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Interweaving Polar Charge Orders in a Layered Metallic Superatomic Crystal
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Electronic properties of superatomic crystals have not been sufficiently explored due to the versatility of
their building units; moreover, their interunit couplings are even poorly understood. Here, we present a joint
experiment-theory investigation of a rationally designed layered superatomic crystal of AugTe,Seg (ATS)
cubes stacked by noncovalent intercube quasibonds. We find a sequential-emerged anisotropic triple-cube
charge density wave (TCCDW) and polarized metallic states below 120 K, as revealed via scanning
tunneling microscopy and spectroscopy, angle-resolved photoemission spectroscopy, transport measure-
ment, Raman spectra, and density-functional theory. The polarized states are locked in an antiparallel
configuration, which is required for maintaining the inversion symmetry of the center cube in the TCCDW.
The antipolar metallic states are thus interweaved by the CDW and the polarized metallic states, and
primarily ascribed to electronic effects via theoretical calculations. This work not only demonstrates a
microscopic picture of the interweaved CDW and polarized charge orders in the superatomic crystal of
ATS, but also sheds light on expanding the existing category of quantum materials to noncovalent solids.
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I. INTRODUCTION

The pioneering synthesis of emergent crystals, e.g., iron-
based superconductors (La[O;_,F,]FeAs) [1], perovskite
solar cells (CH3;NH3Pbl; [2,3] and CH3NH;PbBr; [4]),
and two-dimensional magnetism (Crl3) [5-7], has always
attracted significant attention among researchers. In par-
ticular, these crystals have been useful in discovering novel
physical phenomena in materials science, exploring in-
triguing properties, and unraveling unexplored principles.
The subsequent optimization of these crystals, e.g.,
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La[O,_,F,]FeAs, by altering one type of atom with another
was limited due to the fact that only 82 stable and
nonradioactive elements could be used, and each of them
has its own bonding characteristics which are largely
different from each other. Thus, substituting a new type
of atom into a given material typically introduces different
structures with widely varying properties [8—10]. This,
however, poses an overwhelming challenge to rationally
designing functional materials [11,12].

Stacking two-dimensional (2D) monolayers through
noncovalent van der Waals (vdW) interactions between
layers offers a new means to overcome the aforementioned
challenge. In fact, vdW attractions in the stacked 2D
materials usually introduce interlayer wave-function over-
laps with subsequent electronic hybridization. This is
known as the covalentlike quasibonding (CLQB) because
the overlapped wave functions yield a covalentlike charge
redistribution characteristic at the interlayer region [13-16].
Exploiting CLQB is an interesting approach to introducing
substantial changes to band gaps [13,14], optical transitions
[15,16], topological properties [17], magnetism [18,19],
electrical polarization [20], and superconductivity [10,21],
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which are sensitively dependent on the configurations of
involved 2D monolayers. This tunability is usually
achieved through stacking [22], twisting [23], bending
[24], or compressing [25] monolayers, which allows for
a much higher flexibility and larger potential for tuning
novel functionalities than the traditional approach of bulk
crystals via covalent chemical bonding.

Although tremendous success has been achieved in vdW
stacking of 2D monolayers for building novel structures
and systems, the noncovalent interaction prevails only in
the stacking direction, while covalent bonding still governs
the in-plane position and the types of atoms in each
monolayer. Therefore, new strategies have been explored
to introduce in-plane noncovalent bonding, namely, using
superatomic clusters instead of atoms, as building blocks to
construct layered materials. Atomic clusters are also known
as superatoms [12,26-30]. These, in principle, have count-
less species available for materials design [12,29,30]. Here,
we do not strictly require the electronic structures of a
superatom showing an atomiclike orbital feature [31], such
as those in the shells of S, P, D, and others; in other words,
we generalize the conventional concept of superatoms.
Superatomic crystals could be assembled through various
linkage types that usually result in weak intersuperatom
electronic interactions [12,26-30]. As an emergent linkage,
n-nr CLQB helps in the formation of free-electron-like
bands in pentacene [32] and Cg, monolayers [33,34] under
finely tuned compression. Nevertheless, electrons in these
monolayers were well described in a single-particle picture,
with the exception of strong electron-electron or electron-
quasiparticle interactions that form the basis of many
intriguing and complicated physical phenomena, such as
superconductivity [35-37] and charge density waves
(CDWs) [37] observed in quantum materials.

Here, we show experimental evidence for the interweaved
charge orders in a rationally designed (see Supplemental
Material Note 1 [38] for details of the design) layered
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material of cubically shaped AugTe;,Seg (ATS) superatomic
crystal (Fig. 1), which offers up to 12 Te-Te CLQBs [39,40].
The Te-Te quasibonding in this case is considered a highly
interesting noncovalent interaction form because of the
reduced energy cost, high tunability, and strong electronic
coupling, as illustrated in layered Te allotropes [41,42]. The
electronic structures and electrical properties of ATS are
revealed using low-temperature scanning-tunneling micros-
copy (STM) and angle-resolved-photoemission spectroscopy
(ARPES) together with Raman and transport measurements,
and density-functional theory (DFT) calculations. We find
two charge orders, namely, a triple-cube-width stripe period
along the a axis and a spontaneous electric polarization with
interlocked antipolar directions along the b axis, which are
ascribed to strong electronic interactions. The electronically
coupled superatom layers belong to a category of layered
materials that exhibit manipulatable novel properties in
tremendous layered structures with high and precise tuna-
bility (see Fig. S1 in the Supplemental Material [38] for an
explanation).

I1. RESULTS
A. Superatomic crystal and CLQBs

An ATS superatom is composed of orderly arranged Au,
Te, and Se atoms in a cubelike highly symmetric geometry,
as shown in Fig. 1(a). The three types of atoms are,
respectively, located at the faces, edges, and corners of
the cubic structure. The lattice of a three-dimensional ATS
superatomic crystal may reduce its symmetry, producing
P2 (P211) symmetry on a cleaving surface in the a-b plane
(Supplemental Material Fig. S2 [38]). In this plane, ATS
superatom cubes form one-dimensional (1D) chains along
the b axis, and they slightly slide across chains [Fig. 1(b)
and Supplemental Material Fig. S3 [38]]. In contrast to
atoms (e.g., Te), the ATS superatoms have a higher inter-
bonding (noncovalent) flexibility, which facilitates the
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Atomic structures and intercube interactions of the ATS superatomic crystal. (a) An individual ATS cube structure regarded as

a superatom (0OD). (b) Atomic structure of an ordered ATS monolayer cleaved from an ATS bulk crystal, in which ATS cubes form 1D
chains along the b axis. Top views for the slabs of the top and bottom (c) and middle (d) sublayers of the ATS monolayer in which red
and blue shadowed lines illustrate intra- (red) and interchain (blue) intercube Te—Te interactions, respectively. Yellow, purple, and green

balls represent Au, Te, and Se atoms, respectively.
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formation of complicated and highly tunable 2D
Te-Te quasibonding networks. In particular, there are four
Te-Te noncovalent quasibonds [red shadowed lines in
Figs. 1(c) and 1(d)]: one each in the top and bottom sublayers
[Fig. 1(c)] and two in the middle sublayer [Fig. 1(d)]. These
participate in the formation of ATS chains through non-
covalent interactions. Two additional Te-Te bonds [blue
shadow lines in Fig. 1(d)] are found only in the middle
sublayer, suggesting strong anisotropy of intercube in-plane
interactions within the ATS layer surface (Supplemental
Material Fig. S4 [38]). Figure S5 in the Supplemental
Material [38] shows energy levels and |y|> of frontier
molecular orbitals (MOs) of an isolated ATS cluster. The
highest occupied molecular orbital, the lowest unoccupied
molecular orbital (LUMO, doublet), and the LUMO + 1
(triplet) are separated from other molecular orbitals by atleast
1.0 eV. These three MOs are primarily comprised of
pronounced and extended out-of-plane Te-p, less significant
Se-p, and localized in-plane Au-d orbitals. The out-of-plane
Te-p components of these three MOs further result in the
strongest Te-Te intercluster interaction for those bands
near the Fermi level of the ATS superatomic crystal
(Supplemental Material Figs. S6 and S7 [38]), while
Te—Se and Te—Au interactions are substantially weaker.

B. Two sequentially emergent charge orders

Figure 2(a) shows the measured temperature-dependent
resistivity and its first-order derivative (differential resis-
tance) for an ATS flake sample. A nearly linear relation is
observed for higher temperatures, and the differential
resistance begins to drop at approximately 90 K, with the
slope becoming much steeper below 80 K. Such a variation
in differential resistance suggests the emergence of a likely
charge order [43] at 90 K. Further decreasing the sample
temperature results in a superconducting transition char-
acteristic appearing at 2.8 K [Figs. 2(a) and Supplemental
Material Fig. S8 [38]] [39]. However, the 90-K charge
order transition is not reflected in our temperature-depen-
dent Raman shift (TDRS) measurements [Fig. 2(b)], in
which three (RP1/3/4) of the five TDRS peaks under our
consideration (RP1-5) suggests a transition at approxi-
mately 120 K (see Supplemental Material Fig. S9 [38] for
more details). Interestingly, the two macroscopic measure-
ments reveal different transition temperatures, stimulating
interest in uncovering the origins of this discrepancy.

Figures 2(c)-2(f) show a series of temperature-depen-
dent STM images and their corresponding FFT patterns (in
the insets), which are acquired at 80, 100, 120, and 150 K,
respectively. The results explicate two charge orders. In
particular, the image acquired at 150 K [Fig. 2(f)] exhibits a
chainlike appearance, which indicates no charge modula-
tion and confirms the expected anisotropic intercube
interactions. A triple-chain-width, stripelike charge modu-
lation appears in the a axis at approximately 120 K
[Fig. 2(e)] and becomes clearer at approximately 100 K

[Fig. 2(d)]. An additional order emerges along the b axis
when the temperature decreases to approximately 80 K,
which is shown in greater detail in an enlarged STM
topographic image acquired at 9 K [Fig. 2(g)]. Surface
lattice constants measured via STM (a =9.32 A and
b =9.08 A) are found to be very close to those obtained
via DFT calculations (¢ = 9.29 A and b = 9.04 A). The
STM image shows multiple chainlike features parallel to
the b axis. Its FFT pattern confirms the stripe width of three
ATS chains, which is in accordance with the observed
characteristic peak (¢* = a*/3) on the a* axis.

In Fig. 2(i), an enlarged image depicts the additional
order of sequentially emergent electrical polarization along
the b axis (see Supplemental Material Fig. S10 [38]) [44].
In particular, for each stripe period, three chains of the ATS
cubes show “up-triangular” (UT), “olive” (0), and “down-
triangular” (DT) shapes in the occupied state, respectively.
Figure 2(j) shows the chain-specific conductance (dI/dV)
spectra obtained on the UT, O, and DT chains. All of these
spectra show a quasigap of approximately 0.17 eV around
the Fermi level below 120 K (see Supplemental Material
Fig. S11 [38]), suggesting their CDW characteristics
referred to as triple-cube CDW (TCCDW) hereafter. The
formation of TCCDW only in the a-axis direction of the
ATS crystal does not open a full gap near the Fermi level in
each of these spectra, where the density of states (DOS) are
incompletely suppressed. These partially suppressed gaps
suggest the preserved metallicity of the ATS crystal in the
presence of TCCDW, which is confirmed by the transport
measurements (see Supplemental Material Note 2 [38]
for more details) where an obscure feature is identified
only in the secondary differential resistance curve around
100-200 K [Supplemental Material Fig. S8(b) [38]].
Observations of this transition at 120 K using both STM
imaging (a surface characterization technique), and Raman
and electron-transport measurements (two bulk measure-
ment techniques) indicate that the TCCDW transition
occurs both on the surface and in the bulk of the ATS
bulk crystal. No apparent temperature-dependent hysteresis
is observed in the above experimental measurements (see
Supplemental Material Fig. S12 [38] for more details).

C. Electronic structures of ATS
and likely origin of TCCDW

Two types of charge orders sequentially emerge around
90-120 K, namely, the TCCDW order along the a axis and
an electrical polarization along the b axis (Supplemental
Material Fig. S13 [38]). Figure 3(a) illustrates the 2D
Brillouin zone (BZ) of a cleaved ATS surface, super-
imposed with its real-space lattice vectors and an atomic
model. Figure 3(b) depicts its electronic band structures
along highly symmetric directions. Bands 1-4 appear
nearly flat along I'-X, whereas they are highly dispersive
and cross the Fermi level (Er) along I'-Y. This explicitly
indicates the anisotropy of the intercube interactions. These
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FIG. 2. Charge order transitions in the ATS superatomic crystal. (a) Temperature-dependent resistivity (red) and its derivative (blue)
curves. (b) Temperature-dependent Raman spectrum. Five temperature-dependent Raman peaks are marked as RP1-5. (c)—(f) STM
topographies and corresponding FFT patterns obtained at 80 K (c), 100 K (d), 120 K (e), and 150 K (f), which are marked by the color-coded
arrows in (a). (g) Large-scale STM topography at 9 K. (h) The corresponding FFT of (g). The green and red circles mark the Bravais vectors
(a* and b*) of the pristine a-b plane layer, respectively. The orange circles mark the Bravais vectors (¢* = a*/3) of the triple stripe charge
order. (i) High-resolution STM image for the 3 x 1 supercell of the triple-cube CDW. (j) STS spectra of the UT, O, and DT cube units showing
a charge order gap of approximately 0.17 eV. (g) Scale bar 5 nm, Vs = +1.2 V. (h) Scale bar 2 nm, Vs = +1.2 V.

four bands correspond to the intercube bonding states along  intersects bands 3 (light green) and 4 (light pink), which
the b axis, which are hybridized between four pairs of Te  opens two small gaps of 10 meV around points 1/3 (I'-X)
atoms on the two facing planes of two adjacent cubes  and 2/3 (I'-X) in the 2D BZ, respectively, and leaves a flat
(Supplemental Material Fig. S6 [38]). Band 5 (orange)  band nearly sitting at the E between them. Its bandwidth
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along I'-X approaches 0.97 eV but is only 0.50 eV in the
I'-Y direction, indicating stronger across-chain intercube
interactions along I'-X. The anisotropy of intercube inter-
actions in band 5 is confirmed by visualizing its wave-
function norm [Supplemental Material Fig. S6(i) [38]]
depicting an interchain Te-Te bonding state and nearly
isolated ATS cubes within the chain.

These five bands are thus categorized into two groups of
highly anisotropic bands according to the plotted band
structures and visualized wave-function norms, which are
illustrated in the plot of the Fermi surface (FS) shown in
Fig. 3(c). The Fermi surface is plotted with a smearing
energy of 16 meV. Fermi-surface sheets comprising bands
1-4 are parallel to I'-X and intersect at different points with
a large vertically aligned ellipse originating from band 5. At
those intersections, multiple “hot spots” [45] are formed,
exhibiting band gaps and embedding a small closed ellipse
comprising bands 3-5. The hot spots are connected by
vectors that are nearly parallel to the I'-X direction (red
arrows), and their lengths are very close to 1/3 (I'-X). We
also calculate the electronic band structure and FS of a
monolayer model and present these results in Fig. S7 of the
Supplemental Material [38]. It exhibits comparable

o o o 0 o

900 000 000

o
000 0600 0600

04 08
KA™)

FIG. 3.

electronic structures, that is, bands 1-5 are highly aniso-
tropic and intersect Fermi-surface sheets and ellipse, which
indicates weak interlayer electronic coupling in ATS
crystals.

The TCCDW may be a result of electron-phonon
coupling and/or electron correlation. Our DFT calculations
reveal no appreciable atomic displacements accompanied
by the TCCDW along the a axis in both the bulk and
monolayer models, indicating the predominant electronic
nature of the TCCDW. This electronic nature is also further
confirmed by the absence of the Kohn anomaly [46] (see
Supplemental Material Fig. S14 [38]) revealed using DFT,
nearly identical chain distances observed in our STM
imaging (Supplemental Material Fig. S15 [38]), and
inappreciable shadow bands induced by band folding in
our ARPES spectra (Fig. 3). This implies that electron
correlation likely plays a major role in forming the
TCCDW. Strong electron-electron interactions between
band 5 and bands 1-4, and/or within band 5 are evidenced
by the vectors connecting hot-spot pairs, and the large joint
density of states (JDOS) originated from the intersecting
region. Most corresponding vectors are very close to 1/3
(I"-X). Thus, the observed TCCDW is most likely due to
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Electronic structure of the ATS crystal. (a) Two-dimensional BZ of an ATS crystal surface (the a-b plane) and the

corresponding structural model in real space. a and b represent the lattice vectors. (b) Theoretical band structure of bulk ATS along
highly symmetric lines. Bands 1-6 are numbered according to their orders of eigenenergies at the X point (see Supplemental Material
Fig. S6 [38]). (c) Constant-energy contours in the 2D Brillouin zone (k, = 0) at the adjacent Fermi level with an energy broadening of
48 meV. The red arrows indicate two typical nesting vectors relevant with the TCCDW. (d) Constant-energy intensity plots with respect
to the Fermi level obtained from ARPES measurements. Two high-symmetry paths (I'-X-I" and I'-Y-I") are indicated using two black
dashed lines at the —0.5 eV plane. (e) Integrated intensity plot with Er = 40 meV. The large elliptical FS is marked using a red dashed
line. (f),(g) Two-dimensional intensity plots measured along I'j-X-I", (f) and Y-I'}-Y (g) at T = 30K (left) and 7 = 155K (right),
respectively. (h) The symmetrized energy distribution curves at 1/3 (I'-X) and the Y point from (f) and (g), as measured at 30 K (green)

and 155 K (orange), respectively.
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strong interchain Coulomb interaction across ATS chains
through Te-Te quasibonding in the middle sublayer and
significant electron hopping along ATS chains (the b axis)
through Te—Te noncovalent interactions in all sublayers. In
addition, those two categories of anisotropic bands (i.e.,
bands 1-4 versus band 5) indicate stronger intercube
interactions within the chains (along the b axis).
Therefore, each chain on the surface can be qualitatively
regarded as one supersite, and the surface can thus be
modeled in a 1D FS nesting picture [47-49] along the a
axis (Supplemental Material Fig. S16 [38]), explaining the
tendency to form a quasi-1D CDW along that direction.

While our DFT results indicate that both strong Coulomb
interactions and significant electron hopping can be utilized
through noncovalent interactions in the ATS layer, the
predicted electronic structures are experimentally verified
using ARPES measurements. Figure 3(d) shows constant-
energy plots starting at £ and decreasing by 0.5 eV below
Er at T = 30 K. The figure shows two converged points in
the intensity map acquired at —0.5 eV, which correspond to
the I'; and I', points of two adjacent BZs, respectively.
Determination of the I" point position allows for the further
derivation of the positions of high symmetry lines I"-Y and
I'-X and the BZ boundary. Figure 3(e) shows the intensity
map at E, in which the 2D BZ boundary is highlighted in
red solid lines. The large elliptical Fermi surface (indicated
by the red dashed lines) and the relatively flat Fermi sheets
along I'-X are clearly resolved, which is highly consistent
with the calculated FS shown in Fig. 3(c).

Band dispersion measurements are performed at 7 = 30
and 155 K, to clarify the origin of the partial gap found in
scanning-tunneling spectroscopy (STS). Two cuts along
high-symmetry lines I'j-X-I'; and Y-I'";-Y are presented in
Figs. 3(f) and 3(g), respectively. Along I'|-X-I',, a dis-
persive band (band 5) crosses the Er near 1/3 (I'-X) at
155 K, and an electronic band gap is opened around Ey at
30 K. Along Y-I';-Y, band 5 reaches the Fermi level near
the Y point at 155 K, but it opens a band gap around E at
30 K. The gaps along the two lines are more clearly
revealed using symmetrized energy-distribution-curve cuts,
as shown in Fig. 3(h). The determined gap size is 135 meV
(at 30 K) comparable with the STS result of approximately
0.17 eV (at 9 K).

D. Interweaving polar electronic states

Electrical polarization along the b axis is clearly resolved
in STM imaging, which breaks the degeneracy of intercubic
Te—Te interactions within ATS chains that reduces the JDOS
near the Y point [Figs. 3(b) and 3(c)]. Figures 4(a) and 4(b)
show high-resolution STM images of the filled and empty
states of the (UT-O-DT) tricube, respectively. Remarkably,
the directions of each triangular chain (UT and DT) are
oriented opposite each other in the filled- and empty-
state images. This indicates that the polarization along the
b axis is relevant with electronic hybridization, whereas

no polarization occurs in the cubes of O chains.
Figures 4(c)—4(e) provide an illustration showing the formed
electrical dipoles, which are ascribed to charge polarization
within the UT and DT cubes along the b axis. The dipoles are
parallelly aligned within the UT and DT chains but anti-
parallelly oriented between UT and DT chains (see
Supplemental Material Fig. S17 [38]).

Appreciable accumulation of (depleted) DOS is found at
the UT-O and O-DT interchain regions in the filled-state
(empty-state) image [Figs. 4(a) and 4(b)] pointing toward
the essential roles that the interchain electronic hybridiza-
tion plays in inducing these polarized electronic states.
Figure 4(f) depicts interchain differential charge density
(DCD) in the middle (left panel) and top and bottom (right
panel) sublayers of an ATS monolayer in the triple-cube
stripe configuration. The middle sublayer engenders strong
interchain interactions where covalentlike Te-Te hybrid-
izations, that is, charge reduction (blue) near Te atoms and
charge accumulation (red) in between them, are identified in
the interchain region. On the top and bottom sublayers, we
observe enhanced interchain Te—Se covalentlike character-
istics and slightly weakened intrachain Te—Te interactions, as
reflected by charge accumulation in the interchain areas and
charge reduction at the intercube region within chains,
respectively.

Electronic interactions, primarily hybridization, are
capable of introducing spatially polarized distribution of
electronic states along the b axis in the UT and DT chains,
which are clearly evidenced by the projected DOS (PDOS)
of Te atoms at the top sublayer [Figs. 4(g)—4(i) and
Supplemental Material Fig. S13 [38]]. Compared to the
Tez; atom from the nonpolarized O chain, atoms Tez, and
Tezs of the UT and DT chains display apparent inversion-
symmetry breaking. Representative peaks Py, and Prs3
separated by 35 meV are both distributed on Tey; and
preferably located on Ter, and Ters, respectively, showing
significant electrical polarization in the UT and DT chains.
Real-space wave-function norms of these two peaks are
visualized in Figs. 4(h) and 4(i), which display strongly
polarized states (inversion-symmetry breaking) along the b
axis in the UT and DT chains and inversion-symmetric
states for the O chain.

II1. DISCUSSION

As discussed in detail elsewhere [50], the TCCDW
(along the a axis) coexists with the emergent supercon-
ductivity (below approximately 3 K) under ambient pres-
sure, but they compete under high pressures. This TCCDW
also essentially enhances the UT-O and O-DT across-chain
interactions, which strengthens Te—Te electronic hybrid-
izations in the across-chain direction but leaves the inver-
sion symmetry maintained for the O-chain cubes. This
reinforced hybridization tends to reduce the high JDOS
near the Y point and to lift the degeneracy of intercube
electronic states within chains. Consequently, polarized
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FIG. 4. Antipolar electronic states of ATS cubes. (a),(b) STM topographic images of the ATS cubes at filled (a) and empty states (b),
respectively. (a) Scale bar 1 nm, Vs =+1.2 V. (b) Scale bar 1 nm, Vs = —1.2 V. They show interchain bondinglike (c) and
antibondinglike (d) states among the (UT-O-DT) tricube. (e) Illustration of polarized electronic states at filled and empty states.
(f) Interchain DCD of an ATS monolayer where red and blue contours represent charge accumulation and depletion, respectively. Slabs
of middle and top and bottom are shown in the left and right panels, respectively. The isosurface value is 0.0005 e/bohr?. (g) PDOS of
p. orbitals of three types of Te atoms, as denoted in (c) and (d), in the top sublayer. (h),(i) Wave-function norms of states Pr, (h) and P75

(1), respectively, where the dashed boxes outline ATS cubes.

electronic states (along the b axis) are formed at low
temperature. An antiparallel polarized configuration is thus
locked to maintain the inversion symmetry of the O cube.
In other words, specific antipolarization configurations are
selectively determined by the TCCDW charge order, which
explains the use of the term “interweaving polar charge”
orders.

Spatially polarized metallic states were originally pro-
posed by Anderson and Blount in 1965 [51]. Until now,
roughly 40 types of polar metallic materials have been
theoretically predicted [52]; however, only a few of these
have been discovered and experimentally confirmed
[53-55]. Nevertheless, an antipolar metallic state is discov-
ered in this study, in which the antipolar state is primarily
uncovered using STM imaging in the real space, while the
metallic state is verified in both cube-resolved STS and

macroscopic electrical-transport measurements. The antipo-
lar metallic state is primarily ascribed to strong electronic
interactions rather than spatial displacements of atoms.

In summary, we demonstrate that strong electron-
electron interactions are at play in a noncovalently bonded
layered superatomic crystal. Such exceptionally strong
interaction leads to the TCCDW, the spatially polarized
electronic states, and their interweaving antipolar configu-
ration coexisting with metallic states. These findings reveal
that superatomic crystals comprising atomic clusters
through noncovalent interactions are suitable for the
exploration, manipulation, and utilization of exotic elec-
tronic properties, which were traditionally investigated in
covalently bonded solids. Given the high tunability of
superatoms, more superatomic solids and layers can be
proposed, prepared, or even rationally designed by tailoring
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their superatomic building blocks and the interblock
interactions among them. This allows for the exploration
of those parameter regimes and thus the observation of
emergent phenomena that were inaccessible in conven-
tional quantum materials.

IV. MATERIALS AND METHODS

A. Sample preparation and STM measurements

Single crystals of ATS are grown by the self-flux
method. They are in the shape of small platelets with
shining mirrorlike surfaces, typically 2 x 4 x 1 mm?.
Samples are cleaved in ultrahigh vacuum at room temper-
ature and subsequently cooled for STM measurements,
which are performed in a commercial variable-temperature
STM (PanScan Freedom, RHK) operated in ultrahigh
vacuum. Electrochemically etched polycrystalline tungsten
calibrated on clean Au(111) surfaces is used for all our
STM measurements tips. The STM topography is acquired
in the constant-current mode, and the dI/dV spectra are
collected using a standard lock-in technique with a modu-
lation frequency of 999.1 Hz. STM measurements are
performed mostly at 9 K for high-resolution imaging, and
at variable temperatures (from 9 K to room temperature) for
the phase transition characterization.

B. XRD, SEM, and transport measurements

Powder x-ray-diffraction patterns of polycrystalline ATS
are measured using a PANalytical X’Pert diffractometer
with the Cu-K,, anode (A = 1.5408 A). Scanning-electron-
microscopy (SEM) images of the ATS single crystal are
acquired using a Hitachi S-4800 FE-SEM. Electrical
resistivity (p) is measured using the standard four-wire
method in a physical property measurement system
(Quantum Design).

C. Raman measurements

Raman spectroscopy measurements are performed using
a home-built low-wave-number and variable-temperature
Raman system equipped with a semiconductor laser
(A =532 nm), 50x objective (numerical aperture 0.8),
and a 600-line-mm~' grating. The sample is placed in a
cryostat (attocube800 systems AG, Germany). To prevent
potential CDW phase transitions induced by laser irradi-
ation, the laser irradiance is kept below 100 pW/pm?.
Low-wave-number Raman filters (Ondax Inc., USA) are
used to achieve a cutoff Raman shift down to approx-
imately 10 cm™!. The step size of the Raman mapping is
1 pm. All the peaks are calibrated with the Si peak
at 520.7 cm™!.

D. ARPES measurements

ARPES measurements are performed at Renmin
University of China using a Scienta DA30 analyzer and at

a photon energy of 10.05 eV, as well as at the BL13U
beamline of the National Synchrotron Radiation Laboratory
equipped with a Scienta R4000 analyzer. The energy and
angular resolution are set to 10 meV and 0.3°, respectively.
Clean surfaces for ARPES measurements are obtained by
in situ sample cleaving. Photoemission spectra presented in
this study are recorded at 7 = 30 and 155 K using photon
energy from 21 to45 eV in a working ultrahigh vacuum better
than 6 x 107! Torr.

E. Theoretical calculations

Density-functional theory calculations are performed
using the generalized-gradient approximation for the
exchange-correlation potential, the projector-augmented-
wave method [56,57], and a plane-wave basis set as
implemented in the Vienna ab initio simulation package
(VASP) [58] and QUANTUM ESPRESSO package [59].
Dispersion corrections are made at the van der Waals
density-functional (vdW-DF) level [60,61], with the
optB86b functional for the exchange potential (optB86b-
vdW) [62,63]. The kinetic energy cutoff for the plane-wave
basis is set to 700 and 350 eV for all geometric property and
electronic structure calculations, respectively. Two &k
meshes of 7x7 x5 and 7x7 x 1 are used to sample
the first Brillouin zone in structure optimizations of the
bulk and monolayer ATS crystals, respectively. The k
meshes are increased to 15 x 15 x 15 and 15 x 15 x 1 in
electronic structure calculations. An even denser k mesh of
30 x 30 x 1 is used to plot the 2D Fermi surface of the bulk
(k, = 0) and monolayer crystals. Density-functional-per-
turbation theory [64] is employed to calculate the vibra-
tional frequencies of the ATS bulk crystal at the I" point and
point grecpw = (1/3,0,0) in the reciprocal space using
the VASP and QUANTUM ESPRESSO packages, respectively.
A 3 x 1 supercell is used to model the ATS monolayer in
the TCCDW state. The Brillouin zone is sampled using a
2x7x1 k mesh for both structural optimizations and
electronic structure calculations. A vacuum layer of 17 A
is used to eliminate image interactions among adjacent
supercells. The shape and volume of the supercell and all
atomic positions are fully relaxed until the residual force per
atomis less than 0.01 eV/ A. A Methfessel-Paxton smearing
of 0.05 eV and the Bloch-corrected-tetrahedron method are
used for the Brillouin-zone integral in calculations of the
geometric and electronic structures, respectively. A Gaussian
smearing of 0.01 eV is used to plot the projected density of
states for the 3 x 1 supercell. We calculate charge densities of
three single ATS chains (i.e., pyr, Po, and ppr) using the
same geometry and precision as those in the 3 x 1 supercell
and subtract them from the total charge density of the
supercell (pa1), thereby obtaining the interchain differential
charge density (ppcp), 1-€., Ppcp = Protal — PUT — Po — PDT-
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