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The dimensionality of quantum materials strongly affects their physical properties. Although many emergent phenom-
ena, such as charge-density wave and Luttinger liquid behavior, are well understood in one-dimensional (1D) systems, the
generalization to explore them in higher dimensional systems is still a challenging task. In this study, we aim to bridge this
gap by systematically investigating the crystal and electronic structures of molybdenum-oxide family compounds, where
the contexture of 1D chains facilitates rich emergent properties. While the quasi-1D chains in these materials share general
similarities, such as the motifs made up of MoOg octahedrons, they exhibit vast complexity and remarkable tunability. We
disassemble the 1D chains in molybdenum oxides with different dimensions and construct effective models to excellently
fit their low-energy electronic structures obtained by ab initio calculations. Furthermore, we discuss the implications of
such chains on other physical properties of the materials and the practical significance of the effective models. Our work
establishes the molybdenum oxides as simple and tunable model systems for studying and manipulating the dimensionality

in quantum systems.

Keywords: electronic structure, molybdenum oxide, one-dimension, density-functional theory
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1. Introduction

One-dimensional (1D) systems not only exhibit abundant
quantum phenomena, such as charge-density wave (CDW),!!!
spin-density wave,!? superconductivity,'®! magnetism,* and
Luttinger liquid (LL) behavior,! but also often serve as start-
ing points for modeling complex physics in high-dimensional
systems, like the Hubbard model and its variants.[®! Despite
their theoretical importance, there are few experimental real-
izations of exact 1D systems. Instead, 1D physics has mainly
been studied in the quasi-1D materials consisting of paral-
lel arrays of 1D chains by neglecting the inter-chain interac-
tion, or artificially constructed nanostructures. ] Recently, it
was noted that 1D physics can also survive in certain high-
dimensional systems, including twisted WTe, 3! and molyb-
denum oxide Mo4Oy;.1

Molybdenum oxide (MO), with a typical chemical for-
mula A,MoOy, is a huge materials family. ") Here A stands for
the intercalated metallic atom as primarily an electron donor.
The ratio between the numbers of O and Mo atoms, y, typi-
cally lies between 2 and 3. While crystalline MoO3 (y = 3)
and MoO; (y = 2) consist purely of MoOg octahedrons, other
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members in the family may also contain MoOy tetrahedrons
that can donate electrons. Interestingly, many MOs feature
quasi-2D layered structures with hidden quasi-1D chains.!'!]
The reduction in dimensionality, together with the high tun-
ability of the stoichiometry and crystal structure, makes MO
a rich platform for studying and manipulating the effect of di-
mensionality on the physical properties of real materials.

In the current work, we focus on several low-dimensional
MOs with layered structures to study their low-energy elec-
tronic structures. We disassemble the crystal structures of
MOs into 1D chains, which arrange into either parallel quasi-
1D arrays or intercrossed quasi-2D networks. On this basis,
we construct low-energy effective models to excellently sim-
ulate the electronic structures of these MOs near Er. We pro-
pose that, notwithstanding the different dimensionality of MO
crystals, their electronic structures can be understood by re-
garding the materials as assemblies of homologous 1D chains.
In particular, we reveal radically different, i.e., quasi-1D and
quasi-2D electronic structures of LiyMogO17 (x ~ 0.9) and
Mo4011, despite their similar quasi-2D crystal structures, in
which the electron filling plays a critical role. Our study

provides a unified understanding of the crystal and electronic
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structures of MO compounds, which sheds light on the under-
standing and manipulation of the dimensionality in real mate-
rials.

The paper is organized as follows. In Section 2, we de-
scribe the methodology. Then we construct the effective model
for four different materials in Section 3. Section 4 presents fur-
ther discussions on the scientific implications of our results.
Finally, the paper concludes in Section 5.

2. Methods
2.1. Electronic structure calculation

Electronic structure calculations were performed us-
ing density functional theory (DFT) with projected aug-
mented wave method as implemented in the QUANTUM
ESPRESSO package.!'>!3] The exchange—correlation func-
tional was approximated within the Perdew—Burke—Ernzerhof
(PBE) scheme.!'*! For each material, the cutoff energy for the
plane-wave basis was set to 600 eV and the Monkhorst—Pack
k-point mesh with a spacing of 0.15 A~! was employed to
get a self-consistent charge density. Subsequently, a non-self-
consistent calculation with a finer Monkhorst—Pack k-point
mesh with a spacing of 0.075 A~! was performed to evaluate
the projected density of states (PDOS) and band energies for
the effective model fitting. Surface-projected band structures
were computed with the WANNIERTOOLS package.!!! To
this end, the tight-binding type Hamiltonians constructed from
maximally-localized Wannier functions (MLWF) supplied by
the Wannier90 code!!®! were exploited. The calculated elec-
tronic structures of the studied materials well reproduce ex-
perimental results obtained by angle-resolved photoemission

spectroscopy. [9,17-19]
(a) (b) (c) (d)
“ 3L 9 .
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2.2. Effective model

The effective models are of tight-binding type based on
the crystal structure analysis and DFT calculation. The hop-
ping integrals and overall energy shifts were determined by
fitting the effective Hamiltonian to the DFT-calculated band
energies. We evaluated the effective Hamiltonian numeri-
cally for each k-point in the uniform k-point mesh used in the
non-self-consistent calculation described previously. Then we
performed least-squares fitting to minimize the difference be-
tween the effective-model and the DFT calculated band ener-

gies on the k-point mesh.

3. Results
3.1. The basic structure of 1D chains in MOs

The MOs considered here are built with 1D chains of
corner-sharing MoQOg octahedrons [Figs. 1(a)-1(c)]. In some
MOs, there exist MoQOy tetrahedrons at the edge of the chains
The Mo 4d orbitals in the octahedrons split into
three tp, orbitals and two eg orbitals. The lowest tp; bands

as well.

can be filled by the electrons donated by the intercalated
metal atoms and/or MoOy tetrahedrons, which strongly affects
the electronic properties of the system (supplemental material
Fig. S1).

In general, the corner-sharing octahedrons can form
chains via different connection patterns [Figs. 1(d) and 1(e)].
Both the longitudinal and transverse structures of the chains
can vary in different materials. A staggered configuration
[Fig. 1(f)] is also possible, which can be viewed as dimer-

ized chains. The widths of the chains are typically 1 nm-2 nm

e
e
e

Fig. 1. (a) The three tyg orbitals in a MoOg octahedron marked with different colors. (b) One of the tp, orbitals viewing from its normal direction.
(c) The motif of the quasi-1D Mo—O octahedron chain. The electron density decays away from the chain center, as indicated by the size of the
tag orbital. (d) and (e) Quasi-1D chains constructed by repeating the motifs, connected in different ways. (f) A quasi-1D chain constructed by
repeating an asymmetric double-row motif. The directions of arrows in panels (d)—(f) represent the extending directions of quasi-1D chains and

the lengths of the arrows represent the unit lengths along the chain.
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and the contribution to the low-energy electronic structure
from the MoOg octahedrons decays away from the central
axis [Fig. 1(c) and supplemental material Fig. S1]. In some
cases, chains extending along different directions interweave
into quasi-2D networks and the three t, orbitals in a Mo atom
can be simultaneously involved.

3.2. KXM06017

We first consider K,MogO17 (x ~ 0.9) in the trigonal
space group P3 (# 147), with lattice parameters a = 13.656 A,
b=c=5538 A, aa=120° and B = 7 = 90°.°l The
K-intercalated slabs in the crystal structure consist of four

octahedron layers encapsulated by two tetrahedron layers
[Fig. 2(a)]. Given the C3 axis along a, each slab can be viewed
as woven by equivalent chains running along the b, ¢, and b+c¢
directions. In each chain, there are three sets of inequivalent
Mo atoms (Mo L, II, and III), as shown in Fig. 2(b).

Figure 2(c) abstracts the slabs as crossed chains with
the lattice sites indicated by black dots. For simplification,
we consider only the intra-chain hopping #, between nearest
neighbors along Ci (i = 1, 2, 3) and the hopping between
chains along different directions [Ci <> Cj (i # j)1, tine. A
3 x 3 Hamiltonian can therefore be formulated with the same
energy shift e for the 3 equivalent chains:

—2tycos(k-r1) —es int tint
H, = tint —2t,€Os (k-’r‘z) — ey tint (1)
tint Tint —2tn CcOoS (k-’l“g,) — e

with k denoting the 2D wave vector in the bc plane and r| = b,
Ty = ¢, 73 = b+c. As shown in Fig. 2(d), the model (blue
lines) fits remarkably well to the surface-projected DFT cal-
culations (grayscale image) with the best-fitting parameters
listed in Table 1, despite the sharp contrast between the sim-
plicity of the effective model and the complexity of the crystal
structure. Since effectively the two MoOy tetrahedrons and
the ~ 0.9 K atom in a unit cell donate ~ 2.9 electrons in total,
the three low-energy quasi-1D bands are approximately half-
filled.

M K r

Fig. 2. (a) Crystal structure of K;MogO;7 viewing along the b direction,
with a section of the unit cell indicated with the parallelogram. (b) Quasi-
1D chain-like structure viewing along its normal direction. The direction
and length of the arrow indicate the extending direction of the chain (b,
¢, or b+ c) and the unit length along the chain, respectively. The dashed
rectangle includes a structural unit of the quasi-1D chain that corresponds
to Fig. 1(d). (c) Schematic of the effective model within the bc plane.
There are three equivalent orbitals that extend along three equivalent di-
rections in a unit cell (black rhombus), represented by 1-3. #, and f;, are
the inequivalent hopping integrals included in the effective model (see the
main text). (d) Comparison of the band structure along high-symmetry
k-paths between the surface-projected ab initio calculation (grayscale im-
age) and the effective model calculation (blue lines).

Table 1. Fitted parameters of the effective Hamiltonian of K,MogO7.

Parameters I Tint es

Values (meV) 388 60 —18

3.3. Mo040O1; and its congeners MoyO,5 and Mos04

Mo40q; crystallizes in either monoclinic (1-type) or or-
thorhombic (y-type) structure, with two nearly-identical or
quasi-mirrored MogO,> slabs in a unit cell, respectively.?!]
The slabs are bridged by MoOy tetrahedrons (Mo I) with a
weak inter-slab coupling. As a result, in the following, we
consider only one of the slabs (half of the unit cell).

There are four sets of inequivalent Mo atoms (Mo I-IV)
in Mo4Oy; [Figs. 3(a)-3(c)]. Compared to K,MogO17, the re-
duced symmetry prompts two types of quasi-1D chains along
three directions [the chains along bc (C2) and b+ ¢ (C3) are
equivalent but different from that along b (C1)] [Fig. 3(c)]. It
is worth mentioning that the congeners of Mo4O1; offer the
potential to modulate the materials properties via the length
of MoQOg octahedron motifs, as exemplified in MogO,s and
Mos0;4 (Mo;¢Os3)22 (supplemental material Note 4).

There are two possibilities to construct effective models
for Mo4O;; based on the choice of the structural unit. The
first chooses 6 octahedrons in a row in all chains [dashed
black and red rectangles in Figs. 3(b) and 3(c) respectively],
which leads to a coupled-chain structure similar to K;MogO17
(supplemental material Fig. S2). The second choice, by
contrast, contains clusters of two octahedron rows in C2 and
C3 [dashed green rectangle in Fig. 3(c)] as a structural unit,
which in turn introduces interacting sublattices with their
charge centers marked by yellow stars in Fig. 3(c) (supplemen-
tal material Note 5). This results in a staggered chain analo-
gous to the 1D Su-Schrieffer—Heeger (SSH) model [Fig. 3(d)],
with different hopping integrals between the clusters (¢;21) and

127102-3
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within the same cluster (f,2») in the effective Hamiltonian.
Apart from 451 and #,2;, the other hopping integrals are close
to those in K;MogO;7. Consequently, a 5 x 5 Hamiltonian can

be formulated on the basis of (1, 2, 2/, 3, 3’), where distinct
energy shifts e, /, are applied to Cl1 (site 1) and C2/C3 (site
2/2'13/3"):

—2ty1cos(k-r1) —es1 fint1 0 fintl 0
—tp1 EXP (ik . %)
4 —e . 4 0
int] s2 —tyoexp (71](3 . %) int2
—tmrexp (—ik- 22
0 21 exp ( e ) —eg 0 fine2
H) = —typpexp (ik-2) ,(2)
. . 0 . —tmrexp (ik-3)
intl int2 s2 —ty22 €XP (—lk . %)
—tprexp (—ik- 3
0 0 fin2 ! ( ik 7'32 ) —€52
—In22 €Xp (1 '7)
\
where 1 = b, 7, = b—c, r3 = b+ c. Here we assume equal Table 2. Fitted parameters of the effective Hamiltonian of Mo4Oy.
distances between nearby lattice sites along C2/C3. The
Parameters In 21 M2 find fin2 €sl €52
Values (meV) 391 503 564 72 52 50 —385

»-—'

K.

‘T 'Yy Mm 2z I M

Fig. 3. (a) Crystal structure of Mo4O1; viewing along the b direction,
with a section of the unit cell indicated with the parallelogram. (b) and
(c) Quasi-1D chain-like structures viewing their normal directions. The
directions and lengths of the arrows indicate the extending directions of
the chains [b for panel (b) and b+ ¢/bc for panel (c)] and the unit lengths
along the chains, respectively. Each of the dashed black rectangle in
panel (b) and red/green rectangle in panel (c) includes a structural unit
of the quasi-1D chain. The yellow stars indicate the rough positions of
the charge centers of the 2 octahedron rows in the dashed green rectan-
gle and equivalent positions. (d) Schematic of the effective model with
sublattice included within the bc plane. There are five orbitals in a unit
cell (black rectangle) that extend along three directions, represented by 1,
2/2', and 3/3". th1, th21s ta22» tine1» and figo are the inequivalent hopping
integrals included in the effective model (see the main text). (e) Com-
parison of the band structure along high-symmetry k-paths between the
surface-projected ab initio calculation (grayscale image) and the calcula-
tion with the effective model (blue lines).

effective model also agrees nicely with the DFT calculated
(surface-projected) bands in Fig. 3(e), with best-fitting param-
eters listed in Table 2.

For Mo401; (also MogO,5 and Mo5014), each of the two
MoOQy; tetrahedrons in a slab (half of the unit cell) donates 2
electrons. Hence, the low-energy bands are occupied with 4
electrons in total. It is worth noting that with the sublattice
included, the effective model with staggered hopping integrals
introduces a small energy gap above Efr, which fits better to
the DFT calculated results than the case without the sublattice
(see supplemental material Fig. S2).

3.4. LixMO6017

LiyMogO17 (x ~ 0.9) crystallizes into the monoclinic
space group P2;/m (# 11), with lattice parameters a =
1275 A, b =5.524 A, ¢ =9.491 A, a = 90°, B = 90.59°,
and y = 90°.123] There are two chemical formula units in a
unit cell [Fig. 4(a)]. Similar to Mo4O1;, LiyMogO,7 features
inequivalent chains along b — ¢ (b + ¢) and b. But it incorpo-
rates two chains related by inversion symmetry along b, each
highly resembling the chain in K,MogO17 [Fig. 4(b)].

Again, considering the effect of sublattices in the chains
along b+ c or b — c [either in the dashed red or the equiva-
lent green rectangles in Fig. 4(c)] fits better to the DFT results
[Fig. 4(d), see supplemental material Fig. S3]. Following the
discussion above, a 6 x 6 Hamiltonian on the basis of (1, 1, 2,
2,3, 3’) can be formulated as
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=2ty cos (k)

0 t;
—eq intl
—2ta1cos (kr
0 w1 cos (k-rp) 0
—€s1
fint1 0 —es
H; =
—t1 €X (fik: . 3)
0 fi1 n21 €Xp R
m —Itnoo €XP (1k: . 72)
tintl 0 fine2
0 tint1 0

where 71 = b, r, = b—c, and r3 = b+ c. Figure 4(e) plots
the fit of the effective model to the DFT calculated (surface-
projected) bands with best-fitting parameters listed in Table 3.

A Mo I

.4 Mo II
- Mo 111
é Mo 1V
& Mo v

& Mo VI

B e £ C2
c [, N
cawiK X & #

YAVAVAY

P Inlietig et O

E—Er (eV)

T Yy M 2z I’ M

Fig. 4. (a) Crystal structure of Li,MogO;7 viewing along the b direction,
with a section of the unit cell indicated with the black parallelogram. (b)
and (c) Quasi-1D chain-like structures viewing their normal directions.
The directions and lengths of the arrows indicate the extending directions
of the chains [b for panel (b) and b+ ¢/bc for panel (c)] and the unit
lengths along the chains, respectively. Each of the dashed black rectan-
gle in panel (b) and dashed red/green rectangle in panel (c) includes a
structural unit of the quasi-1D chain. The yellow stars indicate the rough
positions of the charge centers of the 2 octahedron rows in the dashed
green rectangle and equivalent positions. (d) Schematic of the effective
model with sublattice included within the bc plane. There are six or-
bitals in a unit cell (black rectangle) that extend along three directions,
represented by 1/1, 2/2/, and 3/3'. ty1, tha1, th22, tinel» and tige are the in-
equivalent hopping integrals included in the effective model (see the main
text). (e) Comparison of the band structure along high-symmetry k-paths
between the surface-projected ab initio calculation (grayscale image) and
the calculation with the effective model (blue lines).

—In21 €Xp (ik . %)
—t €Xp (fik:o %)

0 tintl 0
fintl 0 tintl
tin2 0

—eg 0 tine

B —tyrexp (ik-3)
0 €s2 —tmoexp (—ik:?%)
—Ih21 €Xp (—ik . %)

—Ih22 eXp (ik . %)

Tin2 —eés2

3

Table 3. Fitted parameters of the sublattice-included effective Hamilto-
nian of LiyMogO7.

Parameters tnl fn2] 22 fintt G2 €s es2

Values (meV) 387 228 447 52 54 10 46

In LiyMogOy7, the 4 MoQOy4 tetrahedrons and ~ 1.8 Li
atoms in a unit cell donate ~ 5.8 electrons in total (doubled
with K,MogO17). Consequently, the six low-energy bands are
nearly half-filled.

The notable gap of several hundreds of meV amid the
bands associated with C2/C3 chains suggests a more signifi-
cant divergence between the two hopping integrals in the stag-
gered chains in LiyMogOj7. This traces back to the larger
“dimerization” of the charge centers in Li;MogO17 than in
Mo40g; [yellow stars in Figs. 4(c) and 3(c)], which is rem-
iniscent of the Peierls transition (supplemental material Note
5).

3.5. K0_3M003

Ko3MoOs3 crystallizes into the monoclinic space group
C2/m (# 12), with lattice parameters a = 18.162 A b=
7.554 A, ¢ =9.816 A, o =90°, B = 90.59°, y = 90°[>4
and contains 20 (10) chemical formula units in a conventional
(primitive) unit cell. The crystal structure of Ko 3MoOj3 differs
from the MOs presented above [Fig. 5(a)]. First, there is solely
one extending direction of the quasi-1D chains in the crystal,
in contrast to the intercrossed quasi-1D chains introduced be-
fore. The chains in Ky 3Mo0O3 arrange parallel to each other,
constituting slabs on the bd plane (d = a + 2c). Second, there
is no MoOy tetrahedron, and conducting carriers are donated
by K atoms only. The structural unit in K9 3Mo0QO3 appears as a
double-chain as shown in Fig. 5(b). Every structural unit con-
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nects with two neighbors through corner-sharing Mo III octa-
hedrons, generating staircases in the bd plane [Fig. 5(a)], with
each step made up of two chains [C1 and C1’, see Figs. 5(a),
5(c), and 5(d)]. The hopping integrals to be considered in-

H— —2tycos(k-ry) —es
7\ ~tina [exp(ik - 81) +exp (ik - 82)] — finp exp (ik - 03)

with 71 = b, 8; = —%(a+b) + 8o, 62 = —5(a—b) + o,
83 = ¢+ &g, where dy is the relative position between sites on
C1 and C1’ in the same structural unit (whose absolute value
does not affect the resultant band structure). The fitting to the
DFT calculated bands along high-symmetry directions is plot-
ted in Fig. 5(e) with best-fitting parameters listed in Table 4.
Considering that the lattice sites in C1 and C1’ within
the same step [Fig. 5(c)] constitute a triangular ladder and
the hopping integrals #, and #, are nearly equal, the effec-
tive model can be further simplified to a two-leg triangular
ladder model, which provides a rare opportunity to theoreti-
cally explore the emergent properties in a complex real mate-

rial, such as the Luttinger liquid behavior and electron—phonon
(182526

interactio I (see supplemental material Fig. S4).

®) ,
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Fig. 5. (a) Crystal structure of Ky3MoO;3 viewing along the b direc-
tion. The axis labels shown are for the conventional unit cell. The direc-
tion along which the staircases of quasi-1D chains ascend and descend
is marked with d = a4+ 2c. (b) Quasi-1D chain-like structure viewing its
normal direction. The direction and length of the black arrow denote the
extending direction of the chain (») and the unit length along the chain,
respectively. (c) and (d) Schematic of the effective model, viewing from
the normal direction of the chain (c) and the b direction (d). There are
two equivalent orbitals that extend along the same direction in a unit cell,
represented by 1/1". ty, tin1, and tiy are the inequivalent hopping inte-
grals included in the effective model (see the main text). (¢) Comparison
of the band structure along high-symmetry k-paths between the ab initio
calculation (black lines) and calculation with the effective model (blue
lines).

Table 4. Fitted parameters of the effective Hamiltonian of K 3Mo00O3.

Parameters th tintl fin2 €s

Values (meV) 204 215 32 328

clude the hopping within each chain (#,), and hopping between
chains within the same step (fi¢1) and in nearby steps (tine2) of
the staircase. A 2 x 2 Hamiltonian can therefore be formulated
as

—tine1 [exp (—ik - &1) +exp(—ik-82)] — tinexp (—ik - &3) ) @

—2tycos(k-ry) —es

The three K atoms within a primitive unit cell lead to a
3/4-filling of the two lowest bands. If there is a lower filling
factor, for example, 1/4-filling, only 1 band would intersect EF,
and then the low-energy band could be alternatively described
by a single uniform chain, which is made up of the entire step
in the staircase consisting of one C1 chain and one C1’ chain
[Figs. 5(c) and 5(d)], thereby emulating the situation depicted
in Fig. 1(e) (also see supplemental material Fig. S1).

3.6. Other MO-related compounds

In addition to the materials introduced above, the vast
MO family contains many other congeners and isomers with
similar chain-like structures and can therefore be analyzed
likewise. Supplemental material Note 7 presents more de-
tails about the isomers. Moreover, there exists a larger
family of tungsten bronzes with chain structures similar to
Mo4011, including monophosphate tungsten bronze (MPTB)
and diphosphate tungsten bronze (DPTB).[?”) They appear
with general chemical formulas of A;(PO2)4(WO3),+, and
Ax(P204)2(WO3)) 14, tespectively, where A is the interca-
lated metal atom. The variation of integers p and g, to-
gether with the alternation of A and x, greatly enriches the
In MPTBs and
DPTBs, the structure of coupled-1D chains is highly simi-
lar to that of MOs, with MoOg octahedrons (MoQO, tetrahe-

drons) replaced by WOg octahedrons (PO, tetrahedrons or

abundance of the tungsten bronze family.

P,0O7; double-tetrahedrons). Such a replacement lowers the
filling of the low-energy quasi-1D bands due to the shortage
of valence electrons of P compared with Mo. A notable char-
acteristic of the tungsten bronzes is the larger spin—orbit cou-
pling (SOC) strength of W atoms, which may be attractive for

the establishment of SOC-induced spin transport effects.>®!

4. Discussion
4.1. Uniqueness of Mo-oxides

Many MOs are derived from MoOs by replacing
some MoQOg octahedrons with MoQO, tetrahedrons during
the reduction process.!””! The same viewpoint applies to
MPTBs/DPTBs, where PO4/P,0O7 tetrahedrons substitute for
some of the WQOg octahedrons in WOj3.
ment can be more energetically favorable than oxygen site

Such a replace-
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vacancies.?>3% As a result, the 3D network of ReOj3-type oc-
tahedrons transforms into disconnected quasi-2D slabs. The
crystal field splitting of Mo 4d orbitals into three directional trg
components, together with the corresponding charge configu-
ration, induces the orbital-selective quasi-1D electronic struc-
ture, which rationalizes the disassembly of the quasi-2D slabs
into 1D chains.

On the other hand, the 6-coordinated Mo-O octahedron
(with an effective coordination number of 3 due to the corner-
sharing connection) and the 6 valence electrons of Mo atoms
result in a closed shell with Ef lying between the O p band
continuum and the Mo d band continuum. Therefore, the low-
est quasi-1D bands by Mo tp, orbitals are occupied by elec-
trons donated by MoOy tetrahedrons and intercalated metal
atoms. For valence electron number different from 6, the
quasi-1D orbitals, if exist, are either empty or fully occupied,
making the electronic structure practically 2D/3D. Therefore,
with more delocalized 4d or 5d orbitals, Mo and W atoms are
ideal for the formation of quasi-1D electronic structures in the
quasi-2D crystals.

4.2. Comparison of the quasi-1D chains in different mate-
rials

Although the detailed structures and chemical environ-
ments of the quasi-1D chains are diverse, they manifest their
structural rigidity with similar bond length and corner-sharing
manner along the chain direction in different MOs, as sum-
marized in Fig. 1. Consequently, the intra-chain hopping inte-
grals coincide across different chains in different materials and
dominate over other hopping integrals in the electronic struc-
tures.

On the other hand, the electronic structure of MOs can
be strongly modulated by the fine structure of the chains. The
“dimerization” of the staggered chains (C2/C3 in Mo4O;; and
Lig9MogO17) induces band gaps in Mo4O1, which are further
enhanced in Lip 9MogO17 (supplemental material Note 5). In
Mo40O1, the energy bands of the staggered chains are close
to 3/8-filling, and therefore the gaps in the bands locate far
away from Ef by a distance of 200 meV or more. Conversely,
in LiyMogO17, the half-filling of the staggered chain bands
forces Er to cut amid the large gap of > 200 meV. The low-
energy electrons that dominate the physical properties of the
material mainly occupy the nearly-degenerate quasi-1D dou-
ble bands that originate from the C1 and C1’ chains. There-
fore, despite the quasi-2D crystal structure, the dimensionality
of the low-energy electronic structure is primarily quasi-1D,
in drastic contrast to Mo4Oy;. In other words, the presence of
staggered chains and hence the band gaps enable the control
of the electron dimensionality by electron doping. The chemi-
cal potential can be tuned by the content of intercalated metal

[27

atoms, "1 while the congeners in the Mo4O1; family exem-

plify the independent tuning of the energy gap (supplemental
material Note 4).

The large variety of the size and assembling of the Mo-O
chains promises the tunability of the dimensionality of molyb-
denum oxides, which provides an ideal materials family to ex-
plore the effect of dimension in novel phenomena that are dis-
tinct from the canonical 1D/2D physics. As an example, the
presence of additional gapped bands in Li,MogO;7 can har-
bor dark excitons, which influences the 1D physics in the un-
gapped band and induces new emergent symmetry.[*!! Orig-
inating from the special quasi-1D band structure in quasi-2D
crystal structure, such phenomena can be tuned by varying the
band gap size and filling factor. Another example is the control
of the anisotropy of physical properties. With similar crystal
structure, Li,MogO17 and Mo4Oy; feature 1D- and 2D-type
transport, with an in-plane anisotropy ratio of 150:1%?1 and
1.5:1,33 respectively. It is possible to tune such anisotropy
by carrier doping to achieve a smooth transition between 1D
and 2D.

4.3. Implications of the quasi-1D structure

Thus far, we have concentrated primarily on the crys-
tal and band structures of the materials. However, many
other physical phenomena have been experimentally explored,
which warrant a detailed examination since they are rooted in
intrinsic quasi- 1D physics.

A significant hallmark to consider in the quasi-1D realm
is LL physics. The LL theory is initially designed for 1D
systems, where the reduced phase space relative to higher
dimensional systems invalidates the Fermi liquid theory.l!
The LL behavior in Li,MogO17 has long been experimentally
confirmed, ') as anticipated from its nearly-perfect 1D elec-
tronic structure near Eg despite the quasi-2D crystal struc-
ture as discussed earlier. The inherent quasi-1D material,
Ko.3MoOs3, is also a material with a LL normal state.['8) Inter-
estingly, similar LL physics has been experimentally demon-
strated in the quasi-2D Mo4O11,[°! where the orthogonality be-
tween the Mo tp, atomic orbitals plays a crucial role.

Another noteworthy phenomenon of quasi-1D materials
is the transition between LL and CDW. Among the 4 materi-
als that have been detailed, 3 of them, including K,MogO 7,
Mo4011, and K¢ 3MoO3, display CDW transitions at low tem-
peratures. All of them feature periodic lattice distortion and
gap opening in the electronic structure, with corresponding
CDW wave vectors agreeing perfectly with the predictions
by extracting the filling factors from the effective models,
as detailed in supplemental material Note 8. By contrast,
Li,MogO17 exhibits an undefined transition at 26 K, followed
by a superconductivity transition at 1.8 K.!'” Considering the
absence of well-defined quasiparticles in the LL normal phase
in the 4 materials, their phase transitions require special treat-
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ment. Thus, the MO family provides a rare platform to explore

the LL-originated phase transitions in real materials.

4.4. Advanced modeling based on the simple effective
models

As elucidated above, the LL physics in MOs can be qual-
itatively depicted by the 1D electronic structures. For the ex-
traction of interacting parameters of the materials, quantitative
models are essential. In fact, there have been extensive theo-
retical investigations starting from the double-chain structure
(C1/1") of Li,MogO17 to study the LL physics** and super-
conductivity transition.[>>) We here emphasize that the pres-
ence of other chains (C2 and C3) can also impact the physical
properties, for example, a contribution to the downfolding of
the dimensional crossover energy scale.*®! For the LL physics
in K9 3Mo00Os3, Mo4011, and K;MogO7, a quantitative LL the-
ory is still lacking yet, especially for a 2D LL theory in realis-
tic materials.

The CDW transitions in K,MogO;7, Mo4O;, and
Ko.3MoO3 can, to some extent, be explained with the quasi-
1D chain structures under the Peierls scenario,[!] such as the
close relation between the CDW wave vector and electron fill-
ing factor. Therefore, for a quantitative CDW theory of these
materials, it is a good choice to start from the quasi-1D chains
as described in the current work, and incorporate the interplay
between various degrees of freedom to enhance accuracy and
tackle unsolved problems. An extra yet vital factor to incor-
porate is LL physics, which can in principle leads to distinct
theories with the ones starting from the Fermi liquid normal
state. The phase transitions in Li,MogO;7 may also be under-
stood in the same manner.

The current effective Hamiltonians are well-suited for an-
alytical or calculation-demanding theories, but may not be ac-
curate enough for certain numerical calculations due to the
trade-off between model size and precision. As a solution,
higher-order hopping terms can be added to the Hamilto-
nian, such as next-nearest neighbor hopping, hopping between
chains along the same directions, and hopping beyond the
same unit cell. In supplemental material Note 9, we formulate
such refined effective models for the 4 materials respectively.

Alternatively, one can build tight-binding models based
on Wannier functions®”! that are interfaced with DFT codes,
with only the lowest-energy bands included. By this means,
the DFT band structure can be perfectly reproduced at the ex-
pense of tremendous parameters in the resultant model. The
size of the Wannier-based model can be limitedly controlled,
at least in principle, by the fineness of the uniform k-point

mesh in sampling the Brillouin zone.

5. Conclusion

The current work examines the crystal and electronic
structures of several low-dimensional MOs in detail. Disas-
sembling their crystal structures yields 1D chains of Mo-O
octahedrons, based on which effective Hamiltonians of the
weakly-interacting-chain models are constructed, which fit
well to the real band structures. Our work not only presents
a rare materials platform with rich tunability of the struc-
tural and electronic dimensionality but also provides a simple
model for the theoretical exploration of emergent properties
of complex oxides, such as the LL behavior and its competi-
tion/interaction with electronic orders.
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