which was exposed to
ambient conditions for 1 week. The overall transmittance (%
T) of the pristine material is approximately 97%, while the

transmittance of the hydrated material falls to approximately
87%. In addition, there is an additional feature at 3 um,
corresponding to the O—H stretch of water. Despite some
degradation in the material due to hydration, Li,P,Ss remains
highly transparent across the entire infrared region, showing
promise for NLO applications in ambient conditions.
Theoretical calculations show that Li,P,Ss has an indirect
bandgap (Figure 6a) with the valence band maximum at I" and
the conduction band minimum very slightly shifted toward the
A point in the Brillouin zone. The valence bands of Li,P,S¢ are
degenerate and relatively flat, likely due to the 0-D nature of
the material."® An analysis of the density of states (DOS)
shows that the valence band from approximately —3 to 0 eV is
dominated by the sulfur s- and p-states, with negligible
contributions from both the Li and P atoms. The conduction
band has approximately equal contributions from the S and P
s- and p-states and negligible contributions from the Li atoms.
The highly localized nature of the electron density in the
valence band stems from the ionic nature of the [P,S¢]*" units
surrounded by Li* atoms. Figure S6 shows the calculated
electron localization function (ELF) for Li,P,S,. The ELF
plots present different slices of the electron density moving
along the c-axis of the unit cell (Figure S6d). Figure S6a shows
the highly concentrated electron density of the Li" ions, while
Figure S6b,c shows more delocalized electron densities on the
P and S atoms, respectively. The electron density of the unit
cell is largely restricted to the [P,S]*” units due to their
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Figure 6. Theoretical calculations of the band structure and DOS of Li,P,Ss. (a) shows the band structure of Li,P,S, which has a nearly direct
bandgap centered near the I' point. The valence band maximum occurs at I" (green-filled circle), while the conduction band minimum (red-filled
circle) is slightly shifted from I" toward A. (b) shows that the valence band is almost entirely composed of S states, while the conduction band

shows a relatively equal contribution from both S and P states.
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Figure 7. (a—c) show SHG output as a function of particle size for (a) AgGaSe,, (b) pristine Li,P,S¢, and (c) hydrated Li,P,Ss. All samples are
non-phase-matchable. Pristine Li,P,S¢ underperforms the SHG of AgGaSe, by a factor of approximately 10, while the hydrated sample gives
approximately 60% of the output of the pristine material. (d,e) show the LIDT results from AgGaSe, and pristine Li,P,S, respectively. Li,P,S has
a greatly improved LIDT (15.8 X AgGaSe,) due to its wide bandgap.

covalency, while the ionic nature of the Li* atoms keeps
intermolecular interactions to a minimum.

SHG/LIDT Studies. Figure 7a—c plot the size-dependent
SHG counts measured from the reference, Li,P,Sq (pristine),
and Li,P,Ss (hydrated) at 4 = 1600 nm, respectively. The
existence of the SHG signal from LiP,Ss confirms the
noncentrosymmetric structure of the crystal.'” Both the
pristine and hydrated samples are non-phase-matchable at
this wavelength, which means that the SHG intensity decreases
as the particle size increases. This is the reason AgGaSe, was
chosen as the reference material since it is also not phase-
matchable at 4 = 1600 nm. Although AgGaSe, could not be
measured for 75—106 pm and 106—150 pm, it has been
reported that the SHG intensity of AgGaSe, decreases
monotonically at 4 = 1600 nm, indicating that its coherence
length is smaller than 25 pm.*® Large standard deviations in
the SHG counts for <25 um in both samples are related to
rather inhomogeneous size distributions of the powders. The
measurements for this size were performed at 8 different
excitation positions and at 13 different excitation positions for
the pristine and hydrated samples, respectively.

Using the Kurtz powder method, the second-order
susceptibility of each sample, 2s?, was calculated for the
non-phase-matching case®”*’

SHG \!/2
2 = ok|L
S R ls I}iHG (1)

where 3z is the second-order susceptibility of the reference,
I and Iy are the experimental SHG coherence lengths of the
sample and the reference, and IS¢ and L°MC are the
measured maximum SHG counts from the sample and the
reference, respectively. However, the experimental coherence
lengths are all smaller than 25 gm, which means that the exact
coherence lengths cannot be determined experimentally. Thus,
we assumed that Iy/I5 = 1, where the coherence lengths of the
reference and the samples are approximately equal. Note that
this assumption could overestimate or underestimate 7s?.
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The effective SHG coefficient, d.g = y.4>/2, of the reference
material was calculated to be 28 pm/V according to the Kurtz
powder method™

19 13
d 2y — -7 d%w 2 + — d%w d%w
<( eff) > 105 Z ( iii ) 105 Z i ijj

1#]
44 13
+ RZ (3" + Tos > didig
i#j ijk, cyclic
S 2w\2
+ —(d;
7( ijk (2)

where the nonzero dj; tensor elements for AgGaSe, (42m) are
dys = dys = dyy, = 33 pm/V in the contracted susceptibility

. 19,41
tensor notation ~’

0 0 033 0 O
dy(AgGaSe)) =0 0 00 33 0
00 00 0 33 (3)

Using %R’eff(Z) = 56 pm/V,”® our calculation yields
)(S‘eff(z)(pristine) ~ 5.8 + 1.3 pm/V and )(S‘eff(z)(hydrated) ~
3.6 + 1.8 pm/V at 4 = 1600 nm (Table 2). These values rival

Table 2. SHG and LIDT Comparison of AgGaSe, and
Pristine/Hydrated Li,P,S

Li,P,Ss Li,P,Ss

AgGaSe, (pristine) (hydrated)
2 (pm/V) (1600 nm) 56 5.8+ 13 3.6 + 1.8
LIDT (GW/cm?) 0.24 3.8 N/A
(1064 nm)
B (cm/GW) (1064 nm) 90 N/A N/A
5 (ecm’/GW?) (1064 nm) N/A 0.061 N/A

those of highly polarizable heavy metal-containing materials,
even though the most polarizable atom in this material is S.
Due to the highly racemic (50.8%/49.2%) nature of the
material, the powder SHG measurement likely severely
underestimates the intrinsic SHG output of a single
enantiomer.
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To assess the LIDT, the SHG counts for the reference and
the pristine sample at d = 25—53 um were measured as a
function of input intensity at 1064 nm (Figure 7d,e). The
measured SHG coefficient for the hydrated sample is not an
intrinsic value, and therefore, the LIDT was not assessed.
AgGaSe, is two-photon absorption (2 PA) active at this
excitation wavelength. However, in the case of Li,P,Sg
(pristine), the bandgap (3.74 eV) is much larger than twice
the photon energy corresponding to 1064 nm. In fact, the
pristine sample is four-photon absorption (4 PA) active at A =
1064 nm. The SHG counts are proportional to the SHG
intensity, Igyc, which is given by

Igng = al;;

input

(4)

where a is a proportionality constant that incorporates 7* and
Linput is the fundamental input intensity. We found that the
fundamental light starts to undergo depletion due to 2 PA and
4 PA with increasing I, as evidenced by the gradual
deviation from the dashed line (eq 4) in each plot of Figure 7d
(AgGaSe,) and Figure 7e (Li,P,Ss). The effect of 2 PA and 4

PA can be incorporated by

2 . input
Ispgopa = alypy With Lipy = ———
1+ ﬂ dIinput (5)
Lo
Ispg 4pa = aI:PA with Lpy = *
) /3
(1+ 35d1mput) (6)

where Lp, and I,p, are the modified input intensities by 2 PA
and 4 PA, which are derived from the nonlinear Beer—Lambert
respectively. In eqs 5 and 6, d is the particle size, f3 is
the 2 PA coeflicient, and § is the 4 PA coeflicient. The fitted
values of f and 6 are approximately 90 cm/GW and 0.061
cm®/GW? for AgGaSe, and Li,P,Sy, respectively. We estimated
the LIDT as the intensity at which the SHG counts (black
dots) deviate from the black dashed line in Figure 7d,e.
Accordingly, the LIDTs of AgGaSe, and Li,P,S, (pristine) are
0.24 GW/cm’® and 3.8 GW/cm?, respectively.

THG Study. First, we measured the THG responses at 4 =
2400—2600 nm, where the corresponding THG photon energy
(1.43—1.55 eV; 867—800 nm in wavelength) is well below the
bandgap for both the reference (1.8 eV)* and the sample
(3.74 eV). This condition must be established for the
estimation of the THG coefficient (third-order nonlinear
susceptibility) without any complication arising from bandgap
absorption of THG. Since the THG coherence length cannot
be experimentally determined, the third-order nonlinear
susceptibility, #¥), was calculated using the Kurtz powder
method for the non-phase-matching case'®

THG \!/2
oL
AR [THG
R

2 =

)

where 7, and y;® are the third-harmonic coefficients for the
sample and reference and Ig™¢ and I;™¢ are the measured
THG counts from the sample and the reference, respectively.
Table S14 shows the intensity in counts of THG generation for
the sample and the reference as a function of wavelength, and
Table 3 lists the y¢®) values at the three Wavelen%ths calculated
using = = 1.60 x 10° pm?*/V? for AgGaSe,, 6 indicating a
case for a near-static limit with an insignificant 1 dependence.
Between 2400 and 2600 nm, Li,P,S, has an effective 7 of
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Table 3. ¥ of Li,P,S¢ and ¥/ xx® at Apye = 800, 833,
and 867 nm

THG wavelength 800 833 867

(nm)
2s® (x10° pm?/V?) 0309 + 0.034 0359 + 0.049  0.381 + 0.044
2 ratio 0.194 + 0.021 0224 + 0.031 0239 + 0.028

~0.34 X 10° pm?/V? Friedrich et al. measured powder THG
of the family AGaMQ, (A = K, Rb, Cs, TI; M = Ge, Sn; and Q
= S, Se) at an incident wavelength of 1800 and 2400 nm,
yielding a P range of 0.34—2.26 X 10° pm*/V>. From this
family, Li,P,S¢ has a comparable 2% coefficient to KGaGeS,,
CsGaGeS,, CsGaSnS,, and CsGaSnSe,, materials which are
layered and contain highly polarizable elements such as Sn and
Se.'® In order to compare with the reference, the ratio of (%)
values between the sample and the reference is listed in Table
3. It is interesting to note that this relative 7 value of ~0.2 is
about twice as large than that for 7®, ~0.1 as determined from
the SHG measurement, indicating that the title compound has
a good potential for 2 properties that do not require any
phase-matching requirement for practical applications.*®

Inspired by this, we measured the THG at shorter
wavelengths such as 1200 and 1600 nm because the THG of
the reference would be severely depleted due to bandgap
absorption, while Li,P,S¢ has a sufficiently large bandgap to
not be similarly inhibited. Figure 8 shows the THG output of
the sample and reference at 1200 nm (Figure 8a) and 1600 nm
(Figure 8b), as well as a comparison across all wavelengths
measured (Figure 8c). Li,P,S¢ becomes much more efficient at
shorter wavelengths compared with the reference. In fact,
AgGaSe, barely exhibits THG at 1200 nm, as indicated by the
red trace in Figure 8a, in which the THG signal at 400 nm is
almost completely absorbed. At 1600 nm, which is near the
telecommunication wavelength, THG from Li,P,Ss (blue
trace) is about 6 times superior to AgGaSe, (red trace), as
shown in Figure 8b.

We further argue that the title compound is an excellent P
material based upon a theoretical model that approximately
relates ) and the bandgap energy. According to the two-band
model,*”** the real part of )((3), n,, is given by

fic |E
n, = K—{_z G,(hw/E)
nyE

2 (8)

where K is the Kane parameter, 7 is the Planck constant, ¢ is
the speed of light at vacuum, E, is a material-independent
constant, n is the linear refractive index, E is the bandgap, G,
is a function representing the frequency dependence of n,, and
 is the an<gular frequency of the incident photon. The relation
between ¥ and n, is"’

3
n, =
2 2
4ng€,c

®3)

(9)

Combining egs 8 and 9, the bandgap dependence of 7 is
given by

T (10)

because both K and E, can be considered nearly material-
independent for direct-bandgap semiconductors.”® Therefore,
a theoretical prediction for the ratio of the THG coefhicients

can be represented by
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Figure 8. THG response as a function of wavelength for Li,P,S¢ vs AgGaSe,. (a) shows the THG counts of the sample (blue) versus the reference
(red) with a 1200 nm incident beam, (b) shows the THG counts of the sample (blue) versus the reference (red) with a 1600 nm incident beam,
and (c) shows the relative output intensities between the sample and the reference in our experimental range.
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){S) Gz(flw/ER) Eq (11)
where Eg = 3.74 eV and Ep = 1.8 €V are the bandgap energies
of the sample and the reference, respectively. By considering
the band dispersions for both sample and reference at the near-
static regime via G,, the calculated 2% ratio is 0.040—0.042
over A = 2400—-2600 nm. Instead, the experimentally
determined ratio in Table 3 is about 5 times larger than this
theoretical prediction, further demonstrating that our material
is an excellent THG material.

B CONCLUSIONS

Li,P,S4 crystallizes in the P321 space group, and it can be
directly synthesized from binary compounds at temperatures as
low as 350 °C, much lower than previously reported. Li,P,Sy is
thermally stable up to approximately 600 °C, after which it
begins to thermally decompose and off-gas as a combination of
S and P,S,. Li,P,S¢ has a wide, near-direct bandgap of 3.74 eV.
The SHG response of near-racemic Li,P,S; is moderate (~0.1
X AgGaSe,) but its LIDT is exceptional (~15.8 X AgGaSe,),
which follows the well-established trend of SHG being
inversely proportional to the bandgap and LIDT being
proportional to the bandgap.” The wide bandgap of the
material enables strong THG at much lower wavelengths than
the reference due to a lack of bandgap absorption, and we see
THG intensities up to 36X the reference at 1200 nm and 6X
the reference at 1600 nm, which is important for applications
such as telecommunications.
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