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ABSTRACT: One-dimensional (1D) systems persist as some of distorted Hollandite with 80 8@

the most interesting because of the rich physics that emerges from linear Bi chains AR o
constrained degrees of freedom. A desirable route to harness the N 4;:7.&1
properties therein is to grow bulk single crystals of a physically w‘ . 1D Bichain VA ES A
three-dimensional (3D) but electronically 1D compound. Most N\, \,\\ 3 e L A
bulk compounds which approach the electronic 1D limit still field &\‘ \,\.: ) \\:\ - multiple 1D bonding
interactions across the other two crystallographic directions and, : N ‘\T\" N distortions

consequently, deviate from the 1D models. In this paper, we lay <0 &, o % \\, 1
out chemical concepts to realize the physics of 1D models in 3D b

- Py
crystals. These are based on both structural and electronic \,\: 6 :
arguments. We present Bilr,Seg, a bulk crystal consisting of linear N ‘\C o scaffold 1%
Bi** chains within a scaffolding of IrSes octahedra, as a prime o Okt

example. Through crystal structure analysis, density functional

theory calculations, X-ray diffraction, and physical property measurements, we demonstrate the unique 1D electronic configuration
in Bilr,Seg. This configuration at ambient temperature is a gapped Su-Schriefer-Heeger system, generated by way of a canonical
Peierls distortion involving Bi dimerization that relieves instabilities in a 1D metallic state. At 190 K, an additional 1D charge density
wave distortion emerges, which affects the Peierls distortion. The experimental evidence validates our design principles and
distinguishes Bilr,Seg among other quasi-1D bulk compounds. We thus show that it is possible to realize unique electronically 1D
materials applying chemical concepts.

H INTRODUCTION However, synthesizing and handling true 1D materials is
challenging. Different approaches have been taken, although
few have had uniform success. Carbon-based systems, like
polymers or carbon nanotubes, can have 1D chemical
connectivity and properties accordingly, but their overall
disorder and lack of crystallinity make them difficult to study,
especially in devices that extend beyond a single 1D strand.’
Another approach is to fabricate nanodevices. Some 1D
models have been realized in twisted bilayers of WTe," or

As the ground states of solid materials are described by
complex many-body Hamiltonians, it is often impossible to
correctly predict their properties. However, reducing the
system to one dimension allows for the exact solutions of
certain Hamiltonians. As a result, many exotic physical
properties of solids have been predicted in one-dimensional
(1D) systems. Examples of interesting phases predicted to

appear in 1D extended solids include the 1D S = 1 Haldane assembled Fe chains on the surface of Pb.” The fabrication of
chain," which features entangled particles at either end; such devices is laborious, and these types of systems are
Majorana Fermions,” sought-after particles which are their accordingly low in number.

own antiparticle that could revolutionize quantum computing; Ideally, we would be able to make three-dimensional (3D)
Luttinger liquids,” the only well understood example of an crystals that harbor 1D physics and thus capitalize on bulk
electron bath that deviates from Fermi liquid behavior; and crystals’ relative synthetic ease to create scalable structures.
solitons,” localized electronic states that can travel through This idea has certainly been around for a while, but most
solids with minimal resistance. Some of these examples involve

the fractionalization of an electron, where its spin and charge Received: December 1, 2023 =JACS
degrees of freedom are separated. Realizations of solids with Revised:  February 8, 2024

such phenomena could lead to the design of computer chips Accepted: February 9, 2024

from electrically insulating materials that conduct heat and spin Published: March 2, 2024

information like metals, potentially solving the problem of
resistive heating in transistors.
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Figure 1. (A) Schematic showing an ideal bulk crystal platform for realization of 1D physics. A rigid scaffolding holds linear chains. The scaffolding
situates closed-shell, energy-mismatched species on the tunnel walls to minimize covalent interactions with chains. Chain constituents have partially
occupied valence p shells to induce intrachain covalent interactions. The hollandite crystal structure forms a scaffolding from MQy octahedra (M =
transition metal, Q = chalcogenide), within which reside 1D chains of A™ ions (m = 1, 2, 3). Crystal structure from ref 17. (B) Demonstration of
SSH model. Ideal linear chains may dimerize in one of two degenerate but topologically distinct ways, phase A or phase 4. A defect may cause a
shift from one phase to the other in a single chain, and the boundary state between phases is a soliton.

crystals with 1D structural motifs exhibit properties that
deviate from those of 1D models. Such quasi-1D crystals may
possess a measured anisotropy in certain physical properties, a
bonding interaction with 1D character,” or electronic bands
dispersed along a single direction in k-space, but never a fully
isolated 1D motif with interactions confined to the single
dimension. Transition-metal trichalcogenides (MQs; M = Zr,
Nb, Ta; Q = S, Se, Te), transition-metal tetrachalcogenides
[(MSe,), ; M Nb, Ta], molybdenum blue bronzes
(Ag3MoO5; A = K, Rb, TI), potassium tetracyanoplatinate,”
organic salts such as tetrathiofulvlene-7,7,8,8-tetracyanoquino-
dimethane (TTF-TCNQ), and some other inorganic com-
pounds make up the set of canonical quasi-1D bulk
compounds that have enjoyed substantial research.'® Despite
the large body of work on such compounds, bulk crystals that
display true 1D properties remain scarce.

A couple of design principles outline the chemical logic of a
search for such a system (Figure 1A). (1) The system must be
separated into two subsystems: 1D chains and scaffolding that
holds them in place. Chains are desirable as the 1D geometric
motif, as they form the basis for the majority of 1D models. (2)
The chain subsystem must have meaningful interactions in 1D.
The valence orbitals on the chain ions should be partially filled,
incentivizing a bonding interaction. (3) The scaffolding should
not interact covalently with the chains. Closed-shell species
with an orbital energy mismatch should line the chain-facing
walls of the scaffolding. A similar strategy has worked for two-
dimensional systems, where a target planar motif has been
encapsulated within a noninteractive planar scaffolding to
create a bulk crystal with prominent 2D properties.''

The hollandite crystal structure is the perfect starting point
for realizing such a separated environment (Figure 1A). It
possesses a 1D scaffolding of edge-sharing metal-chalcogenide
octahedra, with chemically isolated ions forming a 1D chain in
the tunnels. Typically, the chain consists of alkali, alkaline
earth, or lanthanide ions, which do not have unpaired valence
electrons. In 2016, a new type of distorted hollandite was
introduced, which features Pb** ions as the chain constituent.'”
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Later, the isostructural analogue Bilr,Seg was synthesized,m’14

which formally contains Bi** ions. Here, the Bi ions in the
tunnels are arranged in a linear chain and have a single
unpaired electron in the 6p manifold. Thus, Bilr,Seg is a bulk
crystal uniquely suited to possess 1D physics templated by p-
orbitals at the Fermi level, which feature stronger interactions
than the d-orbitals at the Fermi level in many other quasi-1D
crystals.

To highlight the implications of the electronic arrangement
in Bilr,Seg, we briefly explain the Su-Schrieffer-Heeger (SSH)
model. It is the simplest model to describe a topological system
in crystalline solids and has been employed successfully to
explain drastic swings in polyacetylene conductivity as a
function of defect concentration.''® In the model, electrons
occupy sites and hop between them. Within a tight-binding
approximation, these sites are valence atomic orbitals. These
sites are arranged linearly and grouped into two per unit cell.
The sole action available to an electron is to hop between sites,
either to the alternate site within the same unit cell or to the
alternate site in the adjacent unit cell. The Hamiltonian is

A=Y ¢ (A);mEBm + H.C.) , where H.C. is the

n=1"nn

+ ZnN=1tn,n+l(6Z,n+leB,n + H. C. )
hermitian conjugate, N is the number of unit cells, and A and B
are different sites. A hop from one site to another within the n
unit cell is represented by a term in the Hamiltonian of the

KA A s .
form (t, &) ,p,), where &, annihilates an electron at site B

(Figure 1B, orange), E);,n creates an electron at site A (Figure
1B, purple), and ¢, , is the so-called “hopping integral”, which
modulates the probability of a given hop. All of the chemistry
is wrapped up in t,,. The hopping integral scales as the overlap
integral between the sites, and so two atoms with a covalent
chemical bond between them will yield a large hopping
integral, whereas two atoms with minimal covalent interactions
will have a small hopping integral.

For a system of equally spaced sites, all hops are equally
likely, and the SSH model predicts a metallic band structure.

https://doi.org/10.1021/jacs.3c13535
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Figure 2. HSS analysis. (A) High-symmetry crystal structure, confirmed via Mo Ka X-ray diffraction, showing the 50% probability ellipsoids for
equally spaced Bi atoms (purple) residing within scaffolds of iridium (yellow) selenide (green) octahedra. (B) Simple atomic orbital scheme for
Bi’* showing the single unpaired electron in the 6p manifold, above the relativistically stabilized 6s state. (C) HSS band diagram with spin—orbit
coupling correction, with bands colored according to their Bi 6p atomic states projection. A single band with significant Bi 6p contributions crosses
the Fermi level at multiple points in the Brillouin zone. (D) Phonon calculations for the HSS, with each band colored according to the normalized
contribution of Bi movement in the chain direction. The plot shows a phonon branch with complex frequency for the majority of the sampled k-

path.

Alternatively, a system dimerized into pairs has two types of
hops. One is to the adjacent site that is chemically bonded to
the current site and has a large t, and the other is to the site in
the adjacent dimer and has a small t (in Figure 1B, ¢, ,,, > t,,
for gapped phase A). Here, the SSH model predicts two
degenerate but topologically distinct insulating band structures,
determined by whether the inter- or intraunit cell hopping has
the larger t (phase A and phase A in Figure 1B). In a
dimerized, defect-free system, only one of these electronic
phases is present in the bulk."® In systems with defects, the
situation changes. If the defect commands chemical symmetry
from the surrounding environment, the chains on either side of
the defect will look the same. This switched the electronic state
and the corresponding topological invariance class. There must
be continuity, however. Consequently, at the boundary
between these two topologically distinct electronic states
there exists a midgap solitonic state, in direct analogy to the
gapless surface states in a topological insulator. This soliton has
a very small energy barrier for movement along the chain.
More defects means more solitons, and this explains the defect-
dependent conductivity in polyacetylene. In the SSH model
specifically, the formation of a chemical bond, the dimerization
of the linear chain, is crucial to the development of soliton-
derived physics. This bond is formulated in physics terms as a
Peierls distortion. The generalized version of this has a
wavevector with nonzero components along three reciprocal
lattice vectors and is often called a charge density wave
(CDW). Here, some combination of Fermi surface nesting and
electron—phonon coupling (i.e., chemical bonding) rearranges
the crystal lattice and stabilizes the structure.
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It will be demonstrated here, through crystal structure
analysis, electronic structure calculations, experimental dif-
fraction, and physical property measurements, that the Bi
chains in Bilr,Seg are largely decoupled from the rest of the
crystal lattice and that nontrivial chemical interactions in the Bi
chain both template an SSH system via a Peierls distortion and
result in further CDW distortions. The evidence presented
makes a compelling case that the system fits the chain and
scaffolding description better than other bulk systems.

B RESULTS AND DISCUSSION

High-Symmetry Structural Analysis. The published
high-symmetry structures (HSS)'»'* for Bilr,Sey are in
monoclinic spacegroup C2/m (number 12). Bi atoms are
equally spaced 3.7 A apart in linear chains within large tunnels
made of zigzag edge-sharing double chains of IrSe4 octahedra
(Figure 2A). The tunnels and Bi chains run collinear with the
crystallographic b-axis. Running parallel to the major tunnel is
a minor tunnel, across which spans a perselenide bond. X-ray
photoelectron spectroscopy confirms the perselenide motif
(Figure S1).

Electron counting initiates uncertainty regarding the evenly
distributed Bi chain structure. The crystal features three
important bonding motifs: (Se,)*” perselenide bonds,
distorted IrSes octahedra, and Bi chains. Of the eight Se
atoms per formula unit, two are in a perselenide motif and six
occupy the typical 2- oxidation state. As well, Bilr,Seg is
measured to be diamagnetic,13 and so the four Ir atoms must
be in the low-spin d° 3+ configuration. To balance charge, Bi
must occupy a formal oxidation state of 2+. This is uncommon

https://doi.org/10.1021/jacs.3c13535
J. Am. Chem. Soc. 2024, 146, 6784—6795
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Figure 3. Peierls distorted structure. (A) Structural model (left) from a commensurately modulated solution with spacegroup P2/n showing Bi
atoms grouped into dimers, each with a bond length of 3.18 A. Synthesized precession image in the Okl plane (right), where the purple ticks
correspond to columns of Bragg peaks at q; = 0.5b*; (B) simple orbital model showing the chemical incentive for Bi bond formation (radial nodes
are omitted for clarity); (C) SOC-corrected band structure for the dimerized structure, showing an energy gap at the Fermi level with occupied
bands in blue and unoccupied bands in red, and a relative density of states on the right; and (D) relative configuration energy vs Bi—Bi dimerization
coordinate (left axis, blue) and corresponding bandgap vs dimerization coordinate (right axis, green).

as it leaves a single electron unpaired in a high-energy 6p
orbital (Figure 2B). Nevertheless, this assignment is supported
by the existence of the isostructural Pb analogue.'” In the Bi
analogue, then, some bonding interaction that works to
stabilize the Bi 6p states should occur. The most reasonable
prediction is the arrangement of adjacent Bi atoms into (Bi,)*"
dimers, a motif permitted by the geometry of the crystal
structure and which has literature precedent.””>* This
interaction is not captured in the HSS. Such dimerization
would enable the simple SSH model in this system.

Interestingly, the high-symmetry crystallographic model
itself hints at its incompleteness. Acceptable residual electron
density only arises when one invokes either anisotropic
disorder parameters (ADPs) along the chain direction or
multiple partial-occupancy Bi sites."”'* At room temperature,
our own single-crystal X-ray diffraction measurements confirm
the aberrant thermal ellipsoids (Figure 2A). The size of the
thermal ellipsoids and their alignment along the chain direction
are possible indications of an order not yet captured, such as
that of a (Bi,)*" dimerization.

Density functional theory (DFT) calculations using the
Perdew—Burke—Ernzerhof (PBE) functional™ predict the
HSS of Bilr,Seg to be metallic with a single band crossing
the Fermi level (Figure 2C, k-vector types in Figure S17A).
Calculations with the modified Becke-Johnson (mBJ) func-
tional”* yield largely the same band structure (Figure S6).
States crossing the Fermi level field make significant
contributions from Bi 6p orbitals (Figure 2C). Other orbitals,
Ir Sd and Se 4p, also contribute to the metallic band (Figure
S2), but further analysis implicates Bi chains as the source of
metallicity. The high-symmetry lines in k-space that run along
the chain, V=Y, Y=I', A—M, and M—L, show highly dispersed
bands. High-symmetry lines perpendicular to the chain
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direction, I'=A, Y,—M,;, and the not shown Y—M, show
significantly less dispersed bands. As well, electron localization
function (ELF) calculations show the Bi chains to be settled in
a near-constant ELF, which approaches the value expected for
an electron gas, whereas Ir and Se possess significantly more
localized states (Figure S3A,B). Finally, constant energy cuts in
the k-space from —200 to 200 meV (with E; = 0) manifest as
two distorted flat sheets oriented perpendicular to the Bi chain
direction (Figure S4). Viewed at a coarse level, the wavevector
component along the chain direction is the sole variable which
determines the energy of a given state in the metallic band.
The sum of all this information indicates that the metallic band
is of significant Bi chain character, with little chemical mixing
between chain and scaffolding. Thus, the electronic system of
the HSS is highly 1D near the Fermi level. While not identical,
this situation is similar to that predicted for a regularly spaced,
metallic 1D chain, the canonical host to the Peierls
instability.”® In Bilr,Seg, as in the idealized chain, a wavevector
of g = 0.5b* nests the Fermi surface (Figure S5) and creates an
instability toward a distortion that doubles the unit cell along
the chain direction.

Phonon calculations are useful tools to test whether a crystal
structure is stable. Shown in Figure 2D is the phonon
dispersion relation calculated for the HSS of Bilr,Ses.
Strikingly, there exists a branch of the phonon spectrum that
has a complex frequency for the majority of the sampled k-
path, clearly showing that the HSS is unstable. All modes in
this branch are dominated by the Bi movement along the chain
direction (Figures 2D and S8). Thus, the metallic system of
equally spaced Bi atoms in the HSS is unstable to myriad
possible distortions that all, in one way or another, group Bi
atoms together in an extended bonding interaction. The most
relevant of these distortions to both the chemical bonding

https://doi.org/10.1021/jacs.3c13535
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picture of Bi dimerization and the Fermi surface nesting
picture is the aforementioned g = 0.5b*. A group theoretical
analysis of the symmetry reduction from a distortion with this
wavevector is given in the Supporting Information.

In addition to demonstrating an energetic incentive for
intrachain Bi bonding, the phonon spectrum provides evidence
that Bi chains may be thought of as individual 1D units isolated
from the surrounding Ir—Se scaffolding. At both the I'-point
and the A-point, the phonon modes associated with the
complex-frequency branch have positive but near-negligible
frequencies of 0.5 and 2.7 cm™, respectively (Figure 2D). As
with the rest of the branch, the atomic displacements of the
modes on the ['—A line are dominated by the movement of Bi
along the chain direction (Figure S9). Because wavevectors on
the I'—A line are perpendicular to the chain, the Bi
displacements within a single chain from modes along this
line are equal in amplitude and in-phase, corresponding to
coherent sliding of Bi chains along the inside of the tunnels. At
room temperature, ambient thermal energy is far above that of
the modes from the I'—A line and likely far above activation
barriers to shift the position of any given Bi chain within the
crystal coherently along the tunnel. This is a strong indication
that chains are decoupled from the rest of the crystal lattice
and that Bilr,Seg approaches the conception of chains within a
noninteracting scaffolding.

With all of this in mind, it is puzzling that a distortion has
not yet been observed'”'* when such a dimerization should
have a stark effect on the crystal structure. This implies that it
may not be easily visible on first glance in diffraction, that more
could be happening than a simple, rigid bond formation. We
therefore next perform experimental characterization on
Bilr,Seg single crystals, paying close attention for potentially
subtle signatures of a distortion.

B EVIDENCE OF PEIERLS STATE

The most important experimental indication of a Peierls
distortion would be a doubling of the HSS unit cell along the
chain direction in accordance with the instabilities demon-
strated for g = 0.5b*. Close examination of diffraction patterns
of Bilr,Seq from laboratory instruments with Mo Ka radiation
reveals weak but coherent superlattice Bragg peaks at g,
0.5b* at room temperature (Figure 3A, right; purple ticks). Bi
and Ir are strong X-ray absorbers at Mo Ka wavelengths, and
this makes the peaks easy to miss. We also measured diffraction
at a synchrotron using 30 keV radiation. Measurements at
room temperature show the g, = 0.5b* satellite intensities to
be roughly 4 orders of magnitude weaker than the main
reflections, with no apparent reflection conditions. Thus, at
room temperature, the doubling distortion is a weak but
noninsignificant perturbation on the underlying charge density,
as expected in the context of a clear Peierls distortion.
Cooling to 100 K on the Mo source yielded g, = 0.5b*
reflection intensities significant enough to permit a commen-
surately modulated structure solution for the q; peaks. This
solution shows the doubled unit cell resulting from a Bi—Bi
dimerization. Various reasonable structural models exist, each
of which results in a slightly different Bi—Bi distance and dimer
location within the tunnel. The model that best reflects the
results discussed previously is in SG P2/n (SG 13) and has
chains with Bi—Bi dimers of 3.18 A. This is over 0.5 A shorter
than the same distance in the HSS, nearly a 16% contraction
(Figure 3A, left). This is different from most other “Peierls
distortions” in quasi-1D compounds. In NbSe;, the Nb atoms
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are grouped loosely into tetramers with an approximate
amplitude of 0.05 A.*® (TaSe,), I sees Ta atoms shift with
an amplitude of 0.025 A into one, two, and three atom
clusters.”” TaTe, and NbTe, see large metal movements of
approximately 0.3 A into approximate tr'gplets, while the
surrounding Te atoms shift around it.”** The CDW in
Ko3MoO; moves the Mo atoms in a staggered fashion
transverse to the 1D direction with an amplitude of 0.04
A’ The CDW in TTE-TCNQ principally shifts the whole
TTF molecule approximately 0.02 A.*>" Thus, the simple, p-
orbital-based Bi dimerization of more than 0.5 A amplitude is
structurally unique among quasi-1D compounds. In the
dimerized crystallographic model, Bi still has elongated ADPs
directing along the chain direction. As well, letting Bi
occupancy freely refine leads to an empirical formula unit of
Bij ggIr,Seg (Table S2). Such a drastic reduction in occupancy
is likely an artifact of observed electronic disorder along the Bi
chain and not an indication of actual crystal composition. This
observed disorder and the elongated ADPs could be a sign of
another uncaptured order in the Bi chain (discussed later).
Nevertheless, Bi vacancies remain a possibility that could
impact electronic properties by creating soliton boundary
states, for example.

Since the g;-peaks carry information about Bi—Bi dimeriza-
tion at 100 K, their presence at room temperature indicates
that the dimerized CDW structure is the room temperature
ground state. Further structural evidence for Bi dimers at room
temperature comes from Raman spectroscopy (Figures S12
and S13), where a peak appears at the frequency predicted for
a Bi—Bi dimer. This frequency agrees with the literature
precedent for (Bi,)*" motifs.”’”**

If the conception of canonical Peierls distortion holds true in
Bilr,Seg, the dimerization should open a bandgap in the energy
spectrum. This is exactly what is computed in band structure
calculations, which predict the dimerized structure of Bilr,Seg
to be a small bandgap indirect semiconductor with bandgap E;
= 311 meV (Figure 3C, k-vector types in Figure S17B). Spin—
orbit coupling (SOC) was included in the calculation. We
expect this dimerized band structure to be more isotropic than
that of the HSS as the system distorts away from the 1D
instability. What results from this dimerization, however, is a
system with the prerequisite geometry to host 1D soliton
physics at the boundary of these dimerized states. To
demonstrate the stabilization mechanism, we next systemati-
cally vary the Bi—Bi bond length in non-SOC DFT calculations
and track the resulting energy and bandgap. The most stable
structure occurs when the Bi—Bi distance is between 3.1 and
3.2 A, with a bandgap of roughly 230 meV (Figure 3D). This
distance agrees well with the experimentally determined bond
distance. As SOC was neglected in the latter calculations, the
bandgaps will be less accurate.

The predicted semiconducting ground state can be easily
confirmed by measuring the temperature-dependent electrical
resistivity of single crystals, p(T) (the conductivity is 6 = 1/p).
From 300 to approximately 200 K, Bilr,Seg is semiconducting
(Figure 4A) and follows an Arrhenius temperature dependence
with a transport barrier of 146 meV (Figure 4B). Transport
activation energies vary batch-to-batch between 80 and 170
meV, the variation likely a result of midgap impurity state
electronic transport. The origin of these impurity states is
unknown, though Se vacancies or oxygen impurities are
possibilities.”> The transport activation energy is direct
experimental evidence that supports the assertion of a Peierls
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Figure 4. Longitudinal resistivity and Arrhenius plot. (A) Typical
resistivity vs temperature (blue, left axis) and its corresponding
derivative (red, right axis). (B) Arrhenius plot (green) of log(c) vs 1/
T (0 = 1/p) between 300 and 50 K, with an inset showing linear fits
from 300 to 190 K (black) corresponding to a 146 meV barrier and
183—163 K (orange) corresponding to a 209 meV barrier.

distortion in Bilr,Se; and confirms the computational
predictions presented above.

Though not the focus of this paper, it is worth mentioning
that the resistivity does not behave as expected for a regular

semiconductor, as it does not diverge at low temperatures but
saturates. There are many possible causes for this, including a
physical metallic inversion layer on the surface,”** a physical
impurity phase due to the dynamics of flux crystal growth, a
topologically nontrivial metallic surface state,”> some combi-
nation of these, or a wholly different mechanism. Further
investigation to understand the nature of this conduction
pathway is ongoing.

Incommensurate CDW at 190 K. The resistivity profile at
intermediate temperatures hints at an additional distortion.
The red derivative plot in Figure 4A shows an anomaly at
approximately 190 K. It exists as a 5 K window where the
resistivity levels off with decreasing temperature. After this
window, decreasing temperature again sees increasing
resistivity, though now in a non-Arrhenius manner (Figure
4B). This feature is almost totally invariant to magnetic fields
up to 9 T, and it exhibits thermal hysteresis (Figure SA,B).
Importantly, at temperatures immediately below the transition,
the slope of log(c) vs 1/T is near-linear, though it is now
steeper than that just above the transition temperature with a
fitted barrier of 209 meV (Figure 4B). This indicates that the
bandgap increases across this temperature window. Because
Bilr,Seg already has a bandgap above the transition temper-
ature, carrier concentration should change little across the
transition, and the conductivity increase at 190 K is likely
derived from changing carrier mobilities.

In Hall measurements, as temperature sweeps high to low
from 195 to 170 K across the transition, the dominant carrier
type switches from electrons to holes at the onset of the
transition and then back to electrons below (Figure SC).
Clearly, some rearrangement of the electronic structure occurs
here. Heat capacity measurements also show a feature at the
same temperature (Figure SD). Thus, an electronic distortion
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Figure S. Physical property anomalies at 190 K. (A) Resistivity versus temperature curves at different applied magnetic fields. Cooling at 0 T (light
blue) and 9 T (dark blue) and heating at 0 T (pink) and 9 T (red). Applied magnetic field makes little modification to the temperature profiles.
Thermal hysteresis in the feature is evident at both field values. (B) Derivative plots of the resistivity curves from (A) demonstrating thermal
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Figure 6. Indexing the complex X-ray diffraction pattern. (A) Synthesized precession images in the 0k! plane of the C2/m high-symmetry cell at
260 and 180 K, with indexed 0kl column locations shown in orange. (B) Indexed upper right quadrant of the Okl plane at 180 K showing columns
of main reflections in orange, Peierls g, reflections in pink, first-order g,-vectors in dark blue, second-order g,-vectors in turquoise, and third-order
gy-vectors in green. (C) g,-vectors and harmonics are shown in relation to the associated main reflection. The reflection condition on g,-peaks h + k
+ m = 0 is evident here. A mirror twin operation is required for a complete indexing of the reflections.

occurs at 190 K which creates a larger bandgap, shuffles the
identity of the valence band, and carries an entropic signature.
Such property signatures often accompany the transition to a
CDW state. We next present temperature-dependent synchro-
tron single-crystal diffraction measurements that confirm the
presence of a second periodic charge distortion.

Cooling to below 200 K, where the anomalies in property
measurements occur, introduces complexity to the symmetries
observed in the Bragg peaks. The precession images at 180 K
explode in off-integer complexity (Figure 6A). Superlattice
reflections appear at noninteger multiples of HSS reciprocal
lattice vectors. Even with these distortions occurring, the main
reflections from the high-symmetry cell remain largely
unaltered. The Peierls peaks are also qualitatively unaltered,
and the associated g-vector remains q; = 0.5b*. When viewed
at a coarse level, the dominant underlying charge density
remains unchanged.

The complex pattern of reflections may be indexed with
integers hklm to explain every observed peak (Figure 6B).
Below 200 K, in addition to the Peierls distortion, an
incommensurate g-vector is present that has nonzero
coordinates for two reciprocal lattice vectors: g, = 0.13b* +
0.44c¢*. A reflection condition of (h + k + m) = 2n is observed
for the g,-peaks and is evident in a comparison between the 0kl
and 1kl planes (Figure S14). This reflection condition indicates
that the superlattice peaks are from a modulation and not some
physical deformity of the crystal. Additionally, the reflection
condition on g,-peaks is evidence that the g, Peierls distortion
at room temperature is not a full structural phase but rather a
modulation. This is because the incommensurate reflection
condition makes sense only if the unit cell is undoubled along
the b direction. This implies that the undoubled HSS is the
host of the instability that induces the incommensurate g-
vector, not the doubled Peierls cell, despite the fact that the
Peierls g, distortion is present at the critical temperature for
the incommensurate q,-vector.

To properly index the pattern, either the invocation of a
mirror twin domain (Figure 6C) or another g,-vector related
by a sign flip of either the b* or ¢* component is required. In

~
~
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distorting from the HSS to any dimerized structure, a mirror
plane symmetry element is broken. This could be the source of
this twin domain. For reference, in the quasi-1D compound
TTE-TCNQ, both situations, a mirror twin or two g-vectors,
are true at different temperatures.”

The actual real-space effects of the modulation are not yet
understood. It is possible that the modulation involves Ir
movement through octahedra edges. Nevertheless, because Ir
thermal ellipsoids are small in the 100 K structure and the Bi
ADPs are large and oriented along the chain, the distortion is
likely another Bi—Bi interaction.

When the intensities of different types of peaks are tracked
with temperature, a highly unusual feature of both distortions
is revealed. Shown in Figure 7 are peak intensities from a set of
reflections from the same crystal tracked from 100 to 260 K,
normalized first to the intensities of a consistent set of main
reflections and then to the intensity of these peaks, or regions
in reciprocal space they occupy, at 260 K.

As seen in Figure 7, on moving from high temperature to
low temperature, all orders of g,-peaks initiate an intensity
increase at 190 K. The g,-peak intensities rise until 175 K,
where they reach a maximum. For the first-order peaks, this
rise is precipitous, topping out at nearly 500X the intensity
before the transition. With further cooling, all three types of g,-
peaks decrease in relative intensity dramatically. This contrasts
with the temperature dependence outlined by the weak
coupling BCS limit, where the g-peak intensity should rise
and then saturate asymptotically with further cooling. In thus-
discovered quasi-1D compounds, some form of monotonically
increasing intensity dependence with cooling is quite
general.””*® Canonical quasi-1D compounds NbSe,*”
(TaSe,), L* Ky3Mo00,,*" and TTE-TCNQ,"* all experience
the sigmoidal rise in intensity characteristic of the weak-
coupling BCS theory. Other members of the quasi-1D family
invariably have some type of monotonic increase.**~** Bilr,Seg
is then unique among quasi-1D compounds.

The temperature dependence of the Peierls distortion q;-
peaks (pink) follows nearly the exact trend in intensity as the
g,-peaks, indicating that the Peierls distortion is affected in
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Figure 7. Noncanonical variation of intensity with temperature for
different types of reflections. (A) Full data set and (B) same data, with
different axis scales. First-order g,-peaks are dark blue, second-order
q,-peaks are turquoise, third-order g,-peaks are green, Peierls q;-peaks
are pink, and peaks associated with C-centering reflection conditions
are orange. Intensities for a consistent set of reflections are normalized
systematically to both a consistent set of main reflections and the
intensity for that region in diffraction space at 260 K.

some way by the incommensurate g,-vector despite the fact
that there are no observed mixed peaks. Also, peaks associated
with lattice centering reflection conditions h + k = 2n for the
high-symmetry cell in SG C2/m (Figure 7, orange) follow a
similar intensity trend as g,-peaks, reflecting the deviation of
the electron density from the C-centered HSS.

The qualitative nature of the g, Bragg reflections also holds
information about the ordering (Figure 8A). Above the

A B

9, 29, 3q,

Okl

Figure 8. Bragg peaks as a function of temperature. (A) Temperature
progression for first-, second-, and third-order g,-peaks. At 230 K,
diffuse scattering is present at first-order positions. At 180 K, three
orders of g,-peaks are present. At 100 K, first-order peaks are present,
second-order peaks are streaked along the c¢* direction, and third-
order peaks are absent. (B) Diffuse scattering at 200 K. 0kl plane
(left) and h1.14] plane (right) showing diffuse scattering. Rough
characteristic peak widths along each reciprocal lattice direction,

8(a*), 6(b*), 8(c*) are shown. 8(b*) < 5(a*) =~ &(c*).
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incommensurate transition at 230 K, diffuse scattering blotches
appear centered at the locations where first-order Bragg peaks
will later form. Here, local correlations begin to condense, but
long-range order is not yet present. Notably, the shape of the
diffuse scattering spots indicates that the correlation length is
longer along the chain direction than either direction
transverse to it (Figure 8B). This is a strong indication that
the ordering induced by the CDW is predominantly 1D,
oriented along the crystallographic b-axis. Just below the
incommensurate transition at approximately 190 K, first-,
second-, and third-order g¢,-peaks condense into sharp
reflections. Correspondingly, the modulation functions are
complicated and nonsinusoidal. As the temperature decreases
further, the periodicity of the CDW remains the same (aside
from minor changes to the g,-vector itself), but the amplitudes
of the peaks diminish. At 100 K, the first-order g,-peaks are
coherent reflections, but the second-order peaks have been
smeared out along the ¢* direction, and the third-order peaks
are not observed. This state of periodicity, a simplified and
sinusoidal g, ordering, is maintained down to 10 K (Figure
S15).

One possible reason for the noncanonical g-peak temper-
ature dependence is the formation of numerous CDW domains
around local defects. The real-space location of an incom-
mensurate CDW within the crystal is influenced by an energy
landscape determined by both the average crystal structure and
the local defects. These defects create minima in this energy
landscape that can be pinned by the CDW to a specific
position. Just below the g, transition, the relatively abundant
thermal energy may allow the newly formed CDWs to
overcome this pinning—the CDW exists as a coherent domain
with a definite phase relationship, leading to intense scattering.
With cooling, the ability to overcome pinning is reduced, and
CDWs increasingly lock in to local domains with random
phase relationships. As more of these distinct scattering
domains form, they lead to a decrease in the observed Bragg
peak intensity.

Another possibility for the temperature dependence is
competing order.®® In this competition, the increase in
magnitude of a certain order parameter, e.g, a magnetic
ordering vector, comes at the direct expense of the magnitude
of an existing order parameter, like a charge ordering. It is
possible that in Bilr,Seg, the intensity vs temperature profile of
the incommensurate g,-peaks comes from such a parasitic
relationship, that the intensity drop below 175 K is siphoned
into an ordering process elsewhere in phase space.

B CONCLUSIONS

Using chemical logic, we pointed out that Bilr,Seg is an
extraordinary 1D compound that hosts linear chains of
chemically bonded Bi atoms in a scaffolding of Ir—Se
octahedra. The involvement of p orbitals in a 1D chain
distinguishes Bilr,Seg from other quasi-1D compounds, which
involve weaker interactions of d orbitals, making it a perfect
candidate to probe 1D physics in a 3D crystal. We highlighted
the instability in the reported HSS and showed via phonon
calculations that the chain and scaffolding on Bilr,Seg are
mostly decoupled. High-resolution diffraction confirms the
presence of a Peierls distortion already at room temperature.
Still, the supercell diffraction spots are weaker than expected
for a commensurate doubling of the unit cell, pointing to
unusual disorder in the dimerization, such as small domains.
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We further revealed an additional structural rearrangement
below 190 K, which is evident in transport, specific heat, and
diffraction. We provided evidence that this second CDW is
linked to the Peierls distortion. The temperature dependence
of superlattice peak intensities indicates a deviation from the
body of quasi-1D compounds thus studied and further suggests
unusual lattice rearrangements in Bilr,Seg. If a CDW locks in
to a single domain below a certain temperature, changes in the
reflection intensities are not expected upon cooling as the
thermal vibrations of atoms decrease. Thus, our result indicates
that simple dimerization of Bi** will not be sufficient to
minimize the system’s energy, and consequently, a rich
playground of states and physical phenomena are waiting to
be explored in this compound.

Initially, particular attention was paid to the SSH model, and
subsequently, Bilr,Seg was shown to possess the prerequisite
chemistry to apply. Systematic doping studies may be a fruitful
avenue for further work. Luckily, the system has a ready
mechanism to perform systematic doping in the form of Se
vacancies. By varying the Se concentration in the synthesis
melt, synthetic control over vacancies may be achieved.
Another route is to dope with other transition metals. Pt and
Ru are desirable here as a way to introduce electron- or hole-
type impurities into the system. Se vacancies may be more
effective for creating phase boundaries in the SSH system
specifically, as the Se atoms are closer to the Bi chains than the
transition metals. Finally, the electron count in the Peierls
chain could be varied by substituting small amounts of Bi with
Pb.

To conclude, we here introduced a new 1D system using
chemical reasoning and provided initial evidence of rich
complex physical phenomena that can be further explored.
Thus, Bilr,Seg and its variants (doped or substituted) are likely
to stimulate renewed interest in 3D crystals with 1D electronic
properties.

B EXPERIMENTAL SECTION

Synthesis of Single Crystals. Single crystals were synthesized via
a Bi self-flux reaction by placing Bi (652 mg, 99.9%, Sigma-Aldrich), Ir
(100 mg, 99.9%, Sigma-Aldrich), and Se (206 mg, 99.99%, Sigma-
Aldrich) into a 13 mm diameter alumina crucible in the
stoichiometric ratio 6:1:5 and placing into a 16 mm diameter fused
silica tube with silica wool placed on top for filtration during
centrifugation. The tube was purged with Ar three times and flame-
sealed under a 67 mTorr Ar backfill. The tube was heated to 1000 °C
at 20 °C/h, held at 1000 °C for 24 h, and cooled at a rate of 1.2 °C/h
to 800 °C, where it was centrifuged to separate Bi flux from crystals.
Crystals are rodlike with a shiny, dark appearance, displaying clean
facets. They are often intergrown, with usual thicknesses of 250 ym
and lengths of several mm. Crystals are structurally air stable, although
prolonged air exposure modifies electronic transport properties.

X-ray Diffraction. Laboratory data was collected on a Bruker X8
Duo with an APEX II CCD detector using Mo Ka radiation (4 =
0.71073 A) with a graphite monochromator. Temperature was
controlled with a Cryojet N2 stream.

APEXII (Bruker-AXS) was used to determine unit cells and
synthesize procession images. Data were integrated, scaled, and
corrected for absorption using SADABS (Bruker-AXS). Superflip®'
was used for structure solution, and Jana2020°> was used for the full-
matrix least-squares refinement on F* of the 100 K structure.

Synchrotron data was collected at Sector 15 ID (NSF’s
ChemMatCARS) using endstation D. Thirty keV radiation (0.413
A) was monochromated with a Si(111) crystal. T = 100—300 K data
was cooled with a Cryojet N2 stream, and 10 K data was collected
with an open-flow liquid He cryostat. Reflections were measured on a
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Dectris Pilatus 3 X 1 M CdTe detector. Data workup was performed
in ApexIII (Bruker-AXS).

Electronic Transport. Longitudinal and Hall resistivities were
measured on a Quantum Design DynaCool PPMS from 1.8 to 300 K
and 0—9 T. Crystals were selected, cleaned, and polished. They were
attached to a sapphire substrate via GE varnish (GE 7031), and 25
pum diameter gold wires (99.95%, Thermo Scientific) were attached to
the crystal in either a linear four point geometry or a linear hall
geometry with conductive silver paint (DuPont 4922N). Contacts
were tested with a multimeter. Because the sample is semiconducting,
any point-to-point resistance measurement under 10 £ yields
excellent results, though up to 50 Q (depending on the crystal
shape) is viable.

Rvs T is measured typically with a sweeping temperature ramp of 2
K per minute, though for the hysteresis measurements, temperatures
were allowed to equilibrate at each point before resistance
measurements were collected. Hall measurements were collected
from —9 to 9 T in 1000 Oe steps, and the data were antisymmetrized
to extract the Hall component.

Heat Capacity. Heat capacity was measured by using the heat
capacity module on a Quantum Design Dynacool PPMS. A small
amount of Apiezon N grease was placed on the sample holder, and
addenda measurements were performed. Single crystals were selected,
cleaned of surface debris, and placed on N grease. Temperature was
increased by 2%, and the decay was measured for 2 tau, where tau is
the time constant.

X-ray Photoelectron Spectroscopy. XPS measurements were
carried out on a single crystal of Bilr,Seg using a Thermo Scientific K-
Alpha XPS system. Sample preparation was done in an argon
atmosphere glovebox, and the samples were transferred to the XPS
system using a vacuum transfer module to prevent contamination
from the air. A 200 ym X-ray spot size was used on a polished surface
of the crystal to eliminate surface contaminants. The Se 3d;;, and
3d,/, peaks were fit using CasaXPS using a Shirley background and
symmetric peaks shapes. No appreciable difference in the spectrum is
observed after depth profiling with an ion beam.

Raman Spectroscopy. Raman spectra were collected at room
temperature on a Horiba Confocal Raman microscope. Samples were
ground into a powder and spread across a glass slide. Samples were
irradiated with 532 nm radiation. 10X magnification was used, with an
intensity filter that halves the strength of the incoming radiation. A
confocal hole of 250 ym was used, along with a spectrometer grating
of 2400 g/mm.

First-Principles Calculations. The first-principles DFT calcu-
lations of the high-symmetry (nondimerized) phase were conducted
using the Quantum Espresso package.”** We used the generalized
gradient approximation (GGA) with the PBE parametrizationB
together with projector-augmented wave pseudopotentials generated
by Dal Corso® and considering 15/9/16 valence electrons for
bismuth/iridium/selenium. We also performed calculations with the
mB]J method.”* In all cases, we used an energy cutoff of 70 Ry with a
Methfessel-Paxton smearing®® of 0.012 Ry. The structural relaxation
was performed using a 15 X 15 X 6 k-grid, the experimental lattice
parameters, without accounting for SOC and was stopped when
forces are below 10™° au. Subsequently, SOC was included to
compute the electronic band structures. To compute the Fermi
surface and ELF, we employed a denser k-grid of 25 X 25 X 10, with
the inclusion of SOC for the case of the Fermi surface. Harmonic
phonons were computed using density functional perturbation
theory”” within a 2 X 2 X 2 supercell in the absence of SOC.

All calculations are performed on the primitive version of the HSS,
and then reciprocal lattice vectors are translated to those of the
centered C2/m cell.

For the low-symmetry (dimerized) phase, we used the same
structural relaxation procedure as in the high-symmetry phase using
Quantum Espresso and experimental lattice parameters, with the only
difference being the use of a 6 X 6 X 6 k-grid. However, for the
electronic band structure of the low-symmetry phase, the simulations
were performed using the Vienna ab initio simulation package
(VASP)**** and also with projector-augmented wave pseudopoten-
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tials. We used an energy cutoff of 500 eV together with an energy
threshold of 1077 €V, a 6 X 6 X 6 k-mesh, and the inclusion of SOC.
Regarding the pseudopotentials, we used the ones included with
VASP,%! containing S, 9, and 6 electrons for Bi, Ir, and Se,
respectively.

Non-SOC DFT calculations with varying Bi—Bi bond lengths were
performed in the framework of DFT using CRYSTALI17.°>% Bi—Bi
distances were frozen in, and the rest of the structure was allowed to
relax. The PBE exchange—correlation functional of the GGA was used
for all calculations.®* Basis sets for Bi, Ir, and Se were taken from the
literature.”* "%’ The convergence criterion considering the energy was
set to 1 X 107% arbitrary units, and a k-mesh sampling of 6 X 6 X 6
was used. Vibrational frequencies, including Raman intensities, were
computed using the coupled-perturbed Kohn—Sham mode.®*™"° The
Raman spectrum was simulated at room temperature (298 K) with an
excitation wavelength of 532 nm.
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