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Accessing bands with extended quantum metric in
kagome Cs;Ni3S, through soft chemical processing
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Flat bands that do not merely arise from weak interactions can produce exotic physical properties, such as super-
conductivity or correlated many-body effects. The quantum metric can differentiate whether flat bands will result
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in correlated physics or are merely dangling bonds. A potential avenue for achieving correlated flat bands involves
leveraging geometrical constraints within specific lattice structures, such as the kagome lattice; however, materi-
als are often more complex. In these cases, quantum geometry becomes a powerful indicator of the nature of
bands with small dispersions. We present a simple, soft-chemical processing route to access a flat band with an
extended quantum metric below the Fermi level. By oxidizing Ni-kagome material Cs;Ni3S; to CsNi3S4, we see a
two orders of magnitude drop in the room temperature resistance. However, CsNi3S, is still insulating, with no
evidence of a phase transition. Using experimental data, density functional theory calculations, and symmetry
analysis, our results suggest the emergence of a correlated insulating state of unknown origin.

INTRODUCTION

Strongly correlated materials are highly sought after due to their
corresponding assortment of electronic phenomena (1). Strong cor-
relations can induce a wide range of desirable properties, including
superconductivity, colossal magnetoresistance, and the fractional
quantum Hall effect (1, 2). However, the ability to theoretically pre-
dict strongly correlated systems remains a challenge due to the
many-body problem and the complex nature of electron-electron
interactions (1, 3). Nonetheless, systems with a large density of states
(DOS) and reduced kinetic energy naturally lead to correlated states.
These possibilities are enriched in systems where flat bands emerge
from the frustrated geometry of the lattice that also induces non-
trivial band topology (I, 4-6). Flat bands have been shown to occur
consistently in certain lattice structures with the correct orbitals that
cancel hopping (4, 7). Therefore, one could design a strongly corre-
lated system by identifying a lattice structure that contains the bands
of interest near the Fermi level. One such system famous for its flat
band physics is the kagome lattice (7-13). However, in real materi-
als, the band structures are often different from the simple tight-
binding models, and the correlated flat bands cannot be described
by these simple models (4, 14). Recently, quantum geometry (15-18),
which measures the spread of wavefunctions in bands, has gained
more attention. It is a powerful tool to distinguish topological or
obstructed (19, 20) flat bands from trivial atomic flat bands (21-23).
Thus, a strategy to identify materials with correlated flat bands is
to start with materials that crystallize in structures with frustrated
lattices, such as the kagome lattice, and then compute the quantum
metric for bands with small dispersion.
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The kagome lattice is trihexagonal, in which every hexagon
contains a corner-sharing equilateral triangle. In tight-binding
models, it famously gives rise to a flat band and two highly dis-
persed bands that cross at the K point of the Brillouin zone (BZ)
for each atomic orbital present on the atoms composing the
kagome lattice (10, 24).

However, despite the extensive number of compounds that con-
tain kagome sublattices, most do not have bands stemming from the
kagome lattice, or they are located very far away from the Fermi
level, rendering these bands difficult for study or practical use (4). In
addition, the kagome bands in real compounds usually do not ap-
pear only because of the kagome lattice but are better described by
hybridization of bands from different atoms, as it was shown for
FeGe (14), sometimes resulting in “accidental” flat bands, i.e., they
are not a “kagome flat band”, but they still have small dispersion and
contain contributions from orbitals from the kagome layer and, im-
portantly, can have a sizable quantum metric.

The simplest solution to accessing these bands would be to use
metallic kagome compounds with flat bands lying near or at the
Fermi level. Unfortunately, in many metallic kagome compounds,
the presence of additional bands unrelated to the kagome system
hinders accurate exploration of flat band physics (4, 10, 25, 26). FeSn
and FeGe, for example, are metallic, two-dimensional (2D) kagome
systems containing flat bands whose physics is muddled by other
highly dispersive bands (10, 14, 27, 28). The convolution of bands
has restricted scientists to using more complicated methods to study
the physics of these flat bands, such as isolating the surface states
from the bulk using tunneling spectroscopy (27). An alternative
route for obtaining clean flat bands near the Fermi level in a bulk
system is starting with an insulating kagome system and tuning the
bands of interest to the Fermi level through methods such as doping
(29-31). Doping studies of kagome compounds are not unheard of,
with doping of metallic compounds through solid-state methods
finding success in studying van Hove singularities (32). However,
successful dopant-induced band tuning of insulating kagome sys-
tems to access flat bands has proven difficult.
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One example of the challenge of doping Kagome systems is Her-
bertsmithite [M,ZnCu3(OH)¢Cl;], a suspected ideal quantum spin
liquid 2D kagome compound. This material was predicted to tran-
sition from a spin liquid to a strongly correlated Dirac metal upon
successful electron doping M, Zn,_,Cu3(OH)Cl, (30, 31, 33). If this
compound could be electron-doped, various interesting proper-
ties could emerge, including f-wave superconductivity and ferro-
magnetism (30, 31). Unfortunately, recent studies on electron doping
ZnLi,Cu3(OH)sCl, using chemical methods to intercalate lithium
were unable to experimentally produce these predicted properties.
Instead, Kelly et al. (34) showed that electron doping the system did
not increase metallicity and actually suppressed the magnetic fea-
tures with increasing dopant concentration. In addition, the doped
compound was found to be considerably more air-sensitive com-
pared with its undoped counterpart. The insulating behavior of
doped Herbertsmithite was later explained to result from added
electrons being trapped in a polaronic state (35). This polaronic
state is a consequence of the Cu”* hydroxide, and therefore, a dif-
ferent kagome host material would be needed to take advantage of
electron doping as a viable route for Fermi level tuning. This study
introduces Cs;Ni3S, as an alternative host material and a straight-
forward chemical doping method for band tuning. We present ex-
perimental data and density functional theory (DFT) calculations
to support the promise of manipulating flat bands.

Cs;Ni3S4 has been reported in two crystallographic forms, a
hexagonal one with a perfect kagome lattice and an orthorhom-
bic one with a slightly distorted kagome lattice (see the “Reported
crystal structures of Cs;Ni3S4” section and fig. S1 in the Supplemen-
tary Materials) (36). As our synthesis repeatedly resulted in the
latter, we focus here on this form, which crystallizes in space group
Fmmm. Cs;Ni3S, is a layered, orthorhombic crystal containing
2D, slightly distorted, kagome lattices of nickel lying in the ab plane
(Fig. 1, A and B). The slight distortion in the kagome lattice is a
product of the corner-sharing triangles of nickel being isosceles
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rather than equilateral, with every triangle containing two sides
with lengths of 2.913 A and one side with a length of 2.963 A
(Fig. 1B). S-Ni-S layers are repeatedly stacked along the c axis, where
cesium atoms reside in the interlayer gallery (Fig. 1A). Within the
S-Ni-S layers, the nickels are square-planar coordinated by the sul-
fur atoms, with Ni—S bond distances of 2.212 and 2.219 A (Fig. 1C).

To date, there are no reports of the electronic properties of
Cs,Ni3S4 (37). To test whether Cs,Ni3S, is a promising material to
access flat bands, we performed generalized gradient approximation
(GGA) Perdew-Burke-Ernzerhof (PBE) DFT calculations, which
predict Cs;Ni3S4 to be a semiconductor with a bandgap of 0.55 eV.
(37) Furthermore, it contains bands with very small dispersion just
below the Fermi level, which appear in both the hexagonal and or-
thorhombic structure (Fig. 1, D and E). The origin of those flat
bands will be discussed later in this paper; we just note here that
those are not the typical “kagome flat band”, but they are band with
low dispersion involving orbitals from the kagome lattice. As we will
show later, they also exhibit an extended quantum metric. As DFT
calculations predict the presence of a bandgap and considering the
formal oxidation state of +2 (d8) for the square-planar coordinated
Ni in Cs;Ni3S,, a nonmagnetic insulating ground state is anticipated—
a prediction also corroborated by DFT results. Because of the
proximity of flat bands to the Fermi level, hole doping or oxidizing
the compound might access correlated states. Furthermore, oxida-
tion can potentially introduce magnetic moments on the Ni atoms.
The possibility of accessing correlated states and the potential for
changing magnetic properties make Cs;Ni3S, an ideal candidate for
Fermi-level tuning through hole doping.

In this paper, we turn to soft chemical processing to cleanly and
simply adjust the Fermi level into the flat band region, thus optimiz-
ing the electronic and magnetic properties of Cs,Ni3S,. To the best
of our knowledge, this is the first time the kagome compound
CsNi3S, has been achieved. Soft-chemical processing, in general, uses
gentle chemical methods to remove or intercalate atoms into a
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Fig. 1. Structure models for Cs,Ni3S; from experimental powder x-ray diffraction refinements and calculated band structure. The stacking direction of the nickel
layers sandwiched between double layers of cesium can be seen in (A) along with the stacking direction along the c axis. The slightly distorted kagome lattice is depicted
in (B) with color-coded bond lengths. The square-planar Ni-S coordination environment is shown in (C). The Fmmm (D) and P63/mmc (E) band structure show the flat

bands close to the Fermi level.
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crystal structure and is a highly tunable method commonly used for
2D materials synthesis or as an alternative route for obtaining vari-
ous phases (38-43). This study uses 0.1 M HCl in water to remove
half the cesium atoms of the distorted-kagome compound Cs;Ni3S4
to produce CsNi3Sy, oxidizing the compound, as shown in Fig. 2A. As
a result, formally, one-third of the nickel atoms are oxidized to Ni**
(nickel d”), while the remaining two-thirds of the nickel retain a
Ni?* oxidation state (nickel d%) (Fig. 2F). However, the holes might
also be evenly distributed between the three Ni atoms. We find here
that CsNi3S4 exhibits an increase in magnetic moment, a two order
of magnitude decrease in resistivity at room temperature and a no-
table increase in the Sommerfeld parameter of the specific heat.
However, CsNi3S; still exhibits insulating behavior at low tempera-
tures, as the resistivity sharply shoots up below 68 K. DFT calcula-
tions in this study suggest that a magnetic order that breaks the
mirror symmetries could induce an insulating phase. However, we
find no evidence in our data for the broken mirror symmetry. Thus,
different scenarios for the ground state are discussed. Our results
suggest that by converting Cs;Ni3S4 to CsNizS,, the Fermi level
moves to the flat bands, decreasing the room temperature resistivity
and increasing the effective mass of the electrons. The observed
stark reduction of resistivity (two orders of magnitude at room tem-
perature) could indicate that the system introduced here is more
suitable for introducing correlated metallic states as compared to
the previously mentioned kagome compounds (34). On the basis of
this study, soft-chemical processing could be highly useful for access-
ing the desired bands while leaving the lattice mostly unchanged.

A "

RESULTS

Origin of flat bands in Cs;NizS,

As indicated earlier, Cs;Ni3Sy, in both the hexagonal and ortho-
rhombic phases, contains bands just below the Fermi level with a
very low bandwidth of 0.4 eV (see the “Band structure of the un-
doped phase” section in the Supplementary Materials for more
information). This is comparable to the bandwidth of quasi-flat
band in kagome materials including FeGe, which is about 0.5 eV
(14). As shown in fig. S2, those bands are mostly composed of Ni
dyy and pX/py orbitals, as well as small contributions from Ni d,*- 2
and Ni d,”. Thus, they are derived from the Ni-kagome lattice, but
similarly to other kagome materials, bands from other atoms
(here S) also contribute (14). To understand the origin of the flat
bands and if they can be attributed to the kagome lattice, we con-
structed a tight binding model (details in the “Tight-binding
model for the quasi-flat bands near Fermi level” section and
fig. S4 in the Supplementary Materials). If we treat only the Ni d,,
orbitals in the model, we obtain the typical kagome band struc-
ture, with a total bandwidth of 1.3 eV, which contains both the
kagome flat band and the two dispersed bands that cross at the K
point [please see the Supplementary Materials for details on the
model and choice of a local coordinate system on kagome sites,
which explains why dy, orbitals alone can form kagome bands; for
global coordinates, thls is only possible for d orbitals if only one
d orbital is used (28)]. If we add hopping with S px/py orbitals as a
perturbation, the bandwidth of the total kagome-derived band
manifold is notably reduced to 0.3 eV. The “kagome flat band”
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Fig. 2. Reaction schematics and electron images, and EDX spectroscopy comparing the parent compound to CsNi3S4. (A) Proposed chemical reaction for the syn-
thesis of CsNi3S4 with the d’ Ni(lll) and d8 Ni(ll) labeled within the chemical formula. Scanning electron microscope images of (B) Cs,_4Ni3S4 and (C) CsNi3S4. A decrease in
cesium content is seen in the (D) EDX spectroscopy comparison. Additional electron microscope image of CsNisS4 emphasizing the delamination of the layers is shown in
(E). Panel (F) contains the square-planar molecular orbital diagram for a d” and a d® nickel based on the decrease in cesium shown in (D).
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now has a bandwidth of roughly 0.1 eV and lies on top of the
manifold. As the dispersion of the entire manifold is small and
comparable to that of other flat bands in the literature, we now
refer to this entire structure as the flat bands. Thus, the flat bands
originate from molecular orbitals formed between Ni d and sulfur
p electrons, which bond with small dispersion within the kagome
layer. To evaluate the potential of the flat band for correlations, we
calculated the 2D Fubini study quantum metric for the six quasi-
flat bands (see the “Quantum geometry of the quasi-flat bands”
section and fig. S5 in the Supplementary Materials), where we
find that those bands are formed by molecular orbitals with a
large spread and extended quantum metric. Hence, those bands
are relevant for correlated flat band physics. While not equivalent
to the typical kagome flat band, those bands are not atomically
localized, and correlated physics is possible if it can be accessed
via doping. We thus grew single crystals of Cs;Ni3S, and tried to
access the flat bands through doping via Cs deintercalation.

Sample preparation

Bulk Cs;Ni3S4 crystals were grown using a modified version of the
method reported by Bronger et al. (36) with Cs,CO3, Ni, and S as
the starting materials. The Cs,Ni3S, crystals are washed with water
and ethanol. As discussed below, the parent compound most likely
contains Cs defects, so we refer to the synthesized parent crystals
from now on as Cs;_,Ni3Sy, where x should be small. Crystals are
flat, golden in color, and multidomain, where a single crystallite
appears hexagonal-shaped. If left in air, the crystals quickly turn
silver in color. If exposed to air for over 24 hours, then the parent
compound will show the same powder x-ray diffraction (PXRD)
pattern as acid-treated CsNi3Sy; however, the energy-dispersive x-
ray (EDX) spectroscopy analysis will have a much higher oxygen
content and varying compositions. Therefore, Cs,_xNi3S4 crystals
are stored in a glovebox. CsNi3S4 was synthesized through soft
chemical processing methods using 0.1 M HCl solution in air. Gas
chromatography (GC) taken during the acid treatment process
(fig. S6) shows the production of H, gas, which is also seen by
bubbles forming on the surface of the crystals. The formation of
H, gas during the acid treatment implies that the sample is being
oxidized. A lack of any evidence of H-S stretching modes in the
Raman spectroscopy measurements (fig. S7) also implies that the
samples are oxidized during acid treatment and rules out a simple
proton exchange reaction that would maintain the Ni oxidation
state. X-ray photoelectron spectroscopy (XPS) was performed
on both the parent and the acid-treated compound. The acid-
treated compound shows an additional peak at 855.32 eV (fig. S8),
in addition to the original peaks below 854 eV found in both the
parent and acid-treated compound. The ratios between the peaks
located at 855.32 and 851.30 eV are approximately 1:2, as expected.
This additional peak and the ratios are indicative of a change in
the oxidation state of some of the Ni(II) to Ni(III), further sup-
porting the idea that only a third of the nickel is oxidized. The
resulting crystals appear silver in color, aremore brittle, and air-
stable. CsNi3S4 can also be easily exfoliated with tape (e.g., see
fig. S9). Nonetheless, we were unable to exfoliate CsNi3;S; down
to the 2D level using the scotch tape method. Still, this makes
CsNisS, a great candidate for chemical exfoliation studies and
shows that it can be cleaved easily. A detailed description of the
synthesis details for both Cs,_4Ni3S4 and CsNi3S4 can be found
in the Materials and Methods.

Villalpando et al., Sci. Adv. 10, eadl1103 (2024) 20 September 2024

Sample characterization

Scanning electron microscopy (SEM) images of Cs;_ Ni3S4 show
hexagonal, layered platelets, as depicted in Fig. 2B. EDX gives an
approximate 2:3:4 molar ratio of Cs:Ni:S (Fig. 2D). After acid
treatment, samples still consist of hexagonal, layered platelets;
however, the layers appear to be more delaminated compared with
those of the untreated samples (Fig. 2, C and E). The increase in
flakiness might contribute to their ability to be exfoliated, as de-
scribed above. EDX analysis also shows a decrease of cesium in the
system by approximately 50%, with a molar ratio of 1:3:4 of Cs:Ni:S
(Fig. 2D). In addition, temperature and polarization-dependent
Raman were performed to examine the crystal symmetry and look
for structural phase transitions.

In addition to SEM/EDX/Raman spectroscopy, the acid-treated
samples were examined using a high-resolution scanning transmis-
sion electron microscope (HRSTEM) (Fig. 3). The cross-section
HRSTEM images (zone [100]) show a single layer of cesium atoms
between layers of Ni. If imaged along the same zone, then the par-
ent compound would display two cesium atoms (as shown in
Fig. 1A) between the Ni-S layers. Acid treatment thus removed half
of the cesium atoms (in agreement with EDX), and the remaining
cesium moved to the center of the interlayer gap. Consequentially,
the measured interlayer Ni-Ni distance from the HRSTEM image
decreases from ~7.253 to ~6.75 A, decreasing the unit cell length
from 14.506 to 13.51 A, as shown in Fig. 3A. Although most of the
sample appears regular, as shown in Fig. 2A, there are areas where
the Cs atoms appear elongated within the interlayer space, indicat-
ing some disorder in the Cs position (see fig. $10). In addition,
some areas still contain the parent compound, as evidenced by two
layers of cesium, as shown in Fig. 3B. In this image, a defect is high-
lighted between the two phases, where the change in interlayer dis-
tance also becomes evident. This further shows that there are
probably no intermediate Cs,Ni3S4 phases; instead, the energy is
likely minimized by expelling an entire cesium per formula unit
(f.u.). Combined with our observation that CsNi3S, is not air-
sensitive in contrast to its parent, one can conclude that this soft
chemically accessed phase is stable.

PXRD of the parent Cs,_,Ni3S4 (Fig. 4A) matches that of previ-
ously synthesized Fmmm Cs;Ni3Sy, as confirmed with Rietveld re-
finement (details of the refinement can be found in the “Solving the
Structure of CsNi3S,” section in the Supplementary Materials). The

Fig. 3. HRSTEM images of CsNi3S, viewed along the ac plane (zone [100]). The
inset of (A) shows the distance between three layers of Ni. The inset of (B) shows a
defect within the crystal containing the double layer of cesium, which “zippers”into
asingle layer.
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Fig. 4. PXRD of Cs,_,Ni3S; and CsNi3S,. (A) Cs, 4Ni3S4 and (B) CsNi3S, with Rietveld calculated pattern, differences between the experimental and calculated, and Bragg
positions. Peaks unable to be fit in (B) are marked with a red asterisk. These peaks are most likely due to cesium defects in the system. The (002) stacking peak is indicated

in red for both (A) and (B).

PXRD pattern of CsNi3S, is notably different, as shown in Fig. 4B,
implying a structural change upon cesium removal. The shifting
of the (002) stacking peak in the parent compound (Fig. 4A) and
CsNi3S, (Fig. 4B) respectively from 26 = 5.58° to 5.99° marks a de-
crease in layer distance along the stacking axis from ~7.21 to ~6.71 A
in agreement with the distances measured in HRSTEM. Removing
one Cs from the system will lower the space group from Fmmm to
Fmm?2; as otherwise, the Cs will be multiplied by symmetry to 2 per
f.u. Another possibility would be to keep the system in space group
Fmmm and occupy the Cs with only half an atom. Both versions
can be fit to the data with Fmmm resulting in a slightly lower Ryyp
percent than Frnm?2 (See tables S1 and S2 and fig. S11), but only the
former can be modeled with DFT due to occupancy. However, we
would like to emphasize that we believe the Frmmm space group to
be the better candidate for the real material. Peaks labeled with a
red asterisk in Fig. 3B could not be fit. These peaks are most likely a
consequence of the Cs not being fully removed throughout the sys-
tem, as shown in Fig. 2B (inset), as they appear at angles similar to
peaks of the parent compound.

Because of the relatively low quality of the PXRD data, a struc-
tural model could only be obtained via a feedback loop between
DFT-aided structural optimization and Rietveld refinement, in
conjunction with the HRSTEM images and electron diffraction.
HRSTEM, selected-area electron diffraction along the [011] zone
(fig. S12), and PXRD combined provided unit cell parameters with
high confidence, but it was difficult to meaningfully refine atomic
positions. Therefore, the atomic positions were optimized using
DFT within fixed unit cell coordinates. The optimized geometry
was then plugged into the Rietveld refinement, where the Cs atoms
were allowed to disorder based on the visible Cs disorder in
HRSTEM images (fig. $10). The resulting fit is shown in Fig. 3B,
and the final structure is shown in Fig. 4. Both the PXRD data and
the selected-area electron diffraction analysis confirm the ortho-
rhombic geometry, yielding very similar lattice parameters. This
similarity provides strong confidence in the unit cell model. In the
polarized and helicity-resolved Raman spectroscopy measure-
ments (see figs. S13 and S14), the observed symmetry aligns more

Villalpando et al., Sci. Adv. 10, eadl1103 (2024) 20 September 2024

closely with a hexagonal space group. However, considering the
likelihood of crystal twinning in the plane and minor orthorhom-
bic distortion, one can also argue for the orthorhombic space group
based on the data. In addition, Raman spectroscopy data also point
toward the hexagonal space group for the parent compound (fig. S13),
where a high-quality Rietveld fit on PXRD data unambiguously con-
firms the orthorhombic space group. This means that the Raman
spectroscopy data are sensitive to in-plane twinning in both sam-
ples. As selected-area electron diffraction provides a more local probe
and agrees with the orthorhombic setting, the proposed structure
seems most reasonable.

The structure is closely related to the parent. Despite the changes
in cesium content, it appears that the nickel kagome layers are re-
tained in CsNi3S,, although the distortion becomes more promi-
nent. Because of the decrease in interlayer distance, the Cs—S bond
distances become rather short, likely causing the observed disorder
in the Cs position. We have tested several solutions to increase the
Cs—S bond distances in the model, where one was to change the S
coordination of Ni from square planar to distorted tetrahedral.
While this change in coordination also provides good Rietveld fits,
DFT calculations with this geometry will not converge. We thus
concluded that the Ni likely remains square planar coordinated
(which DFT will predict in optimizations as well) and that the Cs are
disordered. The latter also agrees with observations in HRSTEM. To
account for the shortening of the Cs—S bonds, the Ni—S bond
lengths are altered to 2.376, 2.056, 2.221, and 2.056 A.

The Cs disorder was not modeled to calculate the band struc-
ture of CsNi354, as DFT calculations require full occupancy of atomic
positions. While Cs,Ni3S4 has no unpaired electrons, CsNizS, should
have one unpaired electron per f.u. (i.e., one-third per Ni). We
expect the unpaired electron to be either located on specific Ni
atoms or distributed along the Ni-kagome lattice. Oxidizing sulfur
rather than Ni would be another possibility but seems unlikely
based on the magnetic measurements shown below. We ran spin-
polarized calculations with three distinct starting magnetic config-
urations to study the magnetic properties of CsNi3S;. The magnetic
configurations were calculated using the strongly constrained and
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appropriately normed (SCAN) functional for increased accuracy
(44). The first was the standard isotropic magnetic configuration.
This magnetic configuration converged to a ferromagnetic state
one (FM I). The majority of the single unpaired electron was dis-
tributed evenly among Ni atoms, resulting in ~0.3 pB average
magnetic moment per Ni atom. The total magnetization of this
configuration is 0.95 pB per f.u. The second magnetic configuration
used Vienna ab-initio Simulation Package’s (VASP’s) noncollinear
settings and started with a magnetic field directed perpendicular
to the kagome plane. This resulted in all spins in Ni atoms on a
single layer being aligned with the field while alternating be-
tween up/down in the neighboring layers. This configuration
converged to an antiferromagnetic (AFM) state, which is ~0.0015 eV
more stable than the FM 1. Same as in the ferromagnetic case, the
unpaired single electron per f.u. was almost evenly distributed
among all three Ni atoms, with an average magnetic moment of
~0.3 pB per Ni atom. The total magnetization was zero. The third
configuration resembled the second one but spins in all layers
pointed in the same direction, leading to ferromagnetic state II
(FM II). This configuration can be achieved only through VASP’s
noncollinear settings. While this approach gives well-converged
results, the spin-up and spin-down states are not defined anymore.
We can only say that there are unpaired electrons, all perpendicu-
lar to the kagome plane and pointing in the same direction. This
ferromagnetic state is more stable than the AFM state, but only by
~0.0004 eV. Similarly to the previous cases, the average magnetic
moment per Ni atom is ~0.3 pB, and the total magnetic moment
is ~0.98 pB.

The band structures of a PM, the AFM, and FM II configura-
tions (Fig. 5, D to H) show that a loss of a Cs atom shifts the Fermi
level into the bands originating from the Ni—S kagome bonding.
The oxidation strengthens the bonding within the kagome lattice,
increasing the band dispersion around the Fermi level. Orbital
contributions (fig. S15) show that the same orbitals that com-
prised the flat bands in the parent compounds are responsible for
the bands at the Fermi level in the oxidized compound. Some
bands remain flat but are no longer separated from the lower en-
ergy bands. The paramagnetic structure is metallic and features
several Dirac crossings at the Fermi level, which are protected by
mirror symmetry. A detailed symmetry analysis can be found in
the “Band structure in the doped phase” section in the Supple-
mentary Materials. Adding magnetism to the calculation does not
gap the band structure. In the FM II configuration, the Fermi
level cuts through a very flat spin-up band; in the AFM case, the
doubling of the bands causes the band structure to be more com-
plex, but it remains metallic. Adding a Hubbard U of 2 (figs. S16
and S17) and 4 eV (Fig. 5, F and H), respectively, separates the
bands and creates some gaps in certain parts of the BZ. Nonetheless,
the system remains metallic, as the symmetry-protected Dirac
nodes remain at the Fermi level. Spin-orbital coupling (SOC) can
induce a small bandgap as shown in fig. S17, but this gap is too
small to explain the strongly insulating behavior discussed below.
However, should the mirror symmetry that protects the Dirac nodes
be broken, the bands could flatten out, and a sizable gap could
appear. Because of the uncertainty in our structural model dis-
cussed above, this scenario is a possibility, although we do not see
any evidence for this loss of symmetry in either the diffraction or
the Raman data. In the following, we will discuss the measured
physical properties in light of the DFT calculations.
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Magnetic characterization

The in-plane (field perpendicular to the stacking plane shown in
Fig. 1A) and the out-of-plane (parallel to the stacking plane) mag-
netic measurements of Cs,_,Ni3S4 crystals and powder CsNizS, are
shown in Fig. 6. Note that due to the small crystallite size of the
samples, the field orientations may not be exact but still show gen-
eral trends. For pure Cs;Ni3S, samples, a diamagnetic phase would
be expected due to the square planar coordination of Ni(II). This
expectation agrees with DFT, which predicts a nonmagnetic ground
state. In contrast to this expectation, the susceptibility measure-
ments (Fig. 6, A and C) of Cs;_,Ni3S4 show two transitions, a sharp
upturn at ~35 and 28 K along the ab plane and c axis, respectively,
and a peak in the zero-field cooled (ZFC) data at ~6 K for both field
orientations. The data do not follow the Curie-Weiss behavior, re-
gardless of the orientation of the applied magnetic field. In general,
the maximum susceptibility reached is small, 0.098 emu mol ~*
Oe ~', which suggests that this signal does not come from the sam-
ple bulk but rather from a small impurity. Similar behavior has
been seen in related kagome compounds washed with water and
ethanol (45). A more in depth study by Hondou et al. (46) showed
that the magnetic properties of kagome compound Rb,Ni3S4 were
greatly affected by the time spent in water, which was hypothesized
to be due to water intercalation or Rb/S defects. On the basis of our
observation of Cs loss in the acid-treated sample, it is most likely
that the washing step removes a small amount of Cs. Therefore, we
postulate that a small amount of the sample already transitioned to
the more stable CsNi3S4 phase, which is why we refer to the parent
material as Cs;_xNi3Sy.

As a result of the small amount of CsNi3S, indicated in the
magnetic measurements, we can use the data on the parent sam-
ples to understand the magnetic properties of CsNi3Sy, as the un-
treated samples allow measurements with different field orientations,
unlike the oxidized sample, in which crystals are so small that
magnetic measurements could only be performed on a powder. If
the field is aligned along the ¢ axis (stacking direction), then the
ZFC susceptibility curve drops more sharply, suggesting that the
moments are antiferromagnetically aligned along the stacking
direction, whereas it is possible that the spins within each layer
are aligned ferromagnetically. However, as the FC susceptibility
keeps increasing, a different interpretation could also be a ferro-
magnetic structure, where domain wall movement causes a drop
in susceptibility in the ZFC curves. We also want to reiterate the
small energy difference within the two possible magnetic ground
states in DFT (0.002 eV). The moment versus field diagrams (Fig. 6,
B and D) show an S-shape all the way to room temperature for
both the in-plane and out-of-plane field orientations. Both con-
tain a small amount of hysteresis in the moment versus field at
low temperatures (Fig. 6, B and D, inset). The hysteresis closes
roughly around the same temperature on warming as the peak
appears in the ZFC state, providing more evidence for the FM
(ferromagnetic) scenario with domain movement. The fact that
some S-shape remains up to room temperature points to addi-
tional ferromagnetic impurities. Generally, the S-shape is much
more pronounced if the field is applied along the ab plane, which
points to the AFM scenario, with ferromagnetic coupling within
the layers and AFM coupling along the stacking direction. Again,
the maximum moment reached at 7 T is very small, which sug-
gests that these observations apply to a small impurity of CsNi3S,
within Cs,_,Ni3S, samples.
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Fig. 5. Structure models for CsNi3S; from experimental PXRD refinements and calculated band structure. The stacking direction of the nickel layers sandwiched
between single cesium layers can be seen in (A) along with the stacking direction along the c axis. On the basis of the results from the Rietveld refinement and HRSTEM,
we included a small amount of Cs disorder in the structural models. The slightly distorted kagome lattice is depicted in (B) with color-coded bond lengths. The square-
planar Ni-S coordination environment is shown in (C). The PM (paramagnetic), AFM, and FM Il band structures (D to H) shows that the Fermi level resides in the flat bands.
For the PM phase (D), irreproducible representations at high-symmetry points are marked, and the orange dots indicate Dirac crossings protected by mirror symmetry.
Band structures for magnetic structures remain metallic, but adding a Hubbard U [(F) and (H)] widens the gap along most places of the BZ, unless at those points where

mirror symmetry protects Dirac nodes.

The magnetic properties of CsNi3S4 are similar, confirming
the suspicion that small amounts of CsNi3Ss cause the observa-
tions in Cs;_,NizS, samples. Acid-treated CsNi3S4 exhibits a mag-
netic transition at ~30 K and another at ~10 K (Fig. 6E). The
moment versus field diagram also shows S-shaped curves below
the transition temperature of 30 K, as well as wider hysteresis at
1.8 K (Fig. 5F, inset), which remains until 6.8 K. Here, the signa-
ture of the small ferromagnetic impurity is gone, indicating that
it could have been dissolved during the acid treatment. Although
the two compounds show similar character, CsNi3S4 has a nota-
bly higher maximum susceptibility (~0.95 emu mol ~'Oe™") and
moment at 7 T (0.1701 pp per f.u.) compared to that of the un-
doped parent compound. However, this moment is still substantially
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smaller than what is predicted by DFT for the FM case, which
could point toward the AFM configuration (which also had a
slightly lower ground state energy). Another possibility is that a
field of 7 T is not enough to fully saturate the magnetic moment.
Curie-Weiss fitting of the inverse susceptibility ™', where a small y,
that is subtracted produces an effective moment peg of 1.354 pg/f. u.
(fig. S18), which is slightly smaller than the value Hund’s rules
predicts and what has previously been found for Ni** (~1.73)
(45). However, this value is still close enough to the expected
value for the proposed Ni oxidation mechanism. The slightly
lower-than-expected value likely is a result of the observed im-
purities in PXRD and/or parent compound defects as seen in
HRTEM (Fig. 3B, inset).
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Fig. 6. Magnetometry measurements for Cs ;_,Ni3S4 and CsNi3S4. Magnetic characterization of both Cs _xNi3S4 (A to D) and CsNi3S4 (E and F). Cs ,_xNi3S4 has measure-
ments along both the ab plane [(A) and (B)] and the c axis [(C) and (D)]. Insets shown in (B), (D), and (F) are taken at 1.8 K

The notable increase in magnetic moment from the bulk to the
acid-treated sample is telling of the effect that cesium removal has
on the electronic structure of the system. Removing half the cesium
atoms would oxidize every third nickel in the kagome lattice, allow-
ing unpaired electrons to contribute to the magnetic character seen
in the acid-treated sample.

Electronic transport

Devices for resistivity (p) measurements were prepared from single crys-
tals as described in Materials and Methods. The Cs,_,Ni3S, crystal is in-
sulating and exhibits a room-temperature resistivity of ~0.62 ohm-cm,
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as shown in the inset of Fig. 7A with a notable increase in resistivity
below ~72 K. Below 50 K, the resistivity became too high to measure
accurately. If plotted as In(p)versus 1/T (fig. S19, A and B), then it be-
comes evident that the data do not follow the Arrhenius law; although it
could be approximated with two different activation energies. These fits
would yield a transport gap of 39 meV at higher temperatures (224 to
125 K) and 140.5 meV at low temperatures (fitting range of 69 to 55 K).
CsNi3Sy samples show similar behavior (Fig. 7B); however, the
high-temperature resistivity is two orders of magnitude lower
compared to that of its untreated counterpart, with a resistivity of
~8.75 megohm cm at 300 K. We can relate the decrease in the
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Fig. 7. Electronic transport measurements for Cs ,_,Ni3S; and CsNi3S,. Panels (A) and (B) show the resistivity measured for the parent compound and CsNi3Sy, respec-
tively, with insets emphasizing the two orders of magnitude difference in resistivity at high temperatures between both samples.

resistivity with the shift of the Fermi level to the valence bands, as
predicted by DFT. Fitting In(p) versus T ~' between 300 and 166 K
with the Arrhenius equation yields an Arrhenius transport gap of
~18 meV, about half the gap of the parent compound (fig. S19C).
Below ~60 K, the Arrhenius transport gap increases to 140 meV,
which is similar to the value obtained by the parent. This is consistent
with our previous findings suggesting that the parent compound
contains small amounts of CsNi3S,, which are more conducting and
thus dominate the low-temperature transport (fig. S19D). As shown
in the Supplementary Materials, plotting the resistivity with a log
scale reveals the two different regions of activation energy (fig. S20).
The transport behavior of CsNi3S4 changes very little with applied
field (fig. S21), i.e., the effect of the field is negligible. In CsNi3Sy, the
temperature-induced change in the transport gap indicates a notable
decrease in carriers. This is also visible in the sudden and very sharp
increase in resistivity below ~68 K, which is approximately twice
the magnetic transition temperature. Raman spectroscopy measure-
ments at different temperatures see no change in the phonon spec-
trum and thus the symmetry of CsNi3S,, indicating that this is not a
result of a structural phase transition. Preliminary Fourier transform
infrared (FTIR) measurements (fig. S22) see a minimum reflectance
that would correspond to a gap below approximately 0.5 eV, which
agrees with the gap seen in the predicted band structure shown in
Fig. 5 above the Fermi level. This gap size could also be consistent
with the FM structure and a Hubbard U of 4 eV if mirror symmetry
is broken in the crystal. It might be that the insulating behavior is
related to a Mott gap opening slightly above the magnetic order. Usu-
ally Mott gaps are not related to the magnetic ordering temperature
and appear at much higher temperatures. Another option would be
a symmetry change around the transition temperature, which breaks
mirror symmetry and breaks the Dirac nodes. However, this sce-
nario is not consistent with our Raman studies. In general, the trans-
port points to an insulating low-temperature ground state, which
appears suddenly below ~68 K, whereas the sample is much less
resistive above this temperature. The transport and Raman spectros-
copy measurements on both compounds were repeated several
times, and the results were consistent. In addition, transport mea-
surements were repeated using sputtered gold contacts instead of
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directly contacting samples with silver paste, which also yielded
consistent results.

Low-temperature heat capacity

Heat capacity samples were prepared as described in the Materials
and Methods. Neither Cs ;_,Ni3S4 nor CsNi;S, pellets showed tran-
sitions (fig. S23) between 2 and 30 K, indicating that there are no
changes at low temperatures in the free energy of the system. CsNi3S,
was also measured to 250 K, as shown in fig. S24; however, no transi-
tions were seen, which rules out structural changes as the origin of
the sudden insulating behavior, consistent with the temperature-
dependent Raman spectroscopy measurements (figs. S13 and S25).
The low temperature-specific heat was fitted to Eq. 1, where C;, is the
specific heat, f is the phonon contribution, and y is the electron con-
tribution, also known as the Sommerfeld coefficient. The Sommer-
feld coefficient is, therefore, the y intercept for C,/T versus T?, as
shown in Fig. 8. The fit yields a Sommerfeld coefficient of 14.49 and
43.99 mJ mol ~' K 7 for the parent compound and CsNisS,, respec-
tively. We checked if the larger Sommerfeld coefficient for CsNizS4
is repeatable (data of a second sample can be found in fig. $26) and
found a similar value of 38 mJ mol ~' K 2. The Sommerfeld param-
eter can be related to the DOS at €, as shown in Eq. 2. On the basis of
that equation, we calculate the DOS at ef for the parent compound
and CsNi3S, to be 6.32 and 18.67 eV ~'fu. 7}, respectively. The meta-
GGA DFT (SCAN) predictsa DOS of 0 eV ~!fu. 7! for Cs,NisSy and
4.345 eV ~! f.u. 7! for the AFM CsNizS, phase (without U). In the FM
I CsNi3S, phase, SCAN predicts 0.212 and 5.382 eV ' f.u. ~! density
of spin-up and spin-down states at the Fermi level, while for the FM
II phase, the DOS is 4.335 eV ~fu. 7! (both times without U). In the
case of the parent, the nonzero value can be attributed to the CsNizS,
phase. For the oxidized compound, the much lower value extracted
by DFT as compared to the measurements indicates that the bands in
the samples are flatter than predicted by DFT, again pointing toward
correlations playing a role. It should be noted that Egs. 1 and 2 were
obtained through models based on monovalent metals that do not
always translate to more complex systems; however, they are com-
monly used for complicated solid materials and give us some idea of
the changes in electronic structure between both systems (48). The
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Fig. 8. Heat capacity measurements for Cs ,_yNi3S; and CsNi3S,. C,/T versus T2 of (A) Cs ,_4Ni3S4 and (B) CsNisS4 with linear fittings.

notable increase in the Sommerfeld coefficient, along with the disparity
between calculated and experimental values, has been seen in other
kagome compounds with correlated metallic states. (49) The kagome
compounds Ni3Sb and NizIn show an over nine times increase in y be-
tween the former and the latter, in addition to considerably larger values
than theoretically expected (49). Ye et al. (49) attributed this to an ener-
getic shift of the flat bands closer to the Fermi level. Together, our spe-
cific heat data support the idea of the presence of flat bands near the
Fermi level. Further studies, such as scanning tunneling microscopy or
angle-resolved photoemission spectroscopy, to visualize the band struc-
ture will help to understand this material better

% =BT? +y (1)
T
3y
N(e)= RN, )
B

DISCUSSION

In summary, we successfully hole-doped the kagome compound
Cs;,Ni3Sy, which has flat bands with extended quantum metric just
below the Fermi level, by oxidatively removing one Cs per f.u. The
reaction’s oxidative nature was confirmed via hydrogen generation
and the lack of S-H stretching modes in the Raman spectroscopy
measurements. The structure of the first-time synthesized and air-
stable CsNi3S4 was proposed via a combination of electron diffrac-
tion, PXRD, and DFT optimization. The predicted band structure of
the previously unreported CsNizS4 compound is metallic, has the
Fermi level cutting through bands with small dispersion, and predicts
the unpaired electron on the Ni to magnetize. Adding a Hubbard U to
the calculations can allow a bandgap to open when SOC is included,
and the gap could be further enlarged when mirror symmetry is bro-
ken in the crystal. While magnetic order is experimentally observed,
the moment does not saturate at 7 T. Still, the fluctuating Curie-Weiss
moment is close to the expected value for one Ni** per f.u., confirm-
ing that most of the oxidation appears on Ni rather than S. Upon oxi-
dation, the room-temperature resistivity is also lowered considerably.
Nonetheless, below ~68 K, CsNi3S, reveals the sudden onset of a
highly insulating state.
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While the insulating state might be fittingly described as induced
by magnetic order, not all characteristics may agree with this picture,
as it occurs without any clear change in the lattice structure. Further-
more, the specific heat provides no evidence of a phase transition but
does reveal a large increase in the Sommerfeld coefficient. The spe-
cific heat and relatively small magnetic moment at 7 T could indicate
the Kondo effect, which is caused by the scattering of conduction
electrons due to magnetic impurities. However, these states are quite
rare in d-electron systems, and one would expect a strong magnetic
field effect on the resistivity and metallic transport at high tempera-
tures (50-52). Anderson localization due to disorder in the system
could also play a role in the occurrence of the insulating state. Al-
though our system does show some disorder, the relatively high tem-
perature in which the samples become insulating suggests that
Anderson localization is unlikely the central reason for the insulat-
ing state (53-55). Additional fitting was done on the basis of the vari-
able range hopping equation as an attempt to determine whether
Anderson localization is the root cause of the insulating state (56).
We plotted In(p) versus T~ @+1) where v describes the hopping di-
mensionality, which can be equal to 1 (1D), 2 (2D), or 3 (3D) (55,
56). Anderson localization would typically result in an exponent of
v=3(55). We receive equally good fits to both v= 1 and v= 2 and less
good fits to v = 3. This would suggest Efros-Shklovskii hopping
mechanism (Coulombic repulsion) rather than Anderson localiza-
tion for v = 1, although it should be noted that for electronically 2D
samples, an exponent of v = 2 could also suggest Anderson localiza-
tion. Still, the lack of a clear best fit renders the data inconclusive.
Alternatively, the system could form lattice or magnetic polarons.
Here, the carriers would be localized around lattice distortions or
local magnetic clouds (57). Again, the lack of magnetoresistance ar-
gues against magnetic polarons. Furthermore, the activation energy
determined by transport (140 meV) is far higher than the energy
of the optical modes we detect via Raman spectroscopy (~35—
50 meV). Thus, our results point to a unusual hidden-order insulator
resulting from doping into the flat bands of this kagome system.
Hence, a number of additional experiments are called for, including
spectroscopic (tunneling and photoemission) studies to uncover the
detailed low-energy band structure. In addition, thermal, nonlinear
optics or capacitance measurements of exfoliated materials may
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prove fruitful in further exploring the unique correlated state of
CSNI3S4 (58, 59)

We showed here that soft chemistry can be used to introduce novel
kagome materials that are not accessible via typical solid-state reactions.
This enables the exploration of metastable compounds with exotic prop-
erties, such as flat bands at the Fermi level. Our method can, in principle,
be extended to the related A,TM3Chy (A = K, Cs, Rb, TM = Ni,
Pd Ch =S§, Se) phases that have been reported to exist (60). Other exotic
physical properties could thus be similarly accessed. For example,
Rb,Pd;Se4 has been shown to exhibit pressure-induced supercon-
ductivity (61). Further studies might also introduce the possibility
of removing more Cs from Cs,;Ni3S4 samples to potentially reach
kagome Ni3S,. Neilson et al. (62) have accessed a previously unreported
binary nickel sulfide (Ni,S) through topochemical deintercalation of
potassium in ternary K-Ni-S compounds. Similarly, other studies have
reported oxidative deintercalation of alkali atoms from other alkali nick-
el chalcogenide compounds (63). Initial tests, however, in which the du-
ration of acid treatment was increased were thus far not successful and
resulted in CsNizS,. Treatment with nitric, sulfuric, and acetic acid
yielded the same result. Exploring other oxidizing agents, such as
[Cu®" + 2I"] used in Neilson et al. (62), might be an avenue that
warrants further exploration. In addition, further alteration of CsNi3Sy
by ion or molecule intercalation could lead to alternative electronic
properties of interest. Intercalation chemistry in layered compounds
can often lead to exotic electronic phenomena, such as the super-
conductivity produced in Li/ethylenediamene co-intercalated WTe2
(64). Co-intercalation with molecules could also be a tool to further
separate the layers and avoiding band broadening due to layer interac-
tions. Overall, this unreported, air-stable, layered kagome com-
pound could provide an interesting scaffolding for various intercalants
in future studies. In general, our methods open a door for exploring and
manipulating kagome compounds and enable further study of their

flat bands.

MATERIALS AND METHODS

Cs,Ni3S4 synthesis

Cesium carbonate (99%; Sigma-Aldrich), nickel powder (99.7%;
Sigma-Aldrich), and sulfur powder (99.5%; Alfa Aesar) were ground
together in a mortar and pestle in a 6:1:12 molar ratio of Cs/Ni/S. The
ground powders were pressed into a pellet and placed in an alumina
crucible. The precursors were heated over 6 hours to 800°C in a
flow furnace flowing argon. They were held at this temperature for
6 hours and then cooled to room temperature over 6 hours. The re-
sulting product was then quickly washed with water and ethanol to
remove extraneous sulfur compound impurities, followed by stor-
age in an argon glovebox.

CsNi3S,4 synthesis

CsNi3Sy crystals were placed in a 0.1 M HCI (Sigma-Aldrich, ACS
grade) solution in Milli-Q water under atmosphere. Once crystals
stopped producing bubbles, they were washed with Milli-Q water
and vacuum filtered.

Gas chromatography

A 2 mg of Cs ,_,Ni3S4 crystals was placed in a sealed vial containing
argon. 2 ml of 0.1 M HCl was added to the vial via a syringe. After 1 min
of bubbling, a 50 pl of air sample was taken from the headspace and
injected into an SRI 8610C gas chromatograph for a 10-min isotherm at
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80° with He flow. This instrument used a Hayesep D packed column
and thermal conductivity detector.

X-ray photoelectron spectroscopy

XPS measurements were conducted on a Thermo Fisher K-Alpha
with x-ray photoelectron spectrometer (XPS/ultraviolet photoelec-
tron spectrometer). The parent compound was transported using a
XPS vacuum module to prevent further oxidation. Both compounds
were etched on “low” using a monoatomic argon ion beam at 2000-eV
energy for 10 s per level. Data shown in this manuscript were etched
four times and contained little to no hydrocarbon signal.

DFT calculations

Band structures were calculated with the VASP to perform the
ab initio computations, where we use GGA of PBE exchange-
correlation potential (37, 65-69). An energy cutoff of 400 eV is
used. For simplicity, SOC is not included if not stated, as bands
near the Fermi level are mainly from Ni and S, which have negli-
gible SOC. The maximally localized Wannier functions are obtained
using WANNIER90 (70-73), Wannhr_symm in WannierTools
(70-74). The minimal TB model is built with the help of Mag-
neticTB (75).

Calculations on Cs;Ni3S4 performed on experimental geometry re-
ported in the Inorganic Crystal Structure Database, without additional
relaxation (76). The calculations on conventional unit cells used the
meta-GGA the SCAN functional, recommended projector augmented
wave potentials for all atoms, and an energy cutoft of 520 eV (47, 77, 78).
We used the reported experimental geometry for Cs;Ni3S, (79). The ex-
perimental structure of CsNizS4 was optimized before running electronic
structure calculations. The experimental structure of CsNi3Sy was
optimized using the conjugate gradient algorithm implemented in VASP
with the 0.25 trail step length (80). To model magnetism in CsNi3S,, we
ran collinear and noncollinear spin-polarized calculations starting from
different magnetic configurations. The magnetic configurations were
calculated using the SCAN functional for increased accuracy (44).

Magnetic characterization

All dc magnetic measurements were taken on a SQUID-VSM mag-
netic property measurement system 3 (Quantum Design). All mea-
surements were taken using a straw holder. Air-sensitive samples
were prepped by sealing them in parafilm first before attaching
them to the holder. All measurements were background subtracted.

Charge transport

Resistivity (p) was measured on single crystals with a length of 2.02 mm,
a thickness of 0.028 mm and a distance between probes of 1.34 mm for
Cs ,—xNi3S4 and a length of 1.07 mm, and a thickness of 0.027 mm and a
distance between probes of 0.373 mm for CsNi3S, using a Quantum De-
sign DynaCool PPMS from 50 to 300 K. Measurements were taken by
attaching Au wires with silver paste (Dupont 4929 N) in a four-point
collinear geometry with current along the ab plane. An additional trans-
port measurement was conducted for CsNi3S, with gold contacts to test
the effects of direct silver paste contact on the data. A 5-nm layer of Ti
was sputtered on the sample with 50-nm gold for the electrodes. Silver
wires were attached to the gold contacts using silver paste. This method
prevents direct contact of the sample surface with the silver paste, similar
to the methods used in Hondou et al. (45) for Rb;Ni3S,. The resulting
data show little change in the transport properties. Therefore, it is un-
likely that the silver paste is affecting the accuracy of the data.
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Heat capacity

Heat capacity was taken on a Quantum Design DynaCool PPMS with
Apiezon N grease adhering the samples to the stage. Measurements
were made on pressed pellets. Cs ,_Ni3S, pellets were annealed over-
night at 300°C overnight for structural integrity.

Powder x-ray diffraction

Phase purity and crystal quality of all samples were checked using
PXRD patterns obtained from a STOE STADI P powder diffractom-
eter with Mo-Ka, radiation and a Dectris Mythen 2R 1 K detector in
the 20 range from 1° to 45°. Powder samples were run in 0.5-mm
glass capillaries. The resulting pattern from each sample was refined
using TOPAS V7 (Bruker AXS). Pattern for Cs;Ni3S, was obtained
from the ICSD (collection code: 627055).

Electron diffraction

Selected-area electron diffraction patterns for CsNi3S, were obtained
on a Talos F200X scanning/transmission electron microscope (S/TEM)
using a double-tilt holder. Distances for experimental patterns were
measured in Image]. CrystalMaker software SingleCrystal was used to
simulate the diffraction pattern based on the proposed structure. Dis-
tances for the simulated diffraction pattern were obtained in the Single-
Crystal software.

Scanning/transmission electron microscopy (S/TEM)
The lamella sample for cross-sectional S/TEM studies was extracted
from a bulk single crystal using a Helios DualBeam focused ion
beam (FIB)/SEM system. The extraction process involved cutting
out a portion of the crystal, followed by thinning it down to a thick-
ness of approximately 50 nm. To minimize surface damage, the
TEM lamella samples were subjected to a polishing step using a
2-kV gallium ion beam. Once the TEM lamella was obtained, it was
carefully transferred to a Mo TEM grid and promptly loaded into
the high S/TEM vacuum chamber to minimize oxygen and moisture
attacking under ambient conditions.

HRSTEM images were taken on the Titan Cubed Themis 300
double Cs-corrected S/TEM. Distances on images were measured
using Image].

Raman

Raman spectroscopy data was collected on a pressed CsNizS, pellet
and CsNi3S; and parent compound crystals. The Raman spectros-
copy measurements were performed with a custom-built low-
temperature Raman spectroscopy setup in the backscattering
configuration. The sample was excited with a 532-nm laser focused
on the sample surface using 100X objective, and laser power was
kept low (<0.1 pW) to avoid any local heating. The spectra were col-
lected using an Andor spectrometer equipped with 1200 grooves/
mm grating coupled with an Andor charge-coupled device detector,
providing a resolution of approximately 1 ¢cm ~'. Temperature-
dependent measurements were performed with a closed cycle
He-flow cryostat (Montana Instruments) under high vacuum
1.0 x 10 7 Torr.

FTIR

FTIR data was collected using a Bruker Vertex 70 V Spectrometer
system in a reflectance configuration. Measurements were done at
room temperature over a range of 100 to 1800 meV on bulk crystal
samples with 15X and 40X objectives.
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